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ABSTRACT 
 
 

 Mechanical unfolding of -1 frameshift signals such as RNA pseudoknots 

have aimed to test the hypothesis that the stability of the pseudoknot is directly 

correlated to the frameshifting efficiency.  Here we report unfolding of the Beet 

Western Yellow Virus (BWYV) pseudoknot by optical tweezers experiments 

complemented by computer simulations using steered molecular dynamics 

(SMD).  Seven pseudoknot scenarios were studied: the wild-type PK in the 

presence and absence of Mg2+, the wild-type pseudoknot at high pH 

(deprotonated C8), and C8U, C8A, A24G, G19U, and G19UC mutant constructs.  

 The mutants were selected to probe three key structural features of the 

BWYV pseudoknot, a triple-stranded helix at the base of stem 1, the stem 

junction region of stem 1 and stem 2, and a unique quadruple base-pair 

interaction involving a protonated cytosine in position 8 (C8).  These regions are 

thought to control ribosomal frameshifting by different strategies such as 

thermodynamic stability, kinetic influences, and dynamics involving contacts 

with the ribosome.  In addition, the mutants have been shown to either abolish 

frameshifting ability of the pseudoknot (C8 mutant cases and A24G), or actually 

increase the frameshifting efficiency (as seen with G19U and G19UC).   

 We find three major conclusions from the stretching of the pseudoknot 

constructs with optical tweezers.  First, stretching in the absence of Mg2+ results 

in no observed unfolding transitions.  We interpret this to mean that magnesium 
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is indispensible for the stable folding of the pseudoknot.  Second, we found that 

frameshifting efficiency is not correlated with the force required to unfold the 

pseudoknots.  However, we observe the unfolding of stem 1 in all of the 

pseudoknots stretched, where stem 2 unfolding is below our noise level.  For this 

reason, we cannot rule out the possibility that an estimate of the thermodynamic 

stability of the entire pseudoknot would correlate with frameshifting efficiency.  

And third, we found that each pseudoknot mutant that resulted in reduced 

frameshifting efficiency also exhibited more off-equilibrium unfolding transitions 

that the wild-type pseudoknot under comparable loading rates.  

 We conclude from these studies that the resistance of a pseudoknot to 

unfolding is controlled by both thermodynamic and kinetic parameters.  We then 

suggest new technologies that would allow for greater resolution in order to 

correlate pseudoknot unfolding behavior with -1 programmed ribosomal 

frameshifting events.   
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CHAPTER 1 

THE BEET WESTERN YELLOW VIRUS -1 FRAMESHIFT 

SIGNAL 

 

1.1  Statement of purpose 

In this work, we characterize the stability of an RNA pseudoknot responsible for 

the stimulation of -1 ribosomal frameshifting using mechanical unfolding by 

optical tweezers.  A pseudoknot is a tertiary structure motif found in a wide 

variety of RNA molecules, including messenger RNA (1), ribosomal RNA (2), 

transfer-messenger RNA(3), catalytic self-splicing RNA (4-6), and viral genomic 

RNA (7).  Pseudoknots are classified by their topology with the most common 

type, the H-type, shown in Fig. 1.1 (8).  The H-type pseudoknot consists of a 

hairpin stem (stem 1) capped by a non-base-paired loop 1 with a second stem 2 

formed by loop 1 and the downstream sequence capped by a non-base-paired loop 

2 (Fig. 1.1).     

 Many of these RNA pseudoknots serve as structural elements stabilizing 

larger, three-dimensional structures.  Pseudoknots also perform more active roles 

as elements in the regulation of biological processes (8).  Pseudoknots are 

indispensible in the assembly of active telomerases (9, 10) and catalysis of 

ribozymes (11, 12).  In addition, pseudoknots are a part of ribosome recruitment 
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and initiation (13), binding of ribosomal proteins to RNA (14), and 

determination of the translational reading frame during protein synthesis (15, 16).   

 

Figure 1.1: An H-type RNA pseudoknot consists of a hairpin stem 1 
(S1) capped by a non-base-paired loop 1 (L1) with a second stem 2 
(S2) formed by the downstream region that base-pairs with L1 and 
includes a non-base-paired loop 2 (L2).  Image adapted from (8).   

   

 This thesis focuses on an mRNA pseudoknot that is involved in control of 

the translation of viral proteins by stimulated -1 programmed ribosomal 

frameshifting (-1 PRF).  -1 PRF is an example of translational recoding where 

mid-translation, codon-anticodon pairing is disrupted and the ribosome slips back 

one base towards the 5’ direction.  This results in the synthesis of additional 

proteins from mRNAs that would not be predicted by their sequences.  In this 

thesis, I discuss structural stability in terms of the unfolding and refolding of the 

pseudoknot that stimulates -1 PRF in the Beet Western Yellow Virus (BWYV) 

(17).  In the normal reading frame, the BWYV mRNA codes for P1, a structural 

protein (18).  The frameshifting event creates a fusion protein that is later 

cleaved in a truncated, but functional, P1 in addition to the virus’s RNA 
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polymerase (18).  Therefore, the frameshifting event is essential to the virus’s 

ability to replicate.  Variation in the ratio of protein products significantly 

reduces the infectivity of viruses (19), which makes the -1 PRF an attractive 

target for antiviral therapies. 

 Investigations into the properties of pseudoknots can improve the 

understanding of their role in the frameshifting process.  Even though there has 

been extensive structural and functional characterization of frameshifting 

pseudoknots (15, 16, 20-22), the mechanism by which pseudoknots regulate -1 

PRF remains largely unknown.  The ability of a pseudoknot to stimulate 

frameshifting is defined as its frameshifting efficiency, which is the percentage of 

the time a frameshift occurs at a site known to produce frameshifting products.  

The frameshifting efficiency is often measured using an in vitro translation assay 

where two reporter genes are used to determine protein products in both the “0” 

and the “-1” reading frame (23).  The ratio of the two reporter proteins can be 

compared to determine the frequency of a frameshifting event.  Frameshifting 

efficiency varies widely among pseudoknots, and altering the sequence of the 

pseudoknot can substantially affect the efficiency (24).   

 While a precise mechanism remains obscure, it is known that the mRNA 

must be unfolded by the ribosome during translation (25).  The structural 

characteristics of a pseudoknot that determine frameshifting efficiency may be 

related to its mechanical stability and resistance to unfolding during translation 

(26).  The possibility that the -1 PRF is dependent on mechanical tension 
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induced by resistance introduced by a  folded pseudoknot is a component of a 

working “torsional restraint” model (21) and further supported by recent cryo-

electron microscopic imaging of ribosomes complexed with an mRNA pseudoknot 

(25). 

 Studies have found that thermodynamic stability of the pseudoknot is not 

correlated with frameshifting efficiency (24).  That is, frameshifting and non-

frameshifting structures have similar free energies.  However, more recently, data 

show that the magnitude of the force required to unfold pseudoknots using 

optical tweezers correlates with frameshifting efficiency (27, 28).  These data 

suggest that the regulation of ribosomal frameshifting may not be simply due to 

thermodynamics.  It has been proposed that the kinetics of unfolding may dictate 

frameshifting efficiencies (16), and these properties have just begun to be 

characterized (26, 28).  In addition to thermodynamic and/or kinetic control, 

there is evidence that the pseudoknot makes contacts with the ribosome in 

specific regions of the pseudoknot (29).   

 Studies on the unfolding characteristics of RNA structures such as 

pseudoknots using thermal and chemical denaturation have provided useful 

information regarding pseudoknot stability (16, 30, 31).  However, mechanical 

unfolding of RNA by optical tweezers is influenced by tertiary interactions in a 

way that is not probed by thermal and chemical unfolding.  While denaturation 

experiments act upon an RNA globally, mechanical force acts locally on the 3’ 
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and 5’ ends of the RNA.  In addition, the force applied will be experienced 

differently by a secondary structure and a tertiary structure.   

 The mechanical unfolding and refolding of a single molecule of RNA by 

optical tweezers yields thermodynamic and kinetic information (32-34).  In the 

present study, optical tweezers were used to unfold and refold the -1 PRF signal 

pseudoknot from the BWYV with a wild-type sequence and six pseudoknots 

containing a mutation in three key areas of pseudoknot stability.  Each condition 

can was then compared to the unfolding and refolding characteristics of tertiary 

structure on a single-molecule level.  These properties provide insight into the 

mechanism of frameshifting and further our understanding of which of the 

following factors affect frameshifting to the greatest degree: thermodynamic 

stability, kinetics, or dynamics of interactions of the pseudoknot with the 

ribosome.    
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1.2   Background 

1.2.1  -1 Programmed ribosomal frameshifting  (-1 PRF) 

 Translation can be temporarily altered to direct synthesis of proteins that 

are not predicted by the corresponding mRNA sequences.  These recoding events 

are caused by specific signals built into the RNA sequence.  The purpose of these 

recoding events is to diversify or regulate gene expression.  This is especially true 

in organisms with small genomes, so that they can make the most of the small 

space available for storing genetic information (15).  Recoding sites or products 

are often first identified in genomes as mRNA sequences that have two 

overlapping reading frames which together would account for the protein product 

(35).   

 Three classes of translational recoding have been documented:  

(1) Stop codon redefinition to selenocysteine (36), tryptophan (37), or 

glutamine (38). 

(2) Bypassing or translation over gaps of sequences (39, 40). 

(3) Frameshifting at a particular site, allowing expression of two proteins 

from overlapping reading frames (reviewed in (15, 41)).   

 The majority of known recoding events are programmed shifts in reading 

frame, or programmed ribosomal frameshifts (PRFs).  Depending on the 

frameshifting site, ribosomes can be directed to slip into the +1 or the -1 reading 

frame.  Examples are found in all well-studied organisms from viruses to 
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bacteria to humans (35).  Many more cases of -1 frameshifting are known 

partly because of their use by large families of viruses.   

 In order for -1 PRFs to occur, three key elements must all be present as 

shown for the Beet Western Yellow Virus in Fig. 1.2.  First, the -1 PRF occurs at 

a heptameric ‘‘slippery’’ site on the mRNA where the codon-anticodon 

interactions are positioned.  At these sites, initial codon-anticodon pairing in the 

zero frame is followed by dissociation and re-pairing of the tRNA anticodons  

(peptidyl tRNA and aminoacyl tRNA) to mRNA in the -1 reading frame at an 

overlapping codon (15).  The slippery sequence is highly conserved among -1 

PRF events, with the general form X XXY YYN where XXX must be three 

identical nucleotides, Y is either A or U, and Z is A, C, or U (22, 42, 43).  

 Secondly, there is a variable length and sequence linker region connecting 

the slippery site with a downstream RNA structure by 5-9 nucleotides (15).  

Although less is known about the linker region than the slippery site, its length 

and base composition vary, and these parameters are thought to be important for 

determining the extent of -1 PRF (19, 23, 44).   

 And third, a downstream (3’) RNA structure is found at the entrance 

tunnel to the ribosome.  Although in HIV (45) and Escherichia coli dnaX (46) 

this stimulating structure is a simple stem loop, in most cases it is a pseudoknot 

as first recognized in studies of viruses (7, 44, 47). 
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Figure 1.2: Schematic of the frameshifting components and products in 
the Beet Western Yellow Virus.  tRNA’s are paused over the slippery 
sequence and the linker region connects the slippery sequence to the 
downstream RNA pseudoknot.  Red bases are conserved in all known 
luteoviruses.  Figure adapted from (15). 

 

 The mechanism by which downstream pseudoknots promote 

efficient -1 PRF is an active area of study.  To date, three models have 

been proposed to explain the sequence of events and what is unique about 

a pseudoknot that enables the frameshift to occur.   

 In the 9 Å model, movement of 9 Å by the anticodon loop of the 

aminoacyl-tRNA at the accommodation step is thought to create tension in the 

mRNA and subsequent slippage of the mRNA in the 5’ direction (22).  It is 

known that significant movement of the aa-tRNA occurs during accommodation 

from the A/T to the A/A state (48).  The A-site anticodon loop moves 

approximately 9 Å during this transition as predicted from differences in the A/A 
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state structure derived from X-ray crystallography and the A/T hybrid state 

modeled using a rigid tRNA constrained by chemical footprinting and directed 

radical probing experiments  (reviewed in (48)).  The empirically determined 

average distance between two adjacent bases along an mRNA in the ribosomal 

tunnel is 5.2 Å (49).  Since the anticodon is base-paired to the mRNA, the 

mRNA must also be pulled along with it by 9 Å in the 5’ direction. Whether or 

not all of the mRNA movement is in the 5’ direction, the observation that one 

additional base becomes inaccessible to reverse transcriptase in a ribosome 

toeprint assay upon addition of an aa-tRNA into the A-site supports the general 

idea of 5’ mRNA movement concomitant with accommodation (50).  The overall 

scheme is depicted in Fig. 1.3.   

 The 9 Å model suggests that the downstream mRNA pseudoknot provides 

resistance to this movement by becoming wedged into the entrance of the 

ribosomal mRNA tunnel (22). These two opposing forces result in the 

creation of a local region of tension in the mRNA between the A-site codon and 

the mRNA pseudoknot. This can be relieved by one of two mechanisms; 

unwinding the pseudoknot, allowing the downstream region to move forward (a 

case where no frameshift occurs), or by slippage of the proximal region of the 

mRNA backwards by one base (a -1 frameshift). 
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Figure 1.3: The 9 Å model of -1 PRF.  (Top) A- and P-site codons are 
basepaired to matching peptidyl- and aa-tRNAs occupying the P/P and 
A/T hybrid states.  (Middle) Upon accommodation, the anticodon loop of 
the aa-tRNA moves 9 Å in the 5’ direction, pulling the 3’ mRNA strand 
and pseudoknot along with it. The mRNA pseudoknot is too large to 
enter the downstream tunnel, so the linker region between the A-site 
codon and the mRNA pseudoknot is stretched, creating a localized region 
of tension in the linker mRNA.  (Bottom) The A- and P-site codon-
anticodon interactions are disrupted from the zero frame and repair in the 
-1 frame.  Image adapted from(22). 
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 One question surrounding the 9 Å model is, can the seemingly small 

motion of the mRNA of 9 Å produce enough tension for the pseudoknot to feel a 

significant force?  There is a principle of polymer physics that demonstrates that 

an RNA that is reduced to a confined space straightens out to avoid interactions 

with itself.  This self-avoidance may mimic the properties of an mRNA in the 

ribosomal tunnel.  We estimate the ribosomal tunnel with a diameter of 2 nm, 

and the width of a single-stranded RNA of 1 nm.  Single-stranded RNA has a 

persistence length, Lp of 1 nm (51).  The RNA then extends by the following 

identity:  

 LL
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 So, an RNA in the ribosomal tunnel may increase to 60 % of its total 

contour length based only on its path.  Then we model the effective spring 

constant using the equipartition theorem:  
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With the values obtained from Eq. 1.1, we find an effective spring constant of 1 

pN/nm, which is approximately ten times larger than spring constant of our 

optical trap.  A 9 Å displacement, then, would correspond to 1 pN of force on the 

mRNA due to the proposed motion of the A-site tRNA.  As our stretching 

experiments will show, unfolding of the pseudoknot occurs in a narrow range of 

forces, usually from 0.5 to 1.0 pN.  Therefore, this additional 1 pN of force due to 
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the 9 Å shift could be sufficient to influence the unfolding event toward an 

unfolded pseudoknot.   

 Two years later, the same authors of the 9 Å model addressed the issue 

that while the 9 Å model gave good evidence for tension-induced behavior of the 

ribosome, it did not account for the orientation of the pseudoknot as it 

approaches the entrance tunnel.  A separate “torsional restraint” model proposes 

that the resistance to ribosome movement is due to the complicated coiling of the 

stem structures of a pseudoknot as they counteract the forward movement of the 

ribosome, increasing the likelihood that the ribosome will stop at exactly the 

slippery sequence along the mRNA as shown in Fig. 1.4 (21).  The efficiency of -1 

PRF is then thought of as a function of (1) the fraction of ribosomes paused over 

the slippery site, and (2) the rate at which the structure can be unwound. 

 Support for this model includes in vitro frameshifting assays by the 

authors showing that frameshifting can be significantly stimulated by limiting the 

rotational freedom of the loop 1, stem 2 region of a typical, H-type 

pseudoknot(21).  By creating a variety of “pseudo-pseudoknots”, it is determined 

that the degree of rotational freedom of stem 1 is important in determining the 

extent of -1 PRF(21).  Furthermore, mRNA toeprint analyses reveal a pseudo-

pseudoknot-specific stop 16 nt 3’ of the slippery site, consistent with this 

structure being able to encourage ribosomes to pause with their A- and P-sites 

positioned at the slippery site as shown in Fig. 1.4 (21). 
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Figure 1.4: The effect of torsional restraint on positioning of the ribosome 
over the slippery site.  (A) A pseudo-pseudoknot with increased rotational 
freedom shows the ribosome positioned 5’ of the slippery site.  (B) A 
pseudo-pseudoknot with torsional restraint exhibits supercoiling and 
causes the ribosome to position over the slippery site.  Image adapted 
from (21).   
 

  

 Most recently, a third model was presented based upon a 16.2 Å 

resolution cryo-electron microscopic (cryo-EM) reconstruction of a 

translating rabbit 80S ribosome stalled at the Infectious Bronchitis Virus  

(IBV) pseudoknot (25).  The reconstruction contains densities consistent 

with the presence of a P-site tRNA and elongation factor 2 (eEF2) as 

shown in Fig. 1.5A.  Figs. 1.5B and 1.5C show two control systems, an 

apo-ribosome in B and part C shows a similar construction to part A, but 

with a hairpin structure in place of the pseudoknot.   

A B 
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Figure 1.5: Cryo-EM reconstructions of an 80S ribosome stalled in 
the translation process.  (A) The pseudoknot-engaged 80S ribosome, 
80SPK, shows the pseudoknot (PK) tightly pressed against the 
entrance tunnel to the ribosome.  (B) The 80S apo-ribosome used as 
a control of the overall ribosome structure.  (C) The hairpin-
engaged 80S ribosome, 80SSL, also used as a control to observe 
pseudoknot-specific ribosomal conformational changes.  Image 
adapted from (25).   

 

  The reconstructions reveal that the pseudoknot interacts with the 

ribosome at the entrance to the mRNA channel, in close association with a likely 

mammalian 80S helicase (52).  Superimposition of our pseudoknot-stalled and 

control map shows differences between the maps found at this entrance tunnel 

(25).  This may also be consistent with the suggestion that the pseudoknot’s 

resistance to unfolding arises from a stereochemical mismatch between the 

ribosomal helicase and the pseudoknot structure (49).   

 The second major result from the reconstructions is that the 80SPK 

complex shows a ratchet-like rearrangement of the ribosome linked to the 

trapping of eEF2 (25).  This would indicate that the 80SPK ribosome has been 

A 

C 

B
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stalled by the pseudoknot during translocation, with eEF2 precluding the binding 

of a tRNA in the A-site until the frameshift has been completed (25). This first 

visualization of an elongating eukaryotic ribosome stalled in the act of 

translocation confirms a direct interaction between eEF2, the translocase, and the 

P-site tRNA. 

 The interaction is unique, however, in that the P-site tRNA in the 80SPK 

reconstruction is distorted in comparison with the stem-loop reconstruction (25) 

as shown in Fig. 1.6.  The anticodon is raised by a bending of the tRNA towards 

the A-site occupied by the tip of eEF2, and the elbow of the tRNA is pushed 

upwards towards the roof of the P-site.  The interpretation of this snapshot is 

that there must be opposing forces in the system to cause such a deformation of 

the P-site tRNA.   

 Fig. 1.6 shows a model of how these observations may all work together to 

cause a -1 PRF.  When the ribosome is engaged in elongation and encounters the 

pseudoknot structure, the helicase action at the entrance tunnel attempts to 

unwind the pseudoknot structure.  However, stereochemical mismatch prevents 

the unwinding.  Then, during translocation, the movement of tRNA through the 

ribosome is resisted by tension developed in the mRNA strand due to the 

blockage of the pseudoknot at the entrance tunnel.  This tension is similar to 

that seen in the 9 Å model, but occurs at a different step in the process (22). The 

tRNA in the P-site feels a force in the 3’ direction, but is prevented from 

returning to the A-site by the presence of eEF2.  The ribosome induces a strain 
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on the tRNA that results in a bent conformation as seen in Fig. 1.6B.  It is 

proposed, then, that the opposing forces on the system places a strain on codon-

anticodon interactions on the slippery site and promotes dissociation in the zero 

frame and reassociation in the -1 reading frame.   

 
 
Figure 1.6: A mechanical model for pseudoknot-induced -1 frameshifting.  
(A) An elongating ribosome approaches the pseudoknot (PK) in the zero 
reading frame.  (B) The pseudoknot becomes wedged in the entrance 
tunnel as eEF2 binds.  This results in tension on the mRNA between the 
pseudoknot and slippery site, resulting in a deformed P-site tRNA and 
subsequent slipping into the -1 reading frame.  (C) The pseudoknot is 
unwound and A- and P-site tRNA’s continue elongation in the -1 reading 
frame.  Image adapted from (25). 

 
 
 The stem loop reconstruction, 80SS: does not exhibit bending of the P-site 

tRNA (25).  The proposition is that the helicase unwinds a stem loop in defined 

triplet steps coupled to normal translocation (52), limiting mRNA tension. Such 

structures could still induce ribosomal pausing (53) because of their stability, 

but would be unable to generate the mRNA tension required for the distortion of 

tRNA and the induction of frameshifting during translocation.   

A C B 
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 These experiments and proposed model identify translocation as the point 

in the elongation cycle at which frameshifting occurs.  In addition, these 

experiments identify movements of the likely eukaryotic ribosomal helicase and 

confirm a direct interaction between the translocase eEF2 and the P-site tRNA. 

Together, the structural changes provide a mechanical explanation of how the 

pseudoknot stimulates -1 PRF (25).   
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1.2.2 The Beet Western Yellow Virus -1 frameshifting signal 
 
 The Beet Western Yellow Virus  (BWYV) belongs to the family of 

plant luteoviruses regulating the expression of its RNA-dependent RNA 

polymerase by programmed -1 frameshifting in a fashion identical to the 

well-known gag-pol retroviral frameshifting (54, 55).  Replication of 

BWYV genomic RNA requires two virus-encoded functions, a structural 

capsid protein P1 and an RNA polymerase P2 (18). The polymerase, P2, 

is expressed only as an extension of P1 during the -1 frameshifting event.  

The frameshift occurs three-quarters of the way through the coding 

sequence for P1, shifting reading frames into the overlapping ORF for P2 

(16, 35, 36). This means that the P1 protein and the P1-P2 frameshifted 

protein share their first 461 amino acids (aa). Then, each uses a different 

frame to decode the next 146 aa, and P1-P2 then continues for another 

429 unique aa.  

 The BWYV pseudoknot (with slippery sequence G GGA AAC) yields a 

frameshift efficiency of up to 11% depending upon in vivo and/or in vitro 

conditions (23).   

 The BWYV pseudoknot has a remarkably small (26 nucleotides) and 

compact structure as seen in Fig. 1.7.  Both X-ray crystal structures (17, 56, 57) 

and thermal melting profiles (31) point to an unusual role of tertiary interactions 

in its structural stability.  Compared to most other H-type pseudoknots, the 

loop-stem tertiary structural interactions in the BWYV pseudoknot are extensive: 
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the number of tertiary hydrogen bonding interactions, 26, exceeds the number of 

hydrogen bonds in Watson-Crick base-pairs, 24, (17, 56, 57).  This is consistent 

with results of thermal melting experiments which indicate that the pseudoknot 

contains a net stabilizing enthalpy greatly exceeding that of other H-type and 

frameshifting pseudoknots for which secondary structure accounts for nearly all of 

the folding enthalpy (31).    

 The BWYV pseudoknot is characterized by two helical stems, S1 and S2, 

connected by two loops L1 and L2 (Fig. 1.7).  The helical stems are not co-

axially stacked as in other H-type pseudoknots, due to the 48° rotation between 

A25 in stem 2 and G7 in stem 1, which causes a ~5 Å helical displacement of the 

stems with respect to each other.  There also is a 25° kink at the junction 

between stem 1 and loop 2.  Interestingly, U13 does not base-pair with A25 as 

part of stem 2, as one would naively expect, but rather bulges out while A25 is 

stacked on loop 2 (57).  An interesting structural feature is the quadruple base-

interaction in the major groove of stem 2 which involves C8 in loop 1, the C12-

G26 base-pair in stem 2, and A25 from loop 2 (17, 56, 57).   

 The overall characteristics of the BWYV pseudoknot fall into three 

general categories: 1) a junction between stems 1 and 2, specifically the quadruple 

base pair formed by G12-C26 base pair, C8 from loop 1, and A25,  2) a minor 

groove triplex between loop 2 and stem 1, and 3) regions not involved in tertiary 

contacts allow tight turns and a compact structure of the pseudoknot (57).   



 
 

32 

 

    

Figure 1.7: 2D and 3D representations of the BWYV pseudoknot 
structure.  (A) The BWYV pseudoknot consists of stems 1 and 2 
connected by loops 1 and 2.  Colors depict which bases are included in 
which region, and base-pairing is shown by solid black lines.  (B) The 3D 
illustration of the BWYV pseudoknot helps to visualize potential 
hydrogen bonding distances and base-stacking interactions  (adapted from 
(23)).   

 

 Several metal ions have been observed in the crystal structure (56).  Four 

Na+ ions have been identified, with two residing adjacent to the S1-L2 junction 

and thought to be important for pseudoknot stability (56).  Thermal melting 

data yields the sensitivity of tertiary interactions to be dependent upon 

monovalent ion concentrations, but essentially independent of the type of ion Na+, 

K, or NH4
+ (31).  Two Mg2+ ions (Mg45, Mg52) reside in the major groove of S1, 

and one in the major groove of S2 (Mg38) as shown in Fig. 1.8.  Mg45 occupies a 

key site in the structure, whereas the role of Mg52 and Mg38 are not as obvious.  

Mg45 is coordinated at upper end of S1, near the bulged-out U13, right at the 

S1-S2 interface and may play a crucial role in stabilizing the relative orientation 

A B 
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of the two stems, also because it may bridge electronegative moieties from 

opposite strands of S1 and S2.   

 

 

 

 

  
 
 

 

 

 

 

 

 

 

Figure 1.8: Mg2+ involved in stabilizing the BWYV pseudoknot structure.  
Mg 45 (gray) stabilizes the quadruple base-pair interaction, C8 (cyan), 
G12 (green), C26 (green), and A25 (purple).  Mg52 (orange) facilitates 
hydrogen bonding with the residues G4, C5, G16, and C17 shown in 
yellow.  Mg28 (blue) is thought to neutralize negative charges in the 
backbone of stem 2.   
 

 
The frameshifting efficiency of the BWYV frameshift signal 
 

 Extensive mutational analyses have been performed to test the functional 

importance of key nucleotides for efficient frameshifting efficiency of the 

pseudoknot(23).  The mutational results support the complex structure—residues 

predicted to have key structural roles are crucial for activity and those that are 

not as essential to the overall stability are insensitive to change (23).  However, 

some of these results show that regions of the pseudoknot that do not seem to 

contribute to the overall structural stability can drastically reduce and even 

increase the frameshifting efficiency.   
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 Frameshifting was measured in two different systems: an in vitro 

rabbit reticulocyte lysate and in vivo by using human embryonic kidney cells. 

The in vivo experiments confirmed the pattern of mutational effects seen in vitro.  

The BWYV pseudoknot with its wild-type sequence provided a frameshifting 

efficiency of 10.8 % in vitro.  Bases were then subjected to any of the following: 

deletion, substitution, and insertion of another base in addition to the wild-type 

one.  Regions of the pseudoknot thought to be critical to the pseudoknot stability 

were tested first, but all bases in the structure were probed to find less obvious 

contributors to the overall frameshifting (23). Figure 1.9 illustrates the extensive 

types of sequences constructed and tested for their frameshifting efficiencies.   

 

 
 

Figure 1.9: Mutations in the BWYV pseudoknot and their effects on -1 
ribosomal frameshifting activity.  

 
 
 Results show that specific nucleotide tertiary interactions at the junction 

between the two stems of the pseudoknot are crucial. In addition, the triplex is 
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found between stem 1 and loop 2, and triplex interactions are required for 

frameshifting function.  For some mutations, loss of one hydrogen bond is 

sufficient to abolish frameshifting. Furthermore, mutations near the 5’ end of 

the pseudoknot can increase frameshifting by nearly 300 %, possibly by modifying 

ribosomal contacts. It is proposed that the selection of suitable mutations can 

thus allow viruses to adjust frameshifting efficiencies and thereby regulate protein 

synthesis in response to environmental change (23). 

 
Energetics of the pH-dependence of the BWYV pseudoknot 

 A protonated cytosine in position eight is a member of a quadruple base 

interaction involving the G12-C26 base pair from stem 2 forming hydrogen bonds 

with C8 from loop 1 as well as A25.   While loop 1 of the pseudoknot crosses the 

major groove of stem 2, C8 is the only member of loop 1 that is positioned in a 

sufficient orientation to form hydrogen bonds with G12 and C26 (57).   Since the 

quadruple-base interaction holds together nucleotides from loop 1, stem 2, and 

the stem 1–loop 2 triplex, it is thought that the C8-coordinated region is likely to 

influence the equilibrium between folded and unfolded forms of the pseudoknot 

(23). 

 Cytosine in its protonated form is not unusual in and is known to stabilize 

DNA triplexes (58).  The protonation of C8 as well as its orientation allow for 

the formation of more hydrogen bonds than would be predicted from normal, 

Watson-Crick base pairing (57).   
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 Investigation of the thermodynamics of unfolding of the BWYV 

pseudoknot by thermal denaturation reveals the pH-dependence of the quadruple 

base-pair interaction including C8 (31).  The N3-H+ in C8 shifts from 4.5 for free 

cytosine to 6.8 in the wild-type BWYV pseudoknot (31), allowing for the 

formation of an additional hydrogen bond between N(3)+-H of C8 and O6 of G12.  

These interactions contribute a net ∆H of 30 kcal/mol and ∆G˚of -3.3 kcal/mol 

(31).   

 In addition to quantifying the thermodynamic contribution of the 

protonated C8 and subsequent quadruple-base interaction, thermal melting 

studies also allow for the characterization of the unfolding behavior of the 

pseudoknot.  The thermal unfolding of complex RNA molecules can be modeled 

thermodynamically as a series of coupled equilibria corresponding to sequential 

unfolding transitions (59).   

 The resolved enthalpies and hyperchromic signatures show that unfolding 

of the tertiary structure occurs first (∆H = 32 ± 7 kcal/mol) leaving a 

pseudoknotted intermediate with no defined loop-stem interactions (F→ PK) (31).  

The second transition (∆H = 29 ± 2 kcal/mol) corresponds to the unfolding of 

the shorter, less stable of the two stems, stem 2 (PK→ S1) predicted to occur 

with ∆H = 26 kcal/mol (31).  The structure that remains is the stem 1 hairpin 

intermediate (S1), which denatures with a ∆H = 55 ± 2 kcal/mol to give a 

randomly coiled RNA (U) (31).   The overall scheme is depicted in Fig. 1.10. 
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Figure 1.10: Proposed equilibrium unfolding pathway for the BWYV 
pseudoknot.  Denaturation occurs from the fully folded state (F) to a 
structure lacking tertiary structure (PK), to a structure consisting of stem 
1 only (S1), and finally to a random coil, unfolded state (U).  Image 
adapted from (31). 
 

 

1.2.3 Optical tweezers 

Atomic force microscopy (AFM), single molecule fluorescence microscopy, and 

optical tweezers have made it possible to measure the displacements, velocities, 

and forces that molecular motors produce (60-62). In particular, optical tweezers 

have proven useful for studying molecular motors, because the forces they 

produce are of the same order of magnitude (pN) as those exerted by molecular 

motors.  Individual biological molecules are manipulated by attaching the ends to 

small dielectric particles (silica or polystyrene beads, diameter 250 nm to 2 μm).  

The molecules can then be controlled by trapping these beads using optical 

tweezers.   

 The optical tweezers is a single-beam laser trap for dielectric particles 

created by focusing a laser beam to a diffraction limited spot using a large 
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numerical aperture microscope objective (63). When the focused laser beam 

passes through a silica or polystyrene bead, it generates a so-called gradient force 

that is proportional to the gradient of the intensity of the laser.  The laser beam 

induces electric dipoles in these polarizable particles, so that they experience a 

time-averaged force toward high intensity regions (63).  This gradient force 

brings the bead into the focal point.  Further, more advanced analysis shows that 

there also is a scattering force that pushes the bead slightly away from the focal 

point.  Thus, stable, three-dimensional trapping is possible only if the gradient 

force is larger than the scattering force.  In order to create the intense field 

gradient near the focal region, a high numerical aperture microscope objective is 

required to focus the laser beam (63, 64).  A simplified ray diagram of the forces 

on an optically-trapped bead is shown in Fig. 1.11.  
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Figure 1.11: A ray optics diagram of the gradient force on a bead held in 
an optical trap.  A stable trap is formed when the light is focused, 
producing a three-dimensional intensity gradient.  Two representative 
rays are refracted by the bead, but the change in momentum leads to a 
net force towards the focus (gray arrows).  The axial force is balanced by 
the scattering force (not shown) as it decreases away from the focus. 
When a bead moves, the imbalance of optical forces will draw it back to 
the center of the trap, its equilibrium position.  Image adapted from (65). 

 

 Theoretical predictions of the quantitative trapping forces have only 

recently been achieved and are generally hard to predict (65).  In practice, such 

problems are circumvented by calibrating the optical tweezers (see Chapter 2 for 

detailed calibration procedures).  For small displacements (150 nm or less), the 

gradient restoring force is proportional to the offset from the equilibrium position 

(65).  The optical trap acts as a Hookean spring whose characteristic stiffness is 

proportional to the light intensity (65).  Once calibrated and spring constants 

have been determined, the force can be calculated by multiplying the trap spring 

constant and the measured displacement of a particle from the trap center.  

 The trap spring constant (trap stiffness) can be calibrated using a variety 

of methods, with two used in the current study: the power spectrum and 

equipartition theorem methods.  These two methods are based on the stochastic 

properties of the bead’s motion in the trap. 

 The equation of motion of a bead in an optical trap follows the Langevin 

equation for the overdamped case as outlined in Eq. 1.3 (64).   

 ( )tcξkxxα +−=ɺ   (1.3) 
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Where k indicates the stiffness of the trap, α is a drag coefficient given by 6πηr 

where η is the viscosity of the medium and r is the radius of the bead. ξ(t) 

represents the typical white noise with strength c.  

 The power spectrum is readily calculated by taking a Fourier transform of 

Eq. 1.3:  
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In the frequency domain, the amplitude, |X(f)|2 is cut off at a frequency, defined 

as a roll-off frequency, fr=k/(2πα) (64).  Experimentally, the roll-off frequency is 

obtained by fitting a Lorenzian to the power spectrum of the trapped bead 

position as shown in Fig. 1.12.  In general, the power spectrum method is useful 

to identify any undesired noise sources with distinct frequency signatures (66).  

The drawback is that the roll-off frequency is dependent on the viscous drag 

coefficient which depends on the height of the trapped bead above the surface, h. 

Therefore, in order to use this method, the bead must be set sufficiently far away 

from the surface (h > 2r) or the height of the bead must be precisely measured 

and applied a correction to the viscosity using the Faxen’s law as shown in Eq. 

1.5 (64). 
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Where η ‘ replaces η in the fr to correct for the change of the drag effect in terms 

of the height, h. 
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Figure 1.12: Power spectrum of the position signal. One way to measure 
the stiffness of the optical trap is to fit the power spectrum with a 
Lorenzian fit and determine the roll-off frequency.   

 

 Since the optical trap behaves as a harmonic potential within certain 

range of bead displacements (approximately ±200 nm), it is also possible to use 

the equipartition theorem to determine the trap stiffness by Eq. 1.6. 

 2

2
1

2
1

xkTkB =   (1.6) 

where kB is Boltzmann’s constant, T is absolute temperature, and x is the 

displacement of the particle from its trapped equilibrium position. 

 Thus, by measuring the variance of the position of a trapped bead, the 

stiffness can be determined. The variance, 2x , is connected to the power 
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spectrum as it equals the integral of the position power spectrum, the spectrum 

recorded by a calibrated detector (65). 

 The current study uses the equipartition theorem over the power spectrum 

method because of its simplicity and that it does not depend on the viscous drag 

of the trapped particle.  Furthermore, at high stiffnesses, the spectrum is 

sometimes hard to fit as the spectrum amplitude is pushed down into noise levels.  

In addition, the current experiments use beads that may have slightly different 

shapes at a distance very close to the surface, complicating the calculations for 

finding the trap stiffness via the power spectrum method.  The stiffness measured 

using two methods are in agreement within 10 % absolute error for low to 

moderate stiffness (0.005 pN/nm < k < 0.1 pN/nm) (66).  However, they deviate 

up to 30 % when the stiffness becomes high (> 0.1 pN/nm), which is due to the 

difficulty in fitting the power spectrum when fr becomes large. 

 The optical tweezers instrument is capable of measuring nm-sized 

displacements and pN-scaled forces produced by a single molecule.  Such 

measurements require the reduction of mechanical drifts and vibrations.  Hence 

the entire optical instrument has been built on the vibration-isolated table 

(Newport) in an acoustic-isolated and temperature-controlled room.  The optical 

instrument consists of optical tweezers and a position detection system, which are 

further integrated into the microscope (Fig. 1.13).  
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Figure 1.13: Experimental set-up of the optical tweezers.  For the optical 
trap, TM1 and TM2 are two mirrors guiding the laser beam into acousto-
optic deflectors (AODs) which are used for modulating the position and 
intensity of the laser trap.  TL1 and TL2 are two lenses ( f= 10 cm and 
30 cm, respectively) working as a beam expander while at the same time 
imaging AODs onto the movable lens TD/L. T/DM is a dichroic mirror 
combining the trapping laser light and the detection laser light. T/DL is a 
movable lens that allows manual control of the positions of both laser 
spots at the specimen plane and is imaged onto the back aperture of the 
microscope objective. The optical components for the position detection 
consist of DM1, DL1, and DL2, which are a mirror, a movable lens (f = 
6.5 cm) which controls the detection laser spot at the 
specimen plane, and a fixed lens ( f= 6.5 cm). The position signal of the 
trapped bead from the photo-detector is transferred to the computer. 

 

 Lasers used for the optical trapping are required to be in the wavelength 

region of 800 nm to 1100 nm to minimize photo-damage and water-heating (64, 

67).  For these reasons, 1064 nm continuous wave laser (Spectra Physics) is used 

for optical trapping. The diameter of the laser beam is magnified with two beam 

expanders (BE and TL1 & TL2) to overfill the back aperture of the objective 
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(Fig. 1.13).  In addition, acousto-optic deflectors (AODs, IntraAction Corp) are 

placed in the laser beam path to allow for computer control of the position and 

intensity of the optical trap.  AODs utilize density gratings formed by traveling 

acoustic waves in a crystal.  When a laser beam comes across the crystal, it 

diffracts at the density wave.  The Bragg angle θ of the first diffracted order is 

controlled by computer using a frequency synthesizer as it is given by λf/v where 

λ is the wavelength of the light, f and v are the acoustic wave frequency and 

velocity, respectively.   

 Manual control of the trap position is achieved by moving a lens (TD/L).  

For precise positioning of the specimen, a computer-controlled, high resolution 

piezo-driven XYZ stage was mounted on a manually operated microscope stage. 

With this device, the position of the specimen can be controlled by the computer 

in increments as small as 1 nm over 100 x 100 μm. In addition to the x and y 

positioning, its capability to move into the z-direction (i.e. along the optical axis) 

at high resolution enables the accurate locating of the cover glass surface of the 

specimen (10 nm resolution) with respect to the trapped bead.  

 To determine the displacement of the particle from the trap center, the 

change in the direction of a second laser beam focused onto the particle and 

scattered or deflected due to bead motion is measured by collecting this forward 

scattered laser light and projecting it onto a quadrant photodiode in the back 

focal plane (68, 69).  In principle, the optical tweezers can be used as a laser 

source for such a position detector, but the use of an additional focused laser 
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beam, which has been overlapped with the optical tweezers has an advantage: it 

enables on-the-fly calibration of the position detector (See Chapter 2 for a 

detailed discussion of calibrations).   

 

1.2.4  Single-molecule stretching of RNA hairpins by optical tweezers 

 A seminal paper by Liphardt et al. was published in Science in 2001, 

showing that single, small RNA structures could be stretched with optical 

tweezers and thermodynamic and kinetic parameters could be extracted regarding 

the folding and unfolding behavior.   

 A single RNA hairpin, P5ab, a molecule containing a three-helix junction, 

P5abc∆A, and a domain of a ribozyme, P5abc, were unfolded by applying a 

mechanical force by optical tweezers (51).  All three molecules can be unfolded at 

equilibrium that exhibit hopping between folded and unfolded states at a 

constant force as shown in Fig. 1.14 (51).  These measurements allow for 

calculations of the force-dependent equilibrium constant, the free energy of 

unfolding, and the position of the transition states along the reaction coordinate 

(51).   
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Figure 1.14: Force-extension curves of P5ab, a hairpin that typifies 
an RNA A-form double helix.  Stretching and relaxing curves are 
superimposed and the red curve is the stretching of the handles 
without the hairpin.  The left inset shows the hopping behavior in 
detail.  Image adapted from (51).   

 

The bistability during hopping between folded and unfolded is investigated by 

imposing a constant force on the molecule with feedback-stabilized optical 

tweezers that maintains a preset force by moving the ends of the molecule closer 

or further apart (51).  Fig. 1.15A shows how the hairpin populates either the 

folded or unfolded state depending on force, illustrating how it is possible to tilt 

the folded⇔ unfolded equilibrium.  As the force is increased, the molecule spends 

more time in the unfolded, open form and less time in the folded form (51).  A 

ration of the average lifetimes of the molecule in folded and unfolded states yields 

an equilibrium constant, Keq(F), at each force.   
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 A   

Figure 1.15: Force-clamp experiments and equilibrium constant analysis of 
the unfolding of the P5ab hairpin.  (A) Length versus time traces of the 
RNA hairpin at a few distinct constant forces.  (B) The logarithm of the 
equilibrium constant plotted as a function of force.  Images adapted from 
(51).   
 

Evaluating the stretching data as well as the force-clamp data allows for three 

different methods of measuring the change in free energy of unfolding, ∆G.   

 The three techniques are performed by the following:  

(i) A fit to the distribution of opening forces: At every force, it is possible to 

calculate the fraction of unfolded molecules using a normalized histogram.  

A plot of the fraction unfolded versus force is fit well by the statistics of a 

two-state system.  If the assumption is made that the change in extension, 

x, is constant over the force regime of unfolding, ∆x = ∆x (F1/2), then the 

energy of the trap system can be described as E (F) = ∆G (F1/2) –F∆x 

where  

∆G (F1/2) = F1/2∆x is the free energy of unfolding and stretching the 

hairpin at the midpoint of the transition, F1/2. 

A B 
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(ii) The average area under the folding/unfolding plateau: Pulling experiments 

on a single RNA molecule can be treated by standard thermodynamic 

theory and then replacing pressure and volume with force and length (32, 

51).  The free energy required to convert one molecule of an RNA 

structure  (like a hairpin or pseudoknot) to one molecule of single-stranded 

RNA at zero force is found by: 

 0)(lnΔ BP =−= FKTkG eqB
�    (1.7)  

Where BPΔ �G is the change of free energy of the base-paired region (for 

example, hairpin), kB is the Boltzmann constant, and Keq is the equilibrium 

constant for the folded to unfolded process.  At constant temperature and 

pressure, the reversible work is written as:  

 ')'()(Δ)(lnΔ)(
)(Δ

0
stretchingBPrev dxxFFGFKTkGFW

Fx

eqB ∫=++= �    (1.8)  

Where ∆G (F)stretching  accounts for the stretching of the single-stranded 

region of the molecule up to F1/2  (33).  The integral under the reversible 

force-extension curve is the potential of mean force, and at constant 

temperature and force, the integral is equal to the Gibbs free energy 

required to unfold the molecule and stretch the single-stranded RNA up to 

F1/2 (34).  The calculations are simplified when at F = F1/2 because at this 

point kBTlnKeq (F) = 0 and: 

)(Δ')'()(ΔΔ)( 1/21/2

)(Δ

0
stretching1/2BP1/2rev

1/2

FxFdxxFFGGFW

Fx

≈=+= ∫�   (1.9) 
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So, the reversible work equals the free energy change from the folded RNA 

structure to single-stranded RNA.   

(iii) The ratio of folded and unfolded lifetimes: The ratios of unfolded to 

folded dwell times from Fig. 1.12A allow for the calculation of the 

equilibrium constant, Keq (F), for each force.  The logarithm of the Keq (F) 

is then plotted at each force as shown in Fig. 1.12B.  A linear 

extrapolation of the K (F) to zero force will then allow for the free energy 

calculation by ∆G˚= -kBTlnKeq (F=0).  

  

 These methods use three distinct techniques to quantify the 

thermodynamic barriers to unfolding RNA structures such as hairpins.  In 

addition, constant force experiments like those shown in Fig. 1.15 allow for 

calculations regarding an RNA structure’s folding kinetics.   

 First, the force-dependent average lifetimes of the folded and unfolded 

states are calculated from traces like that in Fig. 1.15 and assigned fτ  and uτ , 

respectively.  Analyzing a plot of the lnK vs. force  (like in Fig. 1.15B) results in 

a kf→u increasing with force and ku→f decreasing (51).  These rate constants can be 

fit to an Arrhenius-like expression of the form:  

 T/kxF

muf
BufekkFk

‡Δ
0)( →=→    (1.10) 

Where km represents the contribution of handle and bead fluctuations to the 

absolute rates, k0 is the RNA’s unfolding rate at zero force, and ‡
Δ

uf
x

→
is the 
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distance between the folded state and the transition state along the direction of 

force (70).  A similar expression is true for the reverse reaction, calculating ‡
Δ

fu
x

→
.  

These two values will then give a location of the position of the transition state 

on the reaction coordinate relative to the unfolded and folded states.    

 In summary, the foundational work by Liphardt et al. accomplished 

the following:  

- Developed an assay to stretch small, single-molecule RNA 

structures with optical tweezers. 

- Characterized the unfolding behavior of an RNA hairpin and 

similar constructs under an applied force. 

- Found ways to apply classical thermodynamic work, force, and 

energy relationships to stretching single-stranded RNA 

- Calculated the rate of unfolding and refolding as well as the free 

energy of unfolding RNA structures 

 

 

1.2.5  Single-molecule stretching of RNA pseudoknots by optical tweezers 

In 2007, Hansen et al. applied the optical stretching and analytical techniques 

established by Liphardt to stretch RNA pseudoknots.  The main objective is to 

determine if frameshifting efficiency can be directly correlated to the mechanical 

stability of the pseudoknot as measured by the force required to unfold the 
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pseudoknot.  If this correlation exists, it supports the 9 Å model of -1 ribosomal 

frameshifting, which proposes that a 9 Å difference between the binding site and 

accommodation site of the aminoacyl-tRNA anticodon loop(22).  This is thought 

to cause a corresponding additional 9Å of mRNA to move into the ribosomal 

entrance tunnel, causing the pseudoknot to be pressed against the tunnel due to 

its inability to enter while still folded.  Tension introduced by these opposing 

forces would then cause a slippage of the codon-anticodon interactions, a -1 

frameshifting event.  In this model, the stability of pseudoknots should play an 

important role in the stimulation of frameshifting (22).  

 To test this theory, a modified pseudoknot from the Infectious 

Bronchitis Virus (IBV) is stretched as well as a similar construct of the 

IBV pseudoknot with 10 nucleotides in stem 1 as opposed to 11 in the 

wild-type (27).  The frameshifting efficiencies are measured in vivo and the 

mechanical stability is measured by mechanical unfolding.  PK400, the 

truncated PK, showed only half of the frameshifting efficiency of PK401 

with 11 nucleotides in stem 1 (27).  When stretched with optical tweezers, 

both pseudoknots unfolded in a single step most of the time, exhibiting 

differences in the unfolding force where PK401 required more force to 

unfold that PK400(27).  The results are shown in Table 1.1.   
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Table 1.1: Frameshifting efficiencies and free energy of unfolding of two 
IBV pseudoknot constructs.  Results from (27). 
  

 Frameshifting 
efficiency (%) 

Average force 
of unfolding  
(pN) 

∆G˚theory, (kJ/mol) 

IBV PK401  
(stem 1 = 11 nts) 14 39±1.5 165 

IBV PK400 
(stem 1 = 10 nts) 6 31±1.9 151 

 

 The conclusion is that two IBV-like pseudoknots give rise to a factor of 2 

difference in frameshifting frequencies and unfold at forces that are different (27).  

The pseudoknot giving rise to the lower degree of frameshifting is easier to unfold 

than the pseudoknot giving rise to the higher degree of frameshifting. Hansen et 

al. report propose that the frameshifting efficiency of a given pseudoknot is 

correlated to its mechanical strength (27). 

 This study provided the first example of unfolding RNA pseudoknots by 

optical tweezers, revealing that the pseudoknot unfolds in one step most of the 

time, similar to previous studies of RNA hairpins.  However, at a loading rate of 

10 pN/s, the pseudoknot does not exhibit equilibrium-like behavior like the 

hairpins, proposing a slower rate of refolding.  The relationship between 

frameshifting efficiencies and average force of unfolding for these two constructs 

is shown, but some additional analyses are lacking from this study.  

 For example, while the frameshifting and stability relationship holds true 

for these two IBV pseudoknot constructs, neither construct has a sequence of the 

wild-type IBV pseudoknot.  Loop 2 of each of the pseudoknots was increased to 
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make determination of the unfolding event easier (27).  The two constructs gave 

only a small sample set to draw the correlations between.  In addition, the 

transitions observed only correlate to 60 % to 70 % of the total length of the 

molecule, but no explanations were given regarding specific sections of the 

pseudoknot and unfolding behavior.   And last, the free energy of unfolding was 

calculated from the pknotsRG algorithm (71), which calculates the free energy at 

37 ℃ 1 M Na+ while the experimental conditions were somewhat different, 

namely, 20 °C, 10 mM TrisHCl (pH 7.5), 250 mM NaCl, and 10 mM MgCl2 (27).   

 To the author’s credit, in the concluding remarks, it is stated that the 

conclusions should be supported with similar experiments from a variety of 

pseudoknots (27).   

 More recently, a more extensive study has been conducted to elucidate 

how mechanical stability of a pseudoknot is related to its frameshifting efficiency 

(28).  A model, H-type pseudoknot derived from human telomerase RNA as well 

as numerous mutants were unfolded using optical tweezers.  In addition, each 

construct’s frameshifting efficiencies were measured in vitro.  The mutants are 

designed to dissect specific interactions and assign mechanical stability to certain 

structures in the pseudoknot.   

 The wild-type model pseudoknot, ∆U177, exhibited three types of 

unfolding behaviors and rarely exhibit refolding, which is markedly different than 

the single unfolding behaviors of hairpins (51) or the IBV pseudoknot construct 

at near-equilibrium conditions (72).  Examples of the unfolding behavior of the 
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wild-type ∆U177 as well as one mutant, CCC, with 3 major-groove U·A-U base 

triples disrupted are shown in Fig. 1.16.  The wild-type pseudoknot exhibits one 

of three behaviors: (1) 1-step unfolding at approximately 50 pN of force with an 

increase in extension of 19 nm (Fig. 1.16A), (2) 1-step unfolding at approximately 

18 pN with an extension increase of 15 nm (Fig. 1.16C.D), and (3) 2-step 

unfolding with the second step unfolding at 18 pN with an increase in extension 

of 11 nm (Fig. 1.16B) (28). 

 

 

Figure 1.16: Representative force-extension curves for a pseudoknot from 
human telomerase RNA.  Red and black curves are for pulling and 
relaxing, respectively, at a loading rate of 3 pN/s. (A–D) Representative 
force-extension curves of (wild-type) ∆U177. (E–G) Representative force-
extension curves of mutant CCC (with 3 major-groove U·A-U base triples 
disrupted).  Image adapted from (28). 

 Similar types of behavior are observed for pseudoknots with mutations in 

loops 1 and 2, and stem 2, with varying values of the average force of unfolding 

and increase in contour length.  In general, a correlation was found between the 
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frameshifting efficiency and the average force of unfolding by a good fit with a 

single exponential as shown in Fig. 1.17 (28).   

 

 

Figure 1.17: A single exponential function fits well (R2 = 0.84) the 
correlation between frameshifting efficiency and average unfolding force in 
multiple constructs of a human telomerase pseudoknot derivative.  Image 
from (28). 

 

 An examination of the types of pseudoknots that stimulate the highest 

levels of frameshifting show that the formation of both the major groove (loop 1-

stem 2) and minor groove (stem 1-loop 2) triplex structures enhance the 

mechanical stability of the stems (28).  Pseudoknots with shortened stems exhibit 

cooperative unfolding with a lower force required to unfold the structures (28).  

Initiation of pseudoknot unfolding by disruption of terminal base pairs in stem 1 

may mimic the directional 5’ to 3’ helicase activity of the ribosome (52).  The 

triplex structure formed by stem 1 and loop 2, then, would stabilize stem 1 

terminal base pairs and may increase the overall frameshifting efficiency.   



 
 

56 

 The results of this study also support the torsional restraint model (21) by 

observing that the formation of a stable stem 2 and its interactions with loop 1 

prevents the rotation of the pseudoknot required to unfold stem 1.  

Destablization of the major-groove triplex between loop 1 and stem 2 decreases 

frameshifting efficiency, presumably due to lower global torsional resistance of the 

pseudoknot (28). 

 Questions still remain regarding additional thermodynamic and 

kinetic parameters of these pseudoknots in relation to frameshifting 

efficiencies.  A weak correlation was observed between the frameshifting 

efficiency and the free energy of unfolding (28).  In addition, pseudoknot 

constructs did not often show refolding in the time course of the 

experiment, making an analysis of the kinetic properties on frameshifting 

efficiencies more difficult.   

 The authors were able to follow the unfolding behavior of a native 

pseudoknot as well as constructs that emphasized key structural elements.  

This allowed for the identification of unfolding intermediates and 

measurements of the force required to unfold distinct regions of the 

pseudoknot (ie stems 1, 2, loops 1, 2) (28).  A correlation was found that 

as the force required to unfold the pseudoknots was increased, so did the 

frameshifting efficiency.  However, thermodynamic contributions alone 

could not explain why some of the individual components affected 

frameshifting in the magnitudes reported such as kinetic properties of the 
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constructs and potential interacting sites with the ribosome.  The authors 

state that combining single-molecule mechanical unfolding/refolding with 

bulk frameshifting assays will provide further insight into -1 PRF events 

(28).  
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1.3  Aim of the current study and dissertation organization 

1.3.1 Goals of the unfolding of the BWYV pseudoknot by mechanical force  

It is the general consensus of the field that more data from a variety of 

pseudoknot systems need to be studied in order to better attribute 

thermodynamic, kinetic, and direct interaction contributions from pseudoknot 

structure to overall -1 frameshifting efficiency (26, 28, 72).  The Beet Western 

Yellow Virus pseudoknot and its frameshifting efficiencies have been well-

characterized by X-ray crystallography (57) and thermal melting (31) to provide 

structural data and extensive mutational analysis to understand the impact on 

frameshifting efficiencies (23).  

 It is the aim of the current study to characterize the thermodynamic and 

kinetic unfolding behaviors of the BWYV pseudoknot by mechanical unfolding 

using optical tweezers.  The individual RNA molecules are attached to 

polystyrene beads by RNA/DNA hybrid handles.  One bead is held in the optical 

trap, and the other bead was attached to a microscope cover slip via a 

streptavidin-biotin interaction.  The microscope stage was moved a specified 

distance, and the force on the molecule is calculated as a function of the bead’s 

displacement from the center of the optical trap.  Stretching experiments are 

performed in TrisHCl with 250 mM NaCl and 10 mM MgCl2.   

 To assign behaviors to specific regions of the pseudoknot, five constructs 

are stretched which exhibit mutations in key regions of the pseudoknot known to 
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contribute to the overall fold and possibly the stability (23, 57).  In addition, the 

pseudoknot is stretched in the absence of Mg2+ to test its contribution to the 

tertiary interactions.  And last, the wild-type pseudoknot is stretched at a pH of 

6.3 and 7.3 to see if deprotonation of a C8+ base (pKa 6.8, (31)) involved in a 

quadruple base-pair affects the overall structural integrity.   

 We also have the unique contribution a collaborative effort to include 

steered molecular dynamics simulations of the BWYV pseudoknot unfolding.  

Experiments regarding stretching of RNA by optical tweezers have many 

limitations regarding resolution of events and, subsequently, interpretation of 

data.  The SMD simulations provide atomic-level detail of the simulated 

unfolding pathway of the RNA pseudoknots and are very consistent with 

experimental results.   

 

1.3.2 Dissertation organization 

The dissertation is organized into four main chapters:   

 Chapter 1 provides extensive background regarding frameshifting events, 

RNA pseudoknots known to stimulate frameshifting, tools used to study the 

events in bulk, current models of frameshifting, optical trapping, and single-

molecule experimentation on the unfolding of RNA by mechanical force (to date).   

 Chapter 2 outlines the process of stretching RNA with optical tweezers.  

Considerations discussed include molecular biology preparation of samples, 
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calibrations of the optical tweezers, strategies for data collection, and a detailed 

procedure for data analysis.   

 Chapter 3 presents the results of stretching the wild-type BWYV 

pseudoknot using optical tweezers under a pH of 6.3 and 7.3 and also in the 

absence of Mg2+.  Two mutants affecting a stem junction region, C8A and C8U 

were stretched and compared to the wild-type unfolding behaviors.  These results 

were compared and contrasted with SMD simulations of the pseudoknot 

unfolding with the same constructs as the experimental procedures.  

 Chapter 4 presents the results of stretching three BWYV pseudoknot 

mutants known to dramatically change the frameshifting efficiency of the system.  

Each mutant appears to control frameshifting with a different strategy (ie 

thermodynamically, kinetically, or by making direct contacts with the ribosome).  

For this reason, gathering thermodynamic and kinetic data upon unfolding may 

help to categorize different pseudoknot regions.   

 Chapter 5 uses all of the information learned to gather conclusions about 

the structure and function of the BWYV pseudoknot.  In addition, future 

directions of the project and field are discussed.  
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CHAPTER 2  

UNFOLDING RNA BY OPTICAL TWEEZERS1 

 

 Biochemical techniques such as X-ray crystallography, thermal 

denaturation, and mutational analysis have provided detailed pictures of RNA 

secondary and tertiary structures.  However, such methods often lack a dynamic 

picture of RNA behavior during biological processes such as translation by 

ribosomes and ribozyme catalysis (6, 73).  Single-molecule techniques utilizing 

Fluorescence Resonance Energy Transfer (FRET), Atomic Force Microscopy 

(AFM) or magnetic and optical tweezers are capable of providing detailed 

structural and kinetic information complementing and going beyond ensemble-

averaged approaches, see (65, 74, 75) for reviews of single-molecule FRET, AFM, 

and optical tweezers, respectively.   

 The latter three techniques have the additional advantage that they allow 

one to investigate the effect of an external force upon structure and function (34).  

We have focused on the stretching and unfolding of single RNA molecules using 

optical tweezers.  It is becoming apparent that force may well control critical 

biological processes such as translation of messenger RNA by ribosomes and 

associated processes such as minus one (-1) frameshifting (16, 22, 27, 76) and 

SecM arrest (77).  Optical tweezers are an ideal tool for such experiments because 

                                                      
1
 Much of this chapter is being published as a book chapter titled, “Optical Trapping and 

Unfolding of RNA” in Methods in Molecular Biology: Single-Molecule Analysis, Methods and 
Protocols, eds. Erwin J.G. Peterman & Gijs J.L. Wuite (Humana Press, New York).   
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they allow a wide range of loading rates, probing the system of interest both close 

and far removed from thermal equilibrium (78).  As the RNA is stretched, 

structural transitions become visible in the force-extension graph, enabling one to 

derive thermodynamic and kinetic parameters such as unfolding force, increase in 

contour length, and rates and free energies of folding and unfolding (34). 

 This chapter contains a detailed description of the procedures necessary to 

stretch single RNA molecules such as the Beet Western Yellow Virus pseudoknot 

with optical tweezers.  The chapter is organized into the following sections:  

2.1 Materials 

2.2 Determination of Assay Geometry 

2.3 Preparation of Samples 

2.4 Calibration of the Optical Tweezers 

2.5 Stretching RNA and Collecting Data 

2.6 Analyzing Stretching Data 
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2.1 Materials 

RNA/DNA handle hybridization 

1. 1.5 mL Eppendorf Safe-Lock tube (Eppendorf, PN 226002-8). 

2.  Phosphate buffer: 25 mM Na2HPO4 (Sigma, PN S3139), 75 mM NaH2PO4 

(Sigma, PN S3264), pH 6.4, 100 mM NaCl (Sigma, PN S-6546). 

3. 1 pmol/μL single-stranded DNA handles (see Section 2.3), termed handles A 

and B. 

4. 1 pmol/μL single-stranded RNA construct (see Section 2.3). 

 

Coating polystyrene beads with anti-digoxigenin 

1. 80 mg/mL acetylated bovine serum albumin (Acetylated BSA, Sigma PN 

B2518) in ddH2O.  

2. 1X phosphate buffered saline (PBS), pH 7.2 (Bio-Rad, PN 161-0780).   

3. 0.770 μm diameter, 4.0% (w/v) surfactant-free white aldehyde/sulfate latex,  

polystyrene beads stored at 4˚C (Invitrogen, PN C37241). 

4. 1 mg/mL anti-digoxigenin, Fab fragments (Roche, PN 13902400). 

5. 2% (w/v) sodium azide in ddH2O (Sigma, PN S-2002). 

6. 1.0 M glycine in 1X PBS (Sigma, PN G-7403).  

 

Attaching RNA/DNA hybrid to the anti-digoxigenin-coated bead 

1. 1.5 mL Eppendorf Safe-Lock tube (Eppendorf, PN 226002-8). 
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2. RNA Stretching Buffer (RSB, 5X): 100 mM TrisHCl, pH 7.0 (Ambion, PN 

9850G), 1250 mM NaCl, 30 mM βME (Sigma, PN M-7522).  TrisHCl plus NaCl 

is stored at room temperature.  βME is added the day of the experiment.   

3. 1 M MgCl2 in ddH2O (Ambion, PN 9530G). 

4. 50 mg/mL acetylated BSA in ddH2O. 

 

Flow cell assembly 

1. 25 x 75 mm, 1.0 mm thick microscope glass slide (VWR, PN 48300-025). 

2. Double-sided sticky tape, such as Scotch. 

3. 22 x 40 mm, 0.17 mm thick (number 1½) streptavidin-coated microscope cover 

slips (Xenopore, PN VXP00050).  Alternatively, streptavidin or neutravidin 

coated cover slips can be prepared in-house by incubation of cleaned cover slips 

with biotinylated BSA followed by incubation with streptavidin or neutravidin.  

Purchased slides are used here for consistency and convenience. 

4. Epoxy glue, such as Devcon Fast-Drying Epoxy. 

 

Specimen preparation 

1. Washing buffer: 1X RSB Buffer, 20 mM MgCl2, 0.5% w/v acetylated BSA.  

Washing buffer is made new each day an experiment is performed.  

2. Clear nail polish, any brand. 
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2.2 Determination of assay geometry 

Optical tweezers allow for a variety of experimental geometries to be used for 

stretching individual biomolecules.  The tweezers may be used simply to 

manipulate and hold a molecule stretched by laminar fluid flow (79) or be 

utilized as the actual force transducers and force probes yielding the force-

extension characteristics of the molecule (80).  Two experimental geometries were 

attempted for the current experiment as shown in Fig. 2.1, each with distinct 

advantages and disadvantages.  RNA stretching data presented here follows the 

first method, surface-bead tethering.   
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Figure 2.1: Experimental geometries for unfolding RNA structures. A) 
surface-bead tethering B) bead-bead tethering from the surface  C) bead-
bead tethering with two optical tweezers. 

 

2.2.1 Surface-bead tethering 

The first geometry used tethers the molecule between a microscope cover slip 

surface and a microscopic bead held in the optical tweezers (Fig. 2.1A).  The 

molecule then is stretched by movement of the piezo-driven microscope stage.  

Following calibration of the tweezers’ spring constant (see section 2.4.2), 
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recording of the bead’s position with respect to the optical tweezers’ center and 

the stage position enables computation of force-extension data.  Stage motion to 

stretch the molecule is generally in the lateral direction (perpendicular to the 

laser beam), but can also be axially, along the laser beam axis (81). 

 The main advantage of this geometry is that the specimen preparation is 

relatively simple.  Incubation of molecule-coated beads in appropriately surface-

treated sample cells readily enables identification of surface-tethered beads in the 

optical microscope, even when tether formation proves inefficient.  However, the 

geometry has two main complications.  First, instrumental drift, predominately of 

the microscope stage, may hamper slow stretching experiments performed near 

thermal equilibrium.  Second, lateral motion of the piezo stage results in both 

lateral and axial displacement of the bead from the center of the optical tweezers 

because the force vector is not parallel to the cover slip surface due to finite size 

of the bead.  The latter becomes particularly problematic for short molecules of 

<0.5 μm in contour length (LC) (relative to the size of the bead, about 1 μm), 

where the angle with the horizontal becomes large.  However, both issues have 

been addressed in the past, with the effects of drift minimized or eliminated in a 

differential detection scheme (81), and the non-horizontal force vector accounted 

for in detailed data-analysis and/or simultaneous measurement of the axial 

position of the bead in the optical tweezers (80).   
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2.2.2 Bead-bead tethering 

To avoid any axial bead displacement in the optical tweezers, the molecule can 

be tethered between two beads rather than between a bead and the microscope 

cover slip.  In such geometries, one bead is held in the optical tweezers while the 

other bead may be either attached to the microscope cover slip, held on the tip of 

a micro-pipette, or held in an additional optical tweezers as seen in Fig. 2.1B,C 

(65).  Beads with different surface chemistries are available commercially and 

relatively inexpensive.  In addition, the sizes of purchased beads can be selected 

to meet the needs of the experiment.  When the second bead is immobilized on 

the microscope cover slip, it needs to be larger than the bead in the optical 

tweezers to avoid any undesired surface interactions.  Stage drift problems 

remain except when the second bead is also held with optical tweezers as in Fig. 

2.1C (82).   

 Bead-bead tethering tends to be more laborious than surface tethering 

with the operator actively moving beads together to promote tether formation.  

The application of fluid flow to automate part of the process may alleviate some 

of these concerns.  Bead-bead tethering may also become problematic when 

tethers are short and interbead distances become small as a consequence.  Many 

optical tweezers apply back-focal plane detection scheme to measure a bead’s 

position within the optical tweezers (69).  When one considers the response 

curves of such detection schemes (83), it becomes apparent that the presence of a 

nearby bead may well affect the position signal of the bead held in the optical 
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tweezers.  Naively one may think of this as if the nearby bead intercepts the light 

cone making up the detection probe as shown in Fig. 2.2A.  Therefore, using a 

much smaller bead as some sort of spacer may help to alleviate this “cross-talk” 

problem (84).  To test this, we measured the detector response as a function of 

interbead distance for both two and three bead set-ups, results shown in Fig. 

2.2B.  When a smaller-bead spacer is applied, the “cross-talk” is significantly 

smaller.  In both cases the signals are highly reproducible and can be corrected 

for.   

 

Figure 2.2: “Cross-talk” due to proximity of beads. In a bead-bead 
geometry using three beads, the “cross-talk” due to the close proximity of 
the beads is reduced when compared to a bead-bead geometry using two 
beads. A) A bead may naively be thought to “intercept” the detector laser 
light when using microscope objectives with a large numerical aperture.  
B) Detector cross-talk signals with two and three bead-bead geometries as 
a function of the interbead distance. 

 

 Particle-imaging detectors such as a CCD camera should be much less 

affected by the bead-proximity issues, but have their own problems (68).  One 
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should realize that at the same time as the detection signal is modified, the 

optical tweezers’ properties such as spring constant and harmonic nature of the 

potential may also be affected.  Such effects upon the optical tweezers have to 

the best of our knowledge not been quantified (but presumably are small).  

 Since the complications discussed above are due to the short length of the 

RNA/DNA handles used, one may wonder why longer handles are not used.  

Fluctuations potentially obscuring the unfolding transition in the force-extension 

graph depend upon on the total stiffness.  By the equipartition theorem, the 

higher the stiffness, the smaller the fluctuations will be, and the easier an 

unfolding transition is detected.  The total stiffness or spring constant includes 

both that of the optical tweezers and the RNA/DNA hybrid.  Because the 

stiffness of the RNA/DNA hybrid scales as LC
-1, the longer the handles, the larger 

the fluctuations.  It is worth to carefully estimate which lengths of handles prove 

optimal for the expected increase in extension (and/or LC) upon unfolding of the 

RNA of interest at the typical spring constant of the optical tweezers used.   

 In summary, surface-bead tethering readily produces tethers, but data 

analysis is complicated by axial bead motion. Bead-bead geometries offer the 

advantage of easier data analysis, but tethering can be more cumbersome and 

bead-bead detection cross-talk is possible.  The remaining protocols outlined in 

this chapter refer to the surface-bead tethering method.    
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2.3 Preparation of samples 

2.3.1 RNA preparation and RNA/DNA handle hybridization  

RNA molecules are prepared with two goals in mind: 1) create a molecule that is 

long enough to manipulate in the optical trap when coordinated to polystyrene 

beads, and 2) isolate the RNA structure of interest (pseudoknot in this case).  

The first criteria becomes a concern because if a molecule is very short, the two 

objects (a bead and a surface or two beads) are in close proximity of each other 

and may either interfere with the detection system of the optical trap or 

irreversibly stick to each other based on the proteins attached to the surface.  A 

molecule greater than about 200 nm in length has a higher probability of 

avoiding these two problems under a variety of experimental conditions.   The 

second criteria is in place to isolate the pseudoknot as the only source of base-

pairing in the RNA molecule.  Since a random, single-stranded RNA is 50% base-

paired at any time (32), a 200 μm-long piece of RNA would exhibit multiple, 

indistinguishable unfolding events upon stretching.   

 A solution that meets both criteria was developed by Liphardt et al. in 

which pseudoknot is incorporated into the center of a long, single-stranded RNA 

molecule (approx. 1.0 kb) (51).  The regions flanking the pseudoknot are 

hybridized to complementary, single-stranded DNA “handles” of about 500 bases 

each.  We refer to this molecule as the “DNA/RNA hybrid”, and it behaves 
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almost entirely like double-stranded nucleic acid when stretched, where any 

deviation from this behavior can be attributed to the pseudoknot.   

 The single-stranded RNA is synthesized from a template obtained by 

polymerase chain reaction (PCR) from bases 3821 to 628 of the pBR322 DNA 

plasmid.   The pseudoknot was cloned into the Eco RI and Hind III restriction 

sites and a T7 promoter was appended to the template in the course of the PCR 

reaction.  The DNA components of the handles were prepared by PCR from 

pBR322. Handle A (pBR322 bases 3821 to 3) was biotinylated, and one of the 

primers used to amplify handle B (pBR322 bases 30 to 628) was purchased with 

a 5’ digoxigenin group. 

 The end-labeling enables attachment to streptavidin-coated cover slips on 

the 5’ end of the RNA and anti-digoxigenin coated beads on the 3’ end of the 

RNA.  The following procedure is used to hybridize the RNA to the DNA 

handles.     

1. Add 6 μL of ddH2O water to a 1.5 mL Eppendorf tube. 

2. Add 1 μL of phosphate buffer. 

3. Add 1 μL of DNA handle A. 

4. Add 1 μL of DNA handle B. 

5. Heat up the tube for 5 minutes using a heat block set to 100˚C.  

6. Add 1 μL of RNA construct (The small volume will most likely have 

condensed on the lid of the Eppendorf tube, requiring a tap of the 
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Eppendorf tube firmly on a lab bench a few times before opening to add 

the RNA construct.). 

7. Take the heat block out and allow to cool to room temperature.  This 

should take about an hour.  

8. Dilute the RNA/DNA hybrid by adding 90 μL of ddH2O to the 10 μL of 

sample.   

9. Divide into 5 μL aliquots, quick-freeze and store at -20 ℃ or -80 ℃.  

10. When ready to use, pull out one aliquot and allow thawing by warming 

with hand or leaving on lab bench.  

 

 This procedure produces a high fraction of appropriately hybridized 

molecules. Incomplete or incorrect hybridization may however occur.  Such 

pathological molecules are readily recognized in a stretching study because they 

display many more and larger unfolding events than reasonably can expected, 

and/or yield persistence and contour lengths too far removed from what may be 

expected for the two double-stranded handles.  

 

2.3.2 Attaching the RNA/DNA hybrid to anti-digoxigenin beads 

Next, the RNA/DNA hybrids are attached to a polystyrene bead that can be 

optically trapped.  For convenience sake, polystyrene beads may be purchased 

with a variety of functional groups already attached.  Alternatively, we coat 
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aldehyde-sulfate modified polystyrene beads with functional groups to reduce cost.  

The following protocol is used to coat polystyrene beads with anti-digoxigenin.  

 

Coating polystyrene beads with anti-digoxigenin 

1. In two 1.5 mL Eppendorf tubes, mix 1.2 mL of 2 mg/mL BSA in 1X PBS 

for two hours with gentle mixing on a rotator at room temperature.  

2. Empty and rinse tubes with water. 

3. Add 0.6 mL of aldehyde/sulfate polystyrene beads and 0.6 mL 1X PBS 

buffer, mix by vortexing for 30 seconds. 

4. Spin down beads for 2 minutes at 13,000 rpm. 

5. Discard supernatant and resuspend beads in 1.2 mL 1X PBS buffer by 

vortexing. 

6. Repeat step 5 and resuspend beads in 0.935 mL 1X PBS buffer, vortex for 

30 sec. 

7. Add 600 μL of 1 mg/mL anti-digoxigenin fragments to the above tube and 

mix gently by pipeting solution up and down.   

8. Add 80 μL of 1 mg/mL acetylated BSA in ddH2O and mix by vortexing 

for 30 sec.  

9. Mix/incubate overnight in a rotator at 4˚C. 

10. Spin beads down for 2 min at 13,000 rpm.  

11. Discard supernatant and resuspend in 1.2 mL 1.0 M glycine.  

12. Incubate for 40 minutes at 4˚C with gentle mixing. 
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13. Spin down and resuspend in 0.960 mL 1X PBS.  Add 40 μl 80 mg/mL 

acetylated BSA and 5 μL of 2% (w/v) sodium azide in ddH2O.   

14. The bead suspension is transferred to the second BSA-treated tube from 

step 1.  The second prepared tube provides an environment that is free of 

unbound anti-dig fragments.  Also, the BSA coating the sides from non-

specific sticking has not been compromised by the centrifugation process.   

  

 Next, the RNA/DNA hybrid is attached to the newly-coated anti-

digoxigenin beads.  Attaching the RNA/DNA hybrids to the beads preferably 

needs an overnight incubation, setting it up the day before an experiment is ideal. 

 

Attaching the RNA/DNA hybrid to the anti-digoxigenin-coated bead 

1. Add 28.5 μL of water to a 1.5 mL Eppendorf tube. 

2. Add 10 μL of 5X RSB. 

3. Add 0.5 μL of 1 M MgCl2. 

4. Add 5 μL of anti-digoxigenin-coated beads (diluted 1:10 in ddH2O from 

stock solution). 

5. Add 2 μL of 50 mg/mL acetylated BSA in ddH2O.    

6. Mix well by vortexing. 

7. Add 5 μL of RNA/DNA-hybrid (handle hybridization, Step 10). 

8. Incubate and tumble overnight at 4˚C.   
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 RNA/DNA hybrids and beads are mixed at a theoretical 5:1 ratio. The 5:1 

ratio yields a sufficient but not large number of surface tethers that generally do 

not form multiple tethers to the surface.  Multiply-tethered beads may be 

recognized in a stretching experiment as they tend to display too many unfolding 

events, require more force to stretch, and have too small of an apparent 

persistence length. 

 One may increase the concentration of RNA/DNA hybrid to reduce 

incubation times.  RSB can be made in a large stock solution ahead of time, but 

βME must be added the day of the experiment.  Anti-digoxigenin beads will 

remain useable generally for up to six months when stored with sodium azide at 

4 ℃.  However, when molecules cannot be seen tethered to the surface, the anti-

digoxigenin-coated beads are usually the culprit and a new batch is made.   

 

2.3.3 Flow cell assembly 

Following the attachment of the digoxigenin end of the molecule to an anti-

digoxigenin bead, the next step is to create a flow cell that can be mounted onto 

a microscope stage.   

1. Collect a microscope slide, double-sided sticky tape, epoxy glue, and a 

streptavidin-coated cover slip.  

2. Lay the glass slide horizontally and apply two thin strips of tape 

approximately ½ inch apart of center to create a chamber (Fig. 2.3). 
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3. Coat the tape with a light layer of epoxy glue.  Getting the right amount 

of glue on this region of the flow cell requires some practice.  Too little 

glue will create crevices for the aqueous buffer to leak from.  Too much 

glue will migrate into the center of the flow cell when the cover slip is 

added, perhaps meeting in the center of the chamber and sealing up the 

chamber completely, rendering it useless.   

4. Place the streptavidin coated cover slip on top of the glue perpendicular to 

the glass slide.  This will create a chamber of 20-50 μL volume.  Place in a 

petri dish for easy transportation to a lab bench or to the optical trap. 

5. The sample cell will be ready in about five minutes, but can be stored in 

petri dish at 4 ℃ up to about one week.   

 

 

 

Figure 2.3: A typical flow cell.  Double-sided tape is applied to a glass 
slide, then coated lightly with epoxy glue (not shown).  A streptavidin-
coated cover slip is mounted, creating a chamber for the aqueous RNA 
solution.  After all steps in section 2.4 are performed, the flow cell is 
sealed on both ends with clear nail polish. 
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2.3.4 Specimen preparation  

With the various components prepared, the final step is to attach the 

biotinylated end of the RNA/DNA hybrid to a microscope cover slip and seal the 

flow cell for use in a stretching experiment.   

1. Take a flow cell from the 4 ℃ fridge and let sit for 15 minutes at room 

temperature.   

2. Take the tube containing the tethered bead out of the fridge and let sit at 

room temperature. 

3. Introduce washing buffer and flow through at least four volumes. 

4. Fill the chamber with washing buffer and let sit for one hour.  The 

relatively long incubation times used under dry conditions may lead 

evaporation, which is prevented by placing the sample in a “humidity 

chamber” (a closed petri-dish with a wet piece of filter paper or KimWipe 

inside). 

5. Add beads that have been incubated with RNA/DNA into the cell. 

6. Let sit for two hours at room temperature. 

7. Wash out the unbound beads and nucleic acid by flowing through 200 μL 

or more of washing buffer. 

8. Seal both ends of the sample cell using nail polish and wait until it dries. 
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2.4 Calibration of the optical tweezers 

Stretching of individual biomolecules using optical tweezers requires two main 

calibration procedures to enable both extension and force to be measured: 

Calibrations of the position sensor and of the spring constant of the tweezers.  

The foundation of these calibrations lies with a length standard (preferably 

traceable to NIST standards) such as ruled stage-micrometer or piezo-driven 

microscope stage with sub-nanometer position accuracy.  These standards enable 

calibration of the charge-coupled device camera, laser beam deflectors to move 

the optical tweezers (Acousto or Electro-Optical Deflectors, piezo-driven mirrors), 

and eventually the quadrant or position sensitive diode used in the back focal 

plane detection scheme.  

 

2.4.1 “One-time” calibrations 

Calibration of the charge-coupled device (CCD) imaging system 

We calibrate our CCD-based imaging system by using a 10 μm-ruled stage 

micrometer and counting the number of pixels between markings, thus yielding 

the CCD pixel size in units of nm/pixel.  Uncertainties are usually <0.25 % 

(depending on overall microscope magnification).  There is also some error 

introduced by the computing techniques of each imaging software. Therefore, it is 

advised to perform this calibration with each program used.  For our most 

commonly-used software, we found the calibrations to be:  
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 Nanotracker, iSee: 41.5 nm/pixel in x, 40.8 nm/pixel in y 

 ImageJ: 37.0 nm/pixel in x, 40.8 nm/pixel in y 

 

Acousto-optic deflector (AOD) calibration 

Subsequently the AOD’s controlling the position of the optical tweezers in the 

lateral directions are calibrated.  To do this, the microscopic bead is trapped and 

moved by changing the acoustic frequency applied to the AODs.  Sub-pixel 

resolution particle-tracking software then provides the particle position as a 

function of acoustic frequency, yielding the AOD calibration in units of nm/MHz.   

 Here, we apply a triangle wave with an amplitude of 200 Hz to the AOD 

controller, moving the bead in the trap at a rate of 55 nm/s.  We recorded video 

of the motion of the bead on VHS and then tracked the particle using iSee 

Nanotracker software.  The position of the bead (in nm) is plotted as a function 

of time in Fig. 2.4.  It can be seen that the amplitude of the actual motion of the 

bead is greater than 200, so there is not a perfect conversion between the 

controlling signal in Hz and actual position in nm.  To find the conversion factor, 

we first calculate the mean of the difference in maximum and minimum 

displacements as 504.6 nm.  Since the driving signal between the maxima of the 

wave and minima is 400 Hz, our conversion factor is 1.3 nm/Hz. 

 We then program this factor into our software interface so that the input 

command to move the trap is in nm, which is more easily related to the 

components of the experiment.   
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Figure 2.4: Bead position response of a trapped bead driven with an AOD 
signal at 200 Hz.  It can be seen from the figure that the bead moves a 
distance greater than 200 nm, so we use this data to create a conversion 
factor between the driving signal of the optical trap and actual distance 
moved.   

 

Piezoelectric stage controller calibration 

The piezoelectric controller allows for ultra fine focusing of the position of the 

stage where the sample cell is mounted.  The stage’s motion is calibrated by 

recording and tracking the motion of a bead immobilized on the surface in a 

similar manner to the AOD calibration.  The anti-digoxigenin beads used in these 

experiments are immobilized by coating a microscope surface with 0.1 % 

nitrocellulose and flowing in a low concentration of beads.  The anti-dig 

fragments bind non-specifically, but tightly, to the nitrocellulose surface.  The 

stage is then moved, again with a triangle wave signal, and the driving signal is 

compared to the actual motion of the bead.  The tracking of the bead on the 
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surface looks nearly identical to Fig. 4, but with the amplitude slightly less.  We 

find that the stage driving signal was approximately 7 % less than the actual 

motion.   

 Fortunately, recent advances in piezoelectric-controlled stages now 

encourage the incorporation of capacitive position sensors which report the true 

position of the stage under a driving signal.  We compared this position report 

with the tracking data and found them to be consistent to the point that the 

largest deviation was error in the tracking software itself.    

  

2.4.2 “Online” calibrations 

The surface-bead geometry allows repeated detector and spring constant 

calibration interspersed with stretching experiments for the lifetime of the tether.  

This capability is particularly useful when stage drift is of concern.  Furthermore, 

such online calibrations compensate for any variability in bead size from tether to 

tether. 

 

Position detector calibration  

Precise determination of the displacement of a trapped object from its 

equilibrium position is the first and most important requirement for measuring 

the motion of the bead during stretching and, subsequently, to computing the 

applied force (65).  We use a direct method of calibration in which a trapped 

bead is moved in the plus and minus lateral directions through the detector 



 
 

83 

region while recording the output signal from the detector.  The response of the 

detector is linear up to a displacement of approximately 50 nm (see Section 1.4, 

Optical Trapping).  By fitting the bead displacements vs. detector signals data 

using polynomial functions, the range of the detector may be extended beyond 

the linear regime, up to as much as 200 nm for our specific set-up.   

 While we have performed a test of this kind to calibrate the driving signal 

with the actual motion, each “uniform” polystyrene bead still exhibits variation of 

size of up to 5%, causing slightly different detector responses (65).  For this 

reason, we perform a position calibration for each bead being used in an 

experiment.  It is also common to repeat a position calibration between stretches 

of a single molecule if axial drift is present because of the slight change in lateral 

detector response with axial position. 

Even with the short contour length of our biomolecule (LC ~360 nm), the 

position detector can be calibrated by moving the optical tweezers and trapped 

bead with an amplitude of 200 nm from the position detector’s center, which is 

also the tether anchoring point.  At a maximum bead excursion of 200 nm, the 

typical relative extension (which depends upon the height of the bead above the 

microscope cover slip) amounts to 35 % to 60 %.  For a double-stranded DNA 

molecule, this results in hardly any force (0.1 pN to 0.25 pN) so that the bead 

remains practically at the optical tweezers’ center in a reasonably stiff trap (0.25 

pN/nm) throughout the calibration.  Molecules with a much smaller persistence 

length than double-stranded DNA, e.g. single-stranded RNA (LP ~ 1 nm) (51), 
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take more force to stretch to the same relative extension.  For this reason, the 

allowable calibration range may be smaller than 200 nm.  The same type of 

argument also applies to the spring constant calibration. The proportion of 

single-stranded RNA over the entire RNA/DNA hybrid in our studies is less than 

2 %, so using double-stranded DNA properties to calibration the instrument 

works well. 

 

Spring constant calibration   

The tweezers’ spring constant is obtained directly from the equipartition theorem 

of statistical mechanics: 

    2xkTk
2
1

2
1

B =     (2.1) 

 Where kB is the Boltzmann constant, T is the absolute temperature and 

2x  is the variance in bead position of a trapped bead due to thermal motion.  

After the position calibration is performed, we collect a few seconds of noise in all 

three directions, x, y, and z.  We can then calculate three stiffnesses, kx, ky, and kz.   

 The spring constant can be readily determined in the presence of the 

RNA/DNA hybrid tether in the same way as the position calibration.  In the 

surface-bead geometry, k is the sum of the optical tweezers’ spring constant and 

that of the RNA/DNA hybrid.  However, so long the tether remains relaxed 

(relative extension
2
1

C

<
L

x
), the RNA/DNA hybrid spring constant is negligible 
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and k equals the optical tweezers’ spring constant.  Other popular calibration 

methods for the spring constant such as the power spectrum method and any 

others that rely on the temporal response of the trapped bead are difficult to use 

since these require knowledge about the viscous drag coefficient of the bead and 

the RNA/DNA hybrid.  The latter, however, is not readily available. 

 

Mechanical drift   

Online calibration methods are ideal when microscope stage drift is of any 

concern.  For example, drift can be so large that the reported bead position 

exceeds the calibration limits.  Restoring the stage position and recalibration 

allows for further stretching experiments once the drift has ceded.  Excessive drift, 

however, may be due to the use of either too little or too much oil when using 

oil-immersion microscope objectives and condensers.  Gentle clamping down of 

the specimen also may help to minimize drift. 

 As mentioned above, drift may drive the bead into a position relative to 

the position detector where the detector response is no longer the same as at the 

point of calibration.  Optical tweezers instruments that use an extra laser for 

back focal plane detection in addition to the one used for the optical tweezers 

enable the user to minimize the effect of axial drift upon lateral position response.  

By moving the detection laser focus with respect to the tweezers’ center, a “sweet 

spot” can be found that gives a maximum lateral response while at the same time 

being less sensitive to axial drift.   



 
 

86 

 To find this optimal setting, we tested a wide range of axial positions for 

the detector beam focus to find a position of greatest lateral signal.  Fig. 2.5 

shows the lateral (x) signal scope vs. axial (z) position of the detector beam.  The 

units of the z position are arbitrary and specific to the instrument used.  What is 

important to note is that the region where the x signal is maximized also shows 

the least change in response with changes in the axial position.  In our 

instrument, the lateral detector response remains unaffected over approx. 80 nm 

range (z displacement in the specimen) around the “sweet spot”.  This is an 

optimal regime to work at because axial drift will have the least effect on 

detector response in the lateral direction.   

 

Figure 2.5: Finding the detector “sweet spot”.  The lateral detector 
response amplitude plotted as a function of the axial detector beam focus 
position. In our instrument, this position is found to be near z = 5.5 (arbr. 
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units), which reflects the micrometer read-out of one of the lenses in a 1:1 
telescope used to position the detector laser focus in the specimen in all 
three dimensions.    
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2.5 Stretching RNA and collecting data 

At the start of the day, well before any experiment is performed, we turn on all 

required instrumentation (lasers, microscope light source, piezo stage, electronics, 

computers, etc) to let the instrument and experiment room thermally equilibrate, 

thus minimizing drift.  This includes running LabVIEW software that control 

and initialize the piezo-stage and acousto-optical deflectors.  LabVIEW is a 

graphical programming environment used to develop sophisticated measurement, 

test, and control systems using graphical icons and wires that resemble a 

flowchart (85). 

 

2.5.1 Preparations using a free, untethered bead 

It has proven to be useful to perform a “dress rehearsal” of the stretching 

experiment with a free, untethered bead at the start of every day.  This process 

serves as a control of each calibration listed above.  If any unusual behavior 

surfaces, it can be attributed to the instrument instead of the biochemical 

processes listed above as the molecule and sample cell were prepared.   

1. The sample is mounted on the microscope and the sample quality is 

surveyed.  This a time when we may recognize problems that prohibit 

successful experiments.  Such problems could range from a) small 

particulates diffusing through the sample and becoming trapped in the 

optical tweezers (solution: wash the sample cell or discard specimen); b) 
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excessive fluid flow due to a leak (solution: discard specimen); to c) finding 

almost all beads stuck to the microscope cover slip due to non-specific 

binding (one possible solution: when using BSA as blocking reagent, 

refresh BSA stock as its aging is known to cause sticking).  An ideal 

sample cell will have many tethered beads as well as a few freely floating 

beads per field of view.   

2. Next, a freely diffusing bead is trapped with the optical tweezers. Silica 

beads are readily trapped with the tweezers without much effort. Due to 

the nature of the 3D trapping potential, capturing a polystyrene bead 

requires a little more effort.  First, we keep the focus close to the cover slip 

surface (up to 10 μm to 20 μm away, depending upon alignment and/or 

spherical aberrations). Then the tweezers are aimed at a bead which is 

located between the cover slip and the laser beam focus (a laser beam 

shutter may be helpful here, but not necessarily required).  This procedure 

takes some practice, but generally leads to efficient trapping of polystyrene 

beads.  When the tweezers is aimed at a polystyrene bead located beyond 

the focus, the bead is pushed upwards into the sample.  If trapping of 

polystyrene beads remains problematic, further expansion of the tweezers’ 

laser beam diameter before entering the microscope objective will help to 

alleviate this problem.  Note that inexperienced users may sometimes 

mistake the pushing of polystyrene beads upwards against the “ceiling” of 

the specimen (usually the microscope slide) for actual 3D trapping near 
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the cover slip.  Therefore, it is useful to keep track of precisely where the 

microscope is focused.  

3. The detector laser is overlapped with the optical tweezers.  We find that 

the two laser beams get slightly out of alignment in a day’s time.  To 

overlap the beams, we laterally move a trapped bead through the detector 

focus using the AODs while optimizing detector response and minimizing 

crosstalk by moving the 1:1 telescope lens in the detector laser beam’s 

optical path. 

4. Next, we estimate and set the axial position of the trap with respect to the 

cover slip. The position of the trap with respect to the cover slip surface 

may be estimated by moving the piezo stage and microscope cover slip up 

against the bead in the trap until the quadrant photodiode sum signal 

changes significantly.  The stage is then moved relative to this user-

defined reference plane to set the bead height above the surface. This 

procedure may also be utilized to perform a full calibration of the 

quadrant photodiode sum signal, which is proportional to the axial 

position of the bead with respect to the detector focus. 

5. The lateral, x and y, responses of the position sensor are calibrated.  After 

the bead’s axial position has been set, the detector calibration is performed 

as described in section 2.4.  If the data seems scattered or a polynomial 

cannot readily be fit, this is an indicator of problems such as:  
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a) Sticking, slipping of the bead when too close to or on the glass cover 

slip surface.  Or, if the bead was carrying a biomolecule, it may have 

bound to the surface and formed a tether.  

b) The overlap between detector and the optical tweezers’ beam is off. 

6. We determine the tweezers’ spring constant.  At this point we generally 

calibrate the spring constant of the optical tweezers using the equipartition 

method (which requires a calibrated position detector).  Measuring the 

tweezers’ spring constant with a free bead provides a baseline to compare 

the tethered bead measurements as well as giving the user initial 

information on the trap stiffness. 

7. A “stretching” experiment is run on a free bead.  It is sometimes useful to 

evaluate experimental parameters such as stretching direction (x or y, or x 

and y), amplitude, stretching or stage speed, data acquisition sampling 

rate, etc, etc.  A quick check can be done by running an experiment as we 

would for a tether, but only on a free bead.   

 A “dress rehearsal” free bead stretching experiment may also provide an 

indication of the presence of drift. Ideally, mean bead displacement should remain 

at zero (as there is no tether) during stage motion.  Departure from the baseline 

may be an indication of and illustrate the seriousness of drift (usually not stage 

drift as the bead is not physically attached to the cover slip).   
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2.5.2 Stretching the RNA/DNA hybrid  

1. First we must identify a tethered bead.  Depending on the properties 

(contour length, persistence length) of the biomolecule, a tether is harder 

or easier to recognize.  As a rule of thumb, any bead visibly fluctuating 

due to Brownian motion but having a limited range of motion and stays 

more or less in focus is a good candidate for further exploration.  Keep in 

mind that due to the entropic nature of the biopolymer’s elasticity, the 

bead fluctuations may appear much smaller than you may expect when 

naively thinking of the biopolymer as a stiff rod.  Non-specifically surface-

bound beads usually fluctuate less and usually appear stuck to the surface.  

The existence of a tether then may be confirmed by a gentle tug on the 

bead with the optical tweezers.  This may be achieved by either moving 

the microscope piezo-stage or the optical tweezers (by hand or AOD).  

One can readily stretch the polymer up to 80 % of its contour length 

without much trouble.  A scale bar on the video/computer screen 

displaying the microscopes CCD image is useful in this regard.  

 In this step, one may choose to make all displacement using the 

microscope (piezo) stage, so as not to change any position detector 

calibrations or spring constant calibrations, which may occur when moving 

the optical tweezers.  On the other hand, as we have discussed in section 

2.4, these calibrations can also be repeated in the presence of a tethered 

bead.  
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2. Next, we center the molecule over the anchor point. Once a tether has 

been identified, one should “center the anchor point”.  In other words, one 

should position the trapped bead and position detection laser focuses 

directly over the point where the tether is anchored to the surface.  In a 

simple way, we move the piezo stage back-and-forth (for example, over a 

range [–xpz , xpz]) while simultaneously observing the bead displacement vs. 

stage displacement graph in real time.  This graph should appear anti-

symmetric with respect to the piezo stage null position, x0.  We could then 

change x0 until the graph appears symmetric.  It is sometime useful to 

invert the bead displacements data in [-xpz, x0] and graph it on the [x0, xpz] 

axis instead.  When the anchor point has been identified both curves 

should then overlap.   

3. The axial position of the trap with respect to the cover slip is estimated 

and set. See above, section 2.5.1.   

4. We calibrate the lateral, x and y, responses of the position sensor.  

Calibrations can be done so long the tether remains relatively relaxed as in 

section 2.5.1.  After this point one may choose to return and repeat step 2, 

3, and 4 if any abnormal behavior arises or after drift affects the system.   

5. The tweezers’ spring constant is determined.  If the optical tweezers have 

been moved, it is advisable to recalibrate the trap’s spring constant.  

Calibration can be done so long the tether remains relatively relaxed, see 

sections 2.4 and 2.5. Usually however, one finds negligible differences. 
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6. Finally, we stretch/unfold the RNA/DNA hybrid.  It is useful to record 

and display stage displacement vs. time and bead displacement vs. time in 

real time.  The bead displacement measurement enables determination of 

the applied force, whereas the difference in bead and stage displacement 

determines the extension of the molecule. 

 We choose to step the stage and reside at the new location for a 

finite amount of time in order to be able to determine an averaged 

position of the bead.  The choice of the residence time depends upon the 

spring constant and viscous drag in the system (tether and tweezers), 

which sets the time scale required to make stochastically uncorrelated 

measurements of bead position.  However, too long residence times and too 

much averaging may obscure rapid unfolding transitions, so care should be 

taken.  We have found that a 5 ms residence time allows the system to 

catch up between steps and that averaging 20 bead positions per stage 

position is the best compromise between under sampling and performing at 

a desired (~3.0 pN/s) rate.   

 It is important to experiment with the parameters such as stage 

amplitude, stage speed, data-acquisition sampling rate, bead position 

averaging to come to settings compatible with the kinetics of the 

molecular structure being unfolded.  For example, one may choose to 

stretch at high speed, far removed from thermal equilibrium, in order to be 

able to use non-equilibrium methods for determining the equilibrium free-
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energy changes (86).  We decided on a rate of 3.0 pN/s to stretch our 

construct.  There is one other case of a pseudoknot being unfolded by 

optical tweezers that showed that the pseudoknot exhibited hopping at 1 

pN/s but not at 3 pN/s (26).  However, 1 pN/s proved to be difficult 

because axial drift was significant over the time course of an experiment 

(about six minutes).  Fortunately, our construct exhibited near-

equilibrium-type behavior at 3 pN/s.  The wild-type and mutant BWYV 

pseudoknots were all stretched at approximately 3 pN/s to give a baseline 

of unfolding behavior.  It would be interesting in the future to conduct 

slower stretching experiments with those constructs that exhibit hopping.   

 During lateral stretching, the bead should ideally remain in focus, 

indicating that axial motion is within the focal depth of the microscope.  If 

this is not the case, the stretching procedure may have been started with 

the bead too far above the surface. On the other hand, starting too close 

to the surface may result in the bead running into the surface, which is 

not always detectable, but sometimes yields unexpected stick and slip of 

the bead, or result in a sudden change of the quadrant photo detector’s 

sum signal (depending upon optical alignment).    

 Upon considering the multiple steps involved in a stretching experiment, 

we have designed our LabVIEW control software to allow for easy access (e.g. 

buttons) to all functions, as well as seamless passing of parameter values (e.g. 
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calibration parameters) between these functions.  Too much offline processing 

impedes direct online evaluation of acquired data.  
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2.6 Analyzing stretching data 

As discussed in section 2.2, stretching RNA with a surface-bead geometry offers 

the advantage that the experiment is relatively simple, making it ideally suited 

for testing and exploration before utilizing more elaborate methods.  The tradeoff 

is that the data analysis is generally more involved as outlined in the following 

steps.  The procedure has been adapted from Wang et al. (80), who have derived 

a set of geometric corrections for stretching DNA that yields force and extension 

in the direction of stretching.  Here, we review the calculations in the context of 

stretching our RNA/DNA hybrid.  

 

2.6.1 Data treatment/corrections 

1. First, we collect available data and survey its quality.  Calibration 

parameters are automatically passed on to stretching software routines, so 

the data as saved will contain stage displacement or position (nm), bead 

displacement (nm), and force (pN).  Alternatively (or in addition), one 

may choose to store position detector voltages, bead position power 

spectra, and calibration parameters for off-line computation of 

displacements and forces in units of nm and pN, respectively.  Fig. 2.6 

shows an example of stretching and relaxation data an RNA pseudoknot, 

plotting bead displacement vs. stage position.  Stretching was back-and-

forth, i.e. performed in both the positive and negative x directions.   
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 At this stage, we make a crude evaluation of the data and decide if 

it is fit for further analysis.  For example, incomplete hybridization and/or 

surface sticking may result in a multitude of sharp transitions in the curve, 

physically incompatible with the RNA structure studied.  One may further 

get a first estimate of unfolding force by simply multiplying the bead 

displacement and the tweezers’ spring constant.  Also, a first impression of 

the extension may be obtained by considering the bead and stage 

displacement.  Too large a stage displacement, exceeding the contour 

length of the RNA structure studied by a factor of about two or so 

(depending upon bead size, etc.), may point to pathological hybridized 

handles.  Further analysis of such data using the procedure described 

below may however be required to make a firm statement and is 

performed in case of doubt. 

2. Next, we correct data for asymmetry around the anchor point.  Centering 

the trapped bead over the anchoring point as described in section 2.5 is an 

imperfect process.  It is possible to improve centering during data analysis 

by locating a center of symmetry for the data and reassigning a point of 

origin.  Similar to the procedure developed by Wang (14), the data is fit 

with an empirically-chosen 7th order polynomial (Eq. 2.2) allowing a parity 

point to be assigned to this odd function.   
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 Using the coefficients from the polynomial of best fit, the parity point can 

be defined as (x0, y0) where: 

  
7

6
0 7a

a
x −=   (2.3) 

  )y(xy 00 =   (2.4) 

  The data can then be reassigned using (x0, y0) as a revised origin.    

3. The extension is computed using geometric corrections.  Our “raw” data as 

illustrated in Fig. 2.6 contains two sets of stretching and relaxation 

obtained by moving the piezo stage symmetrical around the anchoring 

point (with or without a specific waiting time at the anchoring point).  As 

these data are displayed real-time during the experiment, any excessive 

asymmetry in the bead displacement data serves as an online indicator for 

drift.  For further analysis of these data, individual stretching and 

relaxation curves are isolated while keeping close track of their time-stamp 

in the entirety of the stretching experiment for a particular molecule.  
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Figure 2.6: Data as extracted from a stretching experiment: bead position 
vs. stage position.  Each molecule is stretched in both the negative and 
positive lateral (x) directions, yielding four data sets: two stretching and 
two relaxation curves.    

 

 To compute the force and extension of the RNA/DNA hybrid 

tether, we take into account the experimental geometry and force in both 

axial and lateral directions. With a surface-bead geometry, the direction of 

force on a bead varies with the angle between the tether and the surface as 

seen in Fig. 2.7.  The final force and extension parameters can be 

calculated using three steps.   

1. Since lateral stage motion results in both lateral and axial motion 

of the bead in the optical tweezers, the axial motion, zbead, is 

computed according to Eq. 2.5: 
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Where kx and kz are the tweezers’ spring constants in the lateral (x 

or y) and axial (z) directions.  kz can either be measured during the 

calibration (5, 19) or estimated based upon knowledge of kx (kx ≈  6 

kz  (5, 14)).  xbead  and xstage are the bead and stage displacements of 

the bead from the center of trap are reported in the raw data.  ztrap 

is set at the beginning of the experiment as described in section 2.5. 

2. The extension of the molecule, Lmol, is calculated by Eq. 2.6:  
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Where r is the bead radius.  

3.  Finally, the force in the direction of stretching is computed by  

Eq. 2.7: 
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The effect of the geometric corrections on the force and extension 

measurements is illustrated by the stretching data shown in Fig. 7.  

As one can see, the displacement of the bead in the axial direction 
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from the trap may change the extension measurement by 15 % or 

more.   

 

 
Figure 2.7: Experimental geometry corrections. A) The bead is at the trap 
center with negligible extension (or force acting on) of the biomolecule.  
B) The stage has been moved a distance, xstage, and the biomolecule 
extended.  The bead is displaced in both the x and z directions.  It is 
necessary to keep track of lateral and axial bead displacement to make an 
accurate calculation of the extension of and the tension in the molecule. 

 

2.6.2 Data analysis 

 At this point, each stretching experiment yields two force-extension curves 

containing two traces of stretching and relaxing.  The goal at this point is to 

characterize any unfolding or refolding transitions based on two essential values: 

1) the average force of unfolding or refolding, and 2) the increase in contour 
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length exhibited by the molecule.  Arriving at these two values, however, requires 

a bit more analysis.   

1. First, we locate transitions in the force-extension curve.  To date, there is 

no completely objective method to perform this task.  We use the 

following criteria: The worm-like chain (WLC) model predicts the behavior 

of double-stranded DNA being stretched of a certain contour length.  An 

unfolded pseudoknot will change the contour length parameter and, 

therefore, the shape of the curve.  Fig. 2.8 shows the stretching of the 

wild-type BWYV pseudoknot with the worm-like chain models using the 

contour lengths of the folded pseudoknot and unfolded pseudoknot.  From 

evaluating this curve visually, we can estimate if the transition is on the 

order of magnitude of our pseudoknot.  The unfolding (top) curve exhibits 

a transition close in length to the complete unfolding of the pseudoknot. 
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Figure 2.8: The stretching and relaxing curves of a wild-type 
BWYV pseudoknot can be compared to modeled worm-like chain 
curves for the folded and unfolded pseudoknot in order to estimate 
transition location.   
 

 

What is more difficult, however, is shown in the behavior of the relaxing 

(bottom) curve when the change in length is not as large as a complete 

unfolding or refolding.  While it is quite possible (and interesting) that 

only a part of the pseudoknot refolds in this transition, we need to take 

care not to assume a transition among the noise.  We use a second 

criterion to aid with identifying these types of transitions.   

 Secondarily, we set a threshold of transition length based on the 

average noise present in the system.  The noise in the force-extension 

curve is based on the trap stiffness, k, in pN/nm.  Therefore, we chose 

approximately 20 points below the proposed transition and 20 points 

above to survey for the average point-to-point increase in extension.  

These numbers usually range from 0.5 nm to 2 nm.  We would then 

identify a transition that is larger than the largest noise fluctuation we 

measure.  Transitions on the order of the magnitude of the noise may, in 

fact, be due to the unfolding of the pseudoknot, but we conservatively do 

not consider these because they are indistinguishable from the noise.  This 

means that in the force range of 5 pN to 20 pN, we cannot distinguish 

transitions of approximately eight nucleotides or less. 



 
 

105 

2. Next, we identify the coordinates of the beginning and end of a transition. 

Fig. 9 shows an example transition highlighting the force at the beginning 

transition labeled as F1 and the ending force F2.  The process of selecting 

the exact begin and end to each transition is slightly subjective because 

while the most robust of transitions will occur between two consecutive 

data points, WLC predictions of the extension (Fig. 8) may point toward a 

transition spanning two to four data points.  When in doubt, we chose the 

most conservative choices and disregard those that require large numbers 

of assumptions to be made regarding the beginning and end of a transition.   

 Each transition is categorized based on whether it occurred when 

the molecule was stretched in the positive or negative lateral direction, 

present in a stretching or relaxing curve, was an unfolding or refolding 

event, and whether it was part of a series close to equilibrium or far from 

equilibrium.  These classifications allow for further analysis if there 

appears to be a trend to some combination of variables.   
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Figure 2.9: For each transition, we identify which data 
points are the starting and ending points of the transition, 
where F1 is the force at the beginning of the transition and 
F2 is the force at the end of the transition.  ∆X is the change 
in extension.   
 

3. Next, we compute the unfolding force as:  

 
2

21 FF
F

+
=   (2.8) 

At this force, half of the molecules are folded and half are unfolded.  We 

use this force to calculate the change in contour length of the molecule.     

4. The worm-like chain model (WLC) is used to calculate the increase in 

contour length, LC, for each transition.  We use the form of the WLC 

model in Eq. 2.9 from Marko and Siggio (87). 



 
 

107 

 

 



















−−+
+−









=

4
1

)4(1

1

C2

C

P

B

K

F

L

x

K

F

L

xL

Tk
F  (2.9) 

Where F is the force from Eq. 2.8, kBT is the Boltzmann Constant times 

the absolute temperature, equal to 4.1 pN nm, LP is the persistence length 

of single-stranded RNA, equal to 1 nm (51), K is the stretching modulus of 

DNA, taken as 1000 nm (80), x is the extension of the single molecule. 

 We input the average force of each transition and solve for x/LC.  

To then calculate LC, we use x to be xSS, the increase in length of the 

single-stranded region of the construct.  xSS is calculated by Eq. 2.10:  

 PKss Δ Lxx +=   (2.10) 

Where ∆x is the extension measured in Fig. 2.9 and LPK is the width of 

the folded pseudoknot, estimated from the crystal structure at 2 nm.  We 

then assign each transition an increase in contour length, LC, in nm.  To 

estimate the number of nucleotides, we multiply the LC by the 

interphosphate distance of single-stranded RNA, 0.59 nm/nucleotide (88).   

 Alternatively, we can chose to perform the calculation using F1 and 

F2 separately instead of the average force.  However, we must then 

incorporate the extension of the handles at each force, and define xSS at F2 

as:  



 
 

108 

 PK1H2H2ss ))()((Δ)( LFxFxxFx +−−=   (2.11) 

Where xH is the extension of the RNA/DNA handles at F1 or F2.  This 

requires fitting only a section of the force-extension curve up to the 

unfolding event with the WLC model in order to compute the extension of 

the handles at F1 and F2.   

When both methods are used on a subset of the data, we find a 

difference of only 0.5 nucleotides for the increase in contour length with 

the more extensive calculation versus the average force method.  

5. At this point, a variety of statistical analyses can be done based on the 

findings of the experiments.  Each construct stretched supplied a data set 

of 100 or more transitions.  We solve for the average force of unfolding, F, 

as well as the average increase in contour length, LC.  We then calculate 

the standard error of the mean using Eq. 2.9.  The standard error of the 

mean (sem) is a measure of how accurate the sample mean is as an estimate 

of the population mean (89). The advantage to using the standard error of 

the mean as opposed to the standard deviation is that the sem allows for a 

quick calculation of the 95 % confidence interval for the population mean, 

which has a range of the sample mean plus or minus 1.96(sem) (90). The 

standard deviation, by contrast, gives a more general description of the 

spread of observations.  The standard error of the mean is calculated by 
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taking the sample's standard deviation divided by the square root of the 

sample size. 
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Where  sem is the standard error of the mean, sN-1 is the standard deviation, 

N is the sample size, xi is the value for each data point (force or contour 

length), and x is the sample mean. 

 To probe the unfolding behaviors of the pseudoknot constructs, we 

separate the types of transitions listed in point 2 above to see if there are 

any statistically significant differences in either force or contour length of 

transitions.  The results of those analyses are discussed in Chapters 3 and 

4.   

6. Transitions that exhibit near-equilibrium unfolding and refolding lend 

themselves to the calculation of the change in Gibbs Free Energy of 

unfolding per the method worked out by Tinoco (32).   

 The change in free energy of unfolding at the melting force, Fm, is 

directly measured as the reversible work at constant T, P, and F, 

calculated by: 

xFFFG Δ)(Δ mm ==      (2.13) 
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Where ∆x is the difference in extension of the unfolding transition.  To 

find the standard change of the free energy at zero force, we must subtract 

the work required to stretch the strand to the melting force.   

   SS0m
SS

ΔΔ dxFxFG
X

∫−=�     (2.14) 

Where xSS = ∆x + xPK, xPK is the starting extension of the PK, 

approximately 2 nm.   

 We use the worm-like chain model to express the extension of the 

RNA as a function of force, allowing us to calculate the second part of the 

equation as:  
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Where kB is Boltzmann’s constant, T is the temperature, LP is the 

persistence length of single-stranded RNA, approximately 1 nm, X = xSS, 

and LC is the contour length of the molecule of interest, calculated by 0.59 

nm/nucleotide.   

    

While there are many variations to performing these types of experiments, the 

methods above were chosen with two main goals in mind:  

1) Design experiments with the highest chance of collecting data.  Single-

molecule studies possess the criteria that a significant amount of data 
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must be collected in order for one to make the conclusion that the 

observations are representative of real behaviors.  

2) Coordinate parameters and calibrations to produce the highest, most 

reliable quality of data.  Instrument calibrations and computational 

processes were chosen to minimize error and make the fewest number 

of assumptions.   

Both of these goals demand high levels of skill and analysis.  The 

motivation is that such experiments reveal aspects of biological processes not 

available by, and complementary to, traditional biochemical techniques.    
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 CHAPTER 3 

MECHANICAL AND SIMULATED UNFOLDING OF THE BEET 

WESTERN YELLOW VIRUS -1 FRAMESHIFT SIGNAL2 

 

 This chapter represents the collaborative efforts of the labs of Dr. Koen 

Visscher with graduate student Katherine White of the University of Arizona, 

and Dr. Marek Orzechowski of the University of Arizona as well as the University 

of Boston.  Dr. Orzechowski has performed all of the simulated molecular 

dynamics (SMD) simulations, including the stretching of the BWYV pseudoknot 

under a variety of conditions as suggested by K. White.  Simulated unfolding 

trajectories, force-extension curves, and subsequent analysis are attributed to Dr. 

Orzechowski as well.  All optical tweezers stretching and subsequent analyses 

were performed in the lab of Dr. Visscher.  The text of this chapter was written 

primarily by K. White, with analyses of the SMD experiments aided by Dr. 

Orzechowski.   

 Using mechanical unfolding by optical tweezers combined with steered 

molecular dynamics (SMD) simulations, we illustrate the importance of a 

protonated cytosine in position 8 as well as of Mg2+ for the structural stability of 

the Beet Western Yellow Virus (BWYV) pseudoknot.  The SMD simulations 

provide a detailed sequence of molecular unfolding events, enabling identification 
                                                      
2
 Much of this chapter is being submitted this next month to PNAS as “Simulated and Mechanical 

Unfolding of the Beet Western Yellow Virus -1 Frameshift Signal”. By K. White, M. Orzechowski, 
D. Fourmy, and K. Visscher.   



 
 

113 

of the unfolding transition, as observed with optical tweezers, to be due to the 

unfolding of loop 1 and stem 1, which are stabilized by Mg2+-mediated hydrogen 

bonding of residues G4, C5, G16, and C17.  In the absence of Mg2+, stretching of 

the pseudoknot using optical tweezers does not result in the observation of 

unfolding transitions, which is consistent with results obtained from the SMD 

simulations.   

 To test the effects of protonation of C8 involved in quadruple-base pair 

interactions, we performed stretching at pH 6.3 (protonated) and pH 7.3 

(deprotonated).  Stretching of the deprotonated C8 pseudoknot showed a 

transition at a higher force than the protonated C8 pseudoknot, but with a  

shorter transition length, signifying a change in either the initial structure or 

unfolding pathway. We also studied two mutations of nucleotide C8 known to 

abolish -1 frameshifting.  C8U and C8A lack a second peak in the simulated 

force-extension profile and exhibit distinct unfolding patterns from the wild-type 

pseudoknot when stretched with optical tweezers.  An analysis of the detailed 

unfolding pathway via the SMD simulations points toward a difference in 

unfolding behavior of the mutants due to different distributions of Mg2+ ions in 

the structures.  While stretching experiments with optical tweezers are performed 

close to thermal equilibrium, simulations are, by computational necessity, far 

removed from equilibrium.  We find our results to be consistent despite these 

differences, and serve as complements in understanding BWYV pseudoknot 

unfolding behavior.    
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3.1 Introduction  

3.1.1 Structure of the Beet Western Yellow Virus pseudoknot 

The Beet Western Yellow Virus (BWYV) belongs to the family of plant 

luteoviruses regulating the expression of its RNA-dependent RNA polymerase by 

programmed -1 frameshifting in a fashion identical to the well-known gag-pol 

retroviral frameshifting (38, 45, 54, 55).  Translational recoding by -1 

frameshifting occurs in response to a specific downstream mRNA structure, 

usually a pseudoknot, which resists unwinding while the ribosome is paused over 

a “slippery sequence” (16, 42).  Tension is built up as the pseudoknot resists 

unfolding, disrupting the codon-anticodon interactions and relieving the tension 

when they are restored in the -1 reading frame (21, 22, 25).  The probability of 

frameshifting (the frameshifting efficiency) depends upon the nucleotide sequence 

of the slippery sequence (43), the stability of the downstream structure (23, 47), 

and the distance of the short mRNA spacer sequence connecting the two (19, 43).   

 The BWYV pseudoknot (with slippery sequence G GGA AAC) yields a 

frameshift efficiency of up to 10.8 % depending upon in vivo or in vitro 

conditions (23).  The BWYV pseudoknot has a remarkably small (26 nucleotides) 

and compact structure.  Both X-ray crystal structures (17, 56, 57) and thermal 

melting profiles (31) point to a complexity of tertiary interactions and a 

stabilizing effect on  the structure.  Compared to most other H-type pseudoknots, 

the loop-stem tertiary structural interactions in the BWYV pseudoknot are 
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extensive: the number of tertiary hydrogen bonding interactions, 26, exceeds the 

number of hydrogen bonds in Watson-Crick base-pairs, 24, (17, 56, 57).  This is 

consistent with results of thermal melting experiments which indicate that the 

pseudoknot is stabilized by an enthalpic component that greatly exceeds that of 

other H-type and frameshifting pseudoknots for which secondary structure 

accounts for nearly all of the folding enthalpy (31).   

 The BWYV pseudoknot is characterized by two helical stems, S1 and S2, 

connected by two loops L1 and L2 (Fig. 3.1) (17).  The helical stems are not co-

axially stacked as in other H-type pseudoknots, due to the 48˚ rotation between 

A25 in stem 2 and G7 in stem 1, which causes an approximate 5 Å helical 

displacement of the stems with respect to each other (17).  There also is a 25˚ 

kink at the junction between stem 1 and loop 2 (17).  Interestingly, U13 does not 

base-pair with A25 as part of stem 2, as one would expect, but rather bulges out 

while A25 is stacked on loop 2 (57).   
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 Figure 3.1: (A) Secondary structure of the BWYV pseudoknot identifying 
the stems, S1 and S2, and loops L1 and L2.  (B) Equilibrated structure of the 
BWYV pseudoknot used for SMD simulations. The bases involved in the 
quadruple base-pair interaction, C8 (cyan), G12 (green), C26 (green), and A25 
(purple), are interacting with Mg45 (silver).  Mg52 (orange) interacts with the 
residues G4, C5, G16, and C17 of stem 1 shown in yellow. 
 

3.1.2  Protonation of C8 

A protonated cytosine in position 8 is a member of a quadruple base interaction 

involving the G12-C26 base pair from stem 2 as well as A25, the linker between 

stem 2 and the stem 1-loop 2 triplex (57).  While loop 1 of the pseudoknot 

crosses the major groove of stem 2, C8 is the only member of loop 1 that is 

positioned in a sufficient orientation to form hydrogen bonds with G12 and C26 

(57).  Since the quadruple-base interaction holds together nucleotides from loop 1, 

stem 2, and the stem 1–loop 2 triplex, it is thought that the C8-coordinated 

region is likely to influence the equilibrium between folded and unfolded forms of 

the pseudoknot (23). 

 The protonation on C8 is not an usual biological occurrence as cytosine in 

its protonated form is frequently found in stable DNA triplexes (58).  The pKa of 

A B 
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the N3-H+ in C8 shifts from 4.5 for free cytosine to 6.8 in the wild-type BWYV 

pseudoknot (31), allowing for the formation of an additional hydrogen bond 

between N(3)+-H of C8 and O6 of G12.  The protonation of C8 as well as its 

orientation allows for the formation of more hydrogen bonds than would be 

predicted from normal, Watson-Crick base pairing (57).   

 Mutating C8 to any other base reduces the frameshifting to background 

levels, from 10.8 % for the wild-type pseudoknot to 0.6 % for C8A and 0.4 % for 

a C8U mutant (23).  The C8A mutation disrupts the unique setup created by C8 

both sterically and by reducing the number of favorable hydrogen bonding 

contacts.  A more surprising result is that a C8U mutation causes a complete loss 

of frameshifting, but only changes the environment by removing one hydrogen 

bond between the N(4)-H of C8 and N(7) of G12. 

 

3.1.3 Metal ions in the BWYV pseudoknot 

Several metal ions have been observed in the crystal structure of the BWYV 

pseudoknot (56).  Four Na+ ions have been identified, with two residing adjacent 

to the stem 1-loop 2 junction and thought to be important for pseudoknot 

stability (56).  Thermal melting data yields the sensitivity of tertiary interactions 

on monovalent ion concentrations, but is independent of the type of ion, Na+, K, 

or NH4
+ (31).  Two Mg2+ ions (Mg45, Mg52) reside in the major groove of stem 1, 

and one in the major groove of S2 (Mg38) (56).  Mg45 occupies a key site in the 

structure, whereas the role of Mg52 and Mg38 are not as obvious.  Mg45 is 
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coordinated at upper end of stem 1, near the bulged-out U13, at the stem 1-stem 

2 interface. Mg45 in this position plays a crucial role in stabilizing the relative 

orientation of the two stems and may bridge electronegative moieties from 

opposite strands of stem 1 and stem 2.  Mechanical unfolding of the BWYV 

pseudoknot and SMD simulations in the presence and absence of Mg2+ have 

allowed us to further elucidate the role of Mg52.  We found Mg52 to be of critical 

importance to the stability of stem 1 as it coordinates hydrogen bonding with 

residues G4, C5, G16, and C17.   
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3.2 Materials and Methods 

3.2.1 Mechanical unfolding using optical tweezers  

The BWYV pseudoknot is at the center of a 1.2 kbase single-stranded RNA 

molecule.  The pseudoknot structure is isolated by annealing two singe-stranded 

DNA “handles” of approximately 590 bases each to the RNA regions flanking the 

pseudoknot as pioneered by Liphardt et al. (51).  RNA is synthesized from a 

template obtained by polymerase chain reaction (PCR) from bases 3821 to 628 of 

the pBR322 DNA plasmid, where the BWYV pseudoknot sequence is cloned into 

the Eco RI and Hind III restriction sites and a T7 promoter is appended to the 

template in the course of the PCR reaction (91).  The DNA components are 

prepared by PCR from pBR322.  Handle A (pBR322 bases 3821 to 3) is 

biotinylated, and one of the primers used to amplify handle B (pBR322 bases 30 

to 628) is purchased with a 5´ digoxigenin group. 

 RNA and DNA handles are resuspended in 10mM sodium phosphate 

buffer (pH 6.4), incubated at a ratio of  about 1:1:1 at 90 °C for 1 min, and 

transferred to room temperature to cool down gradually.  The RNA/DNA 

“hybrid” is then diluted to a final concentration of about 100 μg/mL. 

  The nucleic acid itself cannot be manipulated using the optical tweezers, 

so the RNA/DNA hybrids are attached to polystyrene beads (0.1 μM, diameter 

0.77 μm).  5 μL of anti-digoxigenin-coated polystyrene beads are mixed with 3 μL 

of the RNA/DNA hybrid binding buffer (20 mM TrisHCl buffer (pH 6.3), 250 
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mM NaCl, 10 mM MgCl2, 2 mg/mL acetylated BSA), and incubated at 4 °C 

overnight on a rotator. 

Sample cells are assembled by placing two thin strips of double-sided tape 

about 5mm apart on the center of a pre-cleaned microscope slide and applying 

epoxy at the outer edges of the spacers.  A streptavidin-functionalized 24x40 mm, 

no. 1½ coverglass is then put on the top of the slide.  Before introducing the bead 

and hybrid mixture, the sample cell is surface-coated with acetylated BSA (5 

mg/mL) by incubation with washing buffer (10 mM Tris buffer (pH 7.0), 125 

mM NaCl, 10 mM MgCl2) for 60 minutes at room temperature to prevent beads 

sticking to the surface.  The bead and hybrid mixture is then introduced into the 

sample cell and incubated for 2 hours to allow the biotinylated end of the hybrid 

to bind to the streptavidin surface.  The sample cell is then washed with 100 μL 

of the washing buffer to wash out unbound beads.   

  Nucleotide C8 exhibits a protonation on N3 that is common in DNA 

triplexes and forms Hoogsteen pairings with G12 and C26.  The apparent pKa of 

cytosine in the BWYV pseudoknot rises to 6.8 compared to 4.2 for free cytosine 

(31).  For this reason, stretching experiments were conducted at pH 6.3 ± 0.2 

and 7.3 ± 0.2 to determine the effect of deprotonation on the unfolding behavior 

of the pseudoknot.   

 The spring constant of the optical tweezers ranges from 0.1-0.2 pN/nm. 
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 The extension of the unfolded, single-stranded BWYV pseudoknot, SSx , is 

computed as ( ) PKSS Δ LxFx +=  with 
2

21 FF
F

+
=  the unfolding force, ∆x the 

increase in extension, and LPK the initial width of the pseudoknot (2 nm).  The 

increase in contour length (expressed in number of nucleotides) is computed using 

the worm-like chain model for polymer elasticity assuming a stretching modulus 

of 1000 pN, a persistence length of 1 nm, and interphosphate distance of 0.59 nm 

(51, 80, 87).  Standard changes in free energy at zero force are computed for each 

trajectory according to ∫−=
SS

0

ΔΔ
x

FdxxFG �  using the worm-like chain model (32, 

87).   

 

3.2.2 Unfolding with steered molecular dynamics  

In order to perform unfolding of the BWYV pseudoknot with all–atom resolution, 

the steered molecular dynamics (SMD) technique is used (92).  All of the 

simulations are carried out using the Nanoscale Molecular Dynamics (NAMD) 

package (93) with force field parameters as in the parm99bsc0 (94) modification 

of parm99 (95-97) of the Amber package (98).  As a model system we use the 

high-resolution structure of the BWYV pseudoknot (PDB ID: 1L2X (56)), 

obtained in the presence of monovalent and divalent ions.  This pseudoknot 

structure consists of 28 nucleotides with the following sequence: 

5’GGCGCGGCACCGUCCGCGGAACAAACGG-3’.  The first two residues, G1 
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and G2, are not present in the native pseudoknot. In the setup for the 

simulations, G1 residue was removed, whereas G2 was left to act as a buffer for 

the external force applied to stretch the pseudoknot. 

 The SMD simulations are performed for five different cases: presence of 

Mg2+ and protonated C8 (native conditions), presence of Mg2+ and deprotonated 

C8, absence of Mg2+ and deprotonated C8, absence of Mg2+ and protonated C8, 

and finally presence of Mg2+ and C8 mutated to U8.  For every case, three 

distinct stretching simulations were performed that differed by initial atom 

velocity distribution. Partial charges for the protonated cytosine were derived 

using standard RESP procedure (97), and other force field parameters are 

adopted based on similarity to standard residues present in the force field. 

Residue C8 is mutated to U8 by replacing the carbonyl atom by an amino group 

in the pyrimidine ring.  

 Initial topology of the system was generated based on the PDB structure 

using Leap utility from the AmberTools package (99).  Terminal residues of the 

pseudoknot were capped with acetamide (ACE) and N-methyl (NMe).  All of the 

ions present in the crystal structure were left in their original positions.  An 

additional minimal set of counterions was added to neutralize the system.  The 

minimal set of counterions was used similarly to the original work of Pérez et al. 

to test parmbsc0 parameters in MD simulations (94).  This approach was 

validated in various MD simulations of nucleic acids (95, 96).  The system was 

solvated in a box of TIP3P water, which is modeled as a rigid molecule that 
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relies on non-bonded interactions only (100).  The electrostatic interaction is 

modeled using Coulomb's law and the dispersion and repulsion forces using the 

Lennard-Jones potential (100).   

 To accommodate the completely stretched pseudoknot, the water box is 

asymmetric with the following dimensions 70 Å x 61 Å x 215 Å which results in 

about 75500–78000 water molecules, depending on the system.  Periodic 

boundary conditions are used and PME method (101) to calculate electrostatic 

interactions. 

Prior to the SMD stretching, all the systems were subjected to geometry 

optimization with the standard molecular mechanics steepest decent and 

conjugate gradient algorithms (102).  Then the systems were gradually heated 

from 0 K to 300 K by increasing temperature by 25 K every 10 ps of the 

simulation time. Then the system was equilibrated for 990 ps at 300 K.  The 

total heating and equilibrating simulation time was equal to 1.11 ns.  The SMD 

simulations are performed in an isothermal–isobaric ensemble with a target 

temperature of 300 K and pressure of 1 atm. 

 The structures obtained from the heating and equilibration procedure all 

proved similar and showed fairly little difference between each other and with 

respect to the reference X-ray structure when comparing backbone conformations, 

shown in Fig. 3.2.  Differences that can be distinguished occur at the terminal 

ends of the pseudoknot, where the 5’ end is closer to the U13 residue and the 3’ 

end is further away from that residue compared to the crystallographic structure.  
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These differences may be due to crystal packing forces not present in our 

simulations or inaccuracies in the simulations.  

 

Figure 3.2: Comparison of the RNA backbone conformations from the X-
ray crystal structure (blue) and initial structures for the SMD 
simulations: protonated C8 in the presence of Mg2+ (orange), protonated 
C8 in the absence of Mg2+ (red), deprotonated C8 in the presence of Mg2+ 
(cyan), deprotonated C8 in the absence of Mg2+ (green), and a C8U 
mutant in the presence of Mg2+ (brown).  It should be noted that just one 
equilibrated structure out of three is shown. 

 

 The presence of magnesium ions results in an increase of the root mean 

square deviation (RMSD) between the conformations of the backbones of the 

simulated pseudoknot and the crystallographic structure as outlined in Table 3.1.   

The difference in the case with Mg2+ is presumably due to strong electrostatic 

interactions.  Conformations of mutated pseudoknots show the highest RMSD, 
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indicating that mutations induce distortions in the structure of the pseudoknot. 

Interestingly, after equilibration, the structure with the protonated C8 residue in 

the presence of Mg2+, as required for -1 frameshifting, adopts the lowest potential 

energy of all structures. 

 

System Backbone RMSD 

X-ray crystallographic structure (blue) 0.0 (reference) 
With Mg2+, protonated C8 (orange) 2.214, 2.277, 2.200 
Without Mg2+, protonated C8 (red) 1.513, 1.613, 1.556 
With Mg2+, deprotonated C8 (cyan) 2.023, 2.160, 2.160 
Without Mg2+, deprotonated C8 (green) 1.743, 1.838, 1.642 
With Mg2+, C8U mutation (brown) 2.496, 2.375, 2.441 

 

Table 3.1: RMSD between backbones of the PK in all the cases studied 
and the reference X–ray crystallography structure.  Colors provided in the 
table correspond to those in the Figure 3.1.  Three numbers in the RMSD 
fields correspond to three equilibrated structures for three different SMD 
stretching simulations performed for each of the cases. 

 

To stretch the pseudoknot, a standard SMD protocol is used (96).  A 

probing bond was created by attaching an artificial spring on the O2’ atom in the 

first residue, G2.  The spring constant of the probing bond is 6 kcal/Å/mol. The 

pulling speed is 5 m/s, which results in a total simulation time of 3.5 ns to unfold 

the pseudoknot.  The direction of pulling is chosen as a straight line between the 

O2’ atom in residue G2 and the C4’ atom in the last residue G28. The latter 

atom is kept fixed throughout entire time of the SMD simulations, maintaining 

one of the ends of pseudoknot fixed in space. Additionally, distance between 
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these two atoms is used to monitor the extension of the pseudoknot for the force-

extension curves. 
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3.3 Results and discussion 

Individual BWYV pseudoknot structures sandwiched between two hybrid 

DNA/RNA handles (51) were stretched and unfolded using optical tweezers.  

One handle was attached to a microscope cover slide glass surface via a biotin-

streptavidin interaction, whereas the other handle, end-labeled with digoxigenin, 

was linked to an anti-dig coated polystyrene microsphere (see Chapter 2 for 

details).  Force-extension data were then obtained by laterally moving the piezo-

driven microscope stage while simultaneously recording the position of the 

microsphere in the optical tweezers.  The increase in contour length (number of 

nucleotides) upon unfolding of the pseudoknot was computed using a worm-like 

chain model for polymer elasticity assuming a stretching modulus of 1000 pN, a 

persistence length of 1 nm, an inter-phosphate distance of 0.59 nm, and 

estimating a stem thickness of 2 nm (80, 87).  

 

3.3.1 Stretching of the wild-type BWYV pseudoknot 

When stretched with optical tweezers at a rate of 3 pN/s, the wild-type BWYV 

pseudoknot unfolds at an average force of 14.9 ± 0.8 pN.  The wild-type 

pseudoknot exhibits two distinct types of unfolding transitions as shown in Fig. 

3.3.  In the first type, we observe rapid unfolding and refolding upon stretching in 

a narrow range of forces.  Fig. 3.3A shows this “hopping” behavior in the 

approximate range of 15 pN to 20 pN, shown with a circle.   
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Figure 3.3: Behavior of the wild-type BWYV pseudoknot when stretched 
with optical tweezers.  (A) Close to equilibrium, stretching and relaxing 
curves show rapid unfolding and refolding, “hopping”, behavior, shown 
circled.  Curves are offset by 50 nm to aid in observing transitions. (B) 
Off-equilibrium, we observe a single unfolding transition with no refolding 
in the time course of the experiment.  (C) and (D) Histograms of the 
force and increase in contour length of unfolding and refolding.   

A 

B 

D C 
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 At forces above those where hopping is observed, the molecule remains in  

the unfolded state.  Upon relaxation, we observe additional hopping behavior in 

the same force range as the stretching curve.  This signifies that the unfolding 

and refolding process is close to thermal equilibrium.  The relaxing curve is offset 

by 50 nm to aid in observing the hopping behavior, as the stretching and relaxing 

curves are nearly identical when superimposed.  The average force of refolding is 

within error of the average force of unfolding as seen in Fig. 3.3C, consistent with 

the near-equilibrium hopping behavior.   

 Fig. 3.3B shows the second type of transition observed for the wild-type 

pseudoknot in which a singe unfolding transition is observed upon stretching, and 

no refolding transitions are observed over the time course of the experiment (1-2 

minutes).  The lack of refolding upon relaxation signifies an off-equilibrium 

unfolding process.   

 The near-equilibrium, hopping behavior is observed 59 % of the time and 

off-equilibrium behavior the remaining 41 % of the time.  A single molecule can 

exhibit both types of behaviors upon consecutive stretches, so the type of 

behavior seems to be independent of the molecule itself, but might instead be an 

alternative unfolding pathway.   

 The transition length is equivalent between the two types of transitions, 

with an average increase in the contour length of the molecule by 19 ± 1 

nucleotides.  We also observe a similar change in extension of 18 ± 1 nucleotides 
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upon refolding as seen in Fig. 3.3D.  However, these transitions reflect the 

unfolding of only a portion of the entire pseudoknot.  If the transition observed 

equated to the entire pseudoknot unfolding, we would observe an increase in 

contour length of 26 nucleotides.  The 19 ± 1 nucleotide transition is consistent 

with the unfolding of stem 1 (Fig. 3.1), which would predict an increase in length 

of 18 nucleotides.   

 This transition is consistent with the last transition in the pathway 

predicted by thermal melting experiments (31).  The overall pathway starts with 

a fully formed pseudoknot, F, and ends with an unfolded, randomly coiled single-

stranded RNA, U.  The first transition predicted is the loss of tertiary structure 

from a fully folded pseudoknot to a pseudoknot which contains only secondary 

structure, F → PK (31).  This “PK” structure maintains stem 1 and stem 2 base-

pairing but loses the overall compactness and extra, non-Watson-Crick base pair 

interactions.  It is estimated from our molecular dynamics simulations that this 

transition would contribute to an increase in extension of approximately 1 nm, 

which is below the noise level of the bead in the optical trap, and is therefore not 

detectable.  The second transition predicted is the disruption of the stem 2 base 

pairs, PK → S1 (31).  This transition predicts an increase in extension from the 

nucleotides of stem 2 as well as loop 2 because the loop 2-stem 1 triplex is a 

tertiary interaction and probably is disrupted in the first step of unfolding.  This 

transition predicts an increase in extension of 2 nm to 3 nm, which is just at our 

detection level.   
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 We have a number of wild-type unfolding curves which exhibit a small, 

distinct transition in the range of 5 pN to 10 pN of force, but these transitions 

are on the order of 2 nm to 4 nm, whereas the noise in the experiment ranges 

from 2 nm to 3 nm.  Conservatively, we cannot call these transitions with our 

current experimental set-up.  The easiest solution is to sample and average more 

data points (bead positions) per stage position.  However, the potential exists of 

averaging out the transition, especially with a small molecule like the BWYV 

pseudoknot, when the molecule exhibits hopping behaviors, and in the presence of 

drift.  There is active research being conducted to improve the resolution of 

optical trapping to sub-nanometer levels using a dual trap set-up with differential 

detection (82).   Perhaps this technology can be put into practice in the near 

future for the unfolding of small molecules.   Our experiments with the BWYV 

pseudoknot is the smallest RNA molecule stretched with optical tweezers to date.  

Other stretching experiments with frameshifting pseudoknots are usually 

conducted with mutant, elongated constructs designed to give larger signals (28, 

72).  While these may serve as good model systems for components of the 

pseudoknot and may represent the overall folding behavior adequately well, we 

have designed our assay with a wild-type pseudoknot to operate as close to actual 

conditions as possible.   

 The third transition, then, is the unfolding of stem 1 to a randomly-coiled 

RNA strand, S1 → U.  In addition to our transitions being of a correct length for 

the unfolding of stem 1, the conclusion is also supported by our measurements of 
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the standard free energy change of unfolding, ∆G˚.  The near-equilibrium types 

of transitions are used to calculate the standard change of free energy (see 

Methods) as 45.3 ± 3.5 kJ/mol.  Other methods of calculating the ∆G˚for the 

unfolding stem 1 agree well with our value, supporting the conclusion that the 

transition we observe is due to the unfolding of stem 1.  mFold is a server that 

predicts RNA secondary structure from a primary sequence (103, 104).  When we 

input the entire BWYV pseudoknot sequence, mFold predicts that a stem loop 

structure forms from nucleotides 3-18, exactly as in the crystal structure of the 

BWYV pseudoknot (103, 104).  Nucleotides 19-26 do not exhibit base pairing or 

secondary structure by the mFold method, but this actually gives us a more clear 

estimate of the ∆G˚ for stem 1 alone.  The mFold ∆G˚ of stem 1 alone is 39.0 

kJ/mol at 25 ℃ with 1 M NaCl and no divalent cations (104), compared to our 

value of 45.3 ± 4.5 kJ/mol.  We may see a slightly higher value due to added 

stability by Mg2+ ions stabilizing loop 2 (Mg45) or the base of stem 1 (Mg52).  

Secondly, unfolding of the BWYV pseudoknot by thermal melting reports a 

�

37ΔG  of 36.8 ± 1.3 kJ/mol for the unfolding of stem 1 only, which is the last 

transition observed in the three-step unfolding of the pseudoknot (31).  Using the 

Gibbs-Helmholtz equation to convert this value to �

25ΔG  yields 44.7 ± 1.3 

kJ/mol, in excellent agreement with our experimental value.  

 Measurements of the average force, increase in contour length, and the 

standard free energy change of unfolding all support the conclusion that we are 
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observing the unfolding of stem 1 in the stretching of the BWYV wild-type 

pseudoknot with optical tweezers.  Further, the loss of tertiary interactions and 

the unfolding of stem 2 may be present in our data, but are not detectable due to 

the small size of the transition compared to the noise in a particle’s position in 

the optical trap.   

 

3.3.2 Stretching of the C8 deprotonated BWYV pseudoknot   

To test the effects of the protonated C8 on the unfolding behavior of the BWYV 

pseudoknot, we increased the pH to 7.3 (pKa
 of N(3)-H+ of C8 is equal to 6.8 

(31)) and performed stretching experiments with conditions identical to the wild-

type, protonated C8.  Like the wild-type pseudoknot with protonated C8, the 

deprotonated construct exhibits two types of unfolding transitions, one with rapid 

unfolding and refolding close to equilibrium, and one transition that shows a 

single unfolding event with no refolding over the time course of the experiment.  

However, the frequency with which each event occurs is much different for the 

deprotonated case, which exhibits near-equilibrium behavior 93 % of the time 

instead of only 59 % for the protonated C8 pseudoknot.  Fig. 3.4A shows typical 

stretching and relaxing curves for the deprotonated C8 pseudoknot, showing 

hopping behaviors in a force range more narrow than the protonated C8 

pseudoknot.  Off-equilibrium transitions look identical to those in Fig. 3.3B for 

the protonated C8 pseudoknot.   
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 The transitions for the deprotonated C8 pseudoknot also differ in their 

average force of unfolding and increase in contour length upon unfolding.  While 

the protonated C8 pseudoknot unfolds at an average force of 14.9 ± 0.8 pN, the 

deprotonated C8 pseudoknot unfolds at a force of 19.4 ± 0.5 pN.  The force is 

significantly higher in the deprotonated pseudoknot, but the length of transitions 

is reduced from 19 ± 1 nucleotides for the protonated pseudoknot to only 14 ± 

0.5 nucleotides for the deprotonated pseudoknot.  The average force of refolding 

and change in contour length upon refolding are within the standard error of the 

unfolding events as seen in Fig. 3.4B and C, further signifying near-equilibrium 

behavior where the pseudoknot (or a portion of it) unfolds and refolds in a 

narrow range of forces.   

 We interpret these results to mean that the deprotonation of C8 leads to 

the formation of an alternative, stable version of stem 1.  Or, perhaps at the 

same time, the C8 deprotonation destabilizes a region of stem 1 so that the 

complete unfolding of stem 1 is not observed as a single step.  If stem 1 unfolds 

in multiple steps, the smaller complement to the 14 nucleotides observed would 

be below our detection level.  The fact that nearly all of the transitions observed 

exhibit equilibrium hopping behavior signifies that the structure formed has fast 

rate of folding and unfolding, which is characteristic of stable structures (105).  

The high force required to unfold the 14 nucleotide structure also supports the 

conclusion that a very stable structure is formed.  While containing fewer bases, 
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this structure requires more force to unfold than all of stem 1 with a protonated 

C8.   

 

Figure 3.4: Behavior of the deprotonated C8 BWYV pseudoknot when 
stretched with optical tweezers.  (A) Close to equilibrium, both stretching 
and relaxing curves show rapid unfolding and refolding, “hopping”, 
behavior of a short transition of 14 ± 0.5 nucleotides. Stretching and 
relaxing curves are offset by 50 nm to make visualization of transitions 
easier.  (B) and (C) Histograms of the force and increase in contour 
length show similar values and patterns for unfolding and refolding 
transitions. 
 

  

A 

B C 
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 Although the unfolding force and increase in extension reveal a different 

folding behavior than the protonated C8 pseudoknot, the ∆G˚ of the 

deprotonated C8 pseudoknot is 47.8 ± 2.1 kJ/mol, which is within the error of 

the protonated value of 45.3 ± 3.5 kJ/mol (Table 3.2).  Determination of ∆G˚ 

by thermal melting shows a reduction in the ∆G˚ of the entire pseudoknot of 

29.8 ± 0.6 kJ/mol as the pH is increased from 6.0 to 8.0 and C8 becomes 

deprotonated (31).  However, this value represents the energetic contribution of a 

protonated C8 to the stability of the entire molecule, including disruption of the 

tertiary interactions where C8 forms hydrogen bonds with the G12·C26 base pair 

of stem 2.  However, when the third transition (S1→U) is isolated, the ∆(∆G˚) 

measurment only predicts a loss of  3.7 ± 1.2 kJ/mol when deprotonation of C8 

occurs.  This is consistent with our calculations that the protonated and 

deprotonated C8 ∆G˚values are within the error of each other. 

 This continues to support the conclusion that the observed transition in 

our stretching experiments can be assigned to the unfolding of stem 1.  The 

deprotonation of C8 appears to alter the folding or stability of stem 1 in a way 

that may introduce a second, small unfolding event that is undetectable.  While 

it is difficult to predict if there is a change in the overall fold, the transition 

observed unfolds close to equilibrium at a relatively high force, signifying a stable 

structure.   
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3.3.3 Stretching of the wild-type BWYV pseudoknot without Mg2+ 

The wild-type pseudoknot was stretched in the absence of Mg2+ and no 

unfolding was observed in three times as many trials as were necessary to 

observe transitions for the wild-type with Mg2+ case.  Fig. 3.5 shows a 

typical force-extension curve, exhibiting the same shape as the wild-type 

pseudoknot with Mg2+, but lacking observable unfolding transitions.  This 

indicates magnesium’s importance for the structural integrity of the 

pseudoknot and specifically stem 1. On the other hand, pseudoknots that 

were allowed to fold in the presence of Mg2+ in the test tube, but unfolded 

in the absence of Mg2+ predominantly behaved as pseudoknots unfolded in 

the presence of Mg2+, indicating that Mg2+ remains associated with the 

unfolded RNA. 

 

Figure 3.5: Behavior of the wild-type BWYV pseudoknot in the absence 
of Mg2+ when stretched with optical tweezers.  Stretching and relaxing 
curves are offset by 50 nm to aid in visualization. 
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3.3.4 Stretching of C8U and C8A BWYV mutant pseudoknots 

C8U mutant pseudoknot   

When stretched with optical tweezers, the C8U BWYV mutant pseudoknot 

unfolds at an average force of 14.9 ± 0.7 pN.  The C8U mutant exhibits two 

distinct types of unfolding transitions of the same types as the wild-type cases, 

one near equilibrium and one off of equilibrium as shown in Fig. 3.6A and B.  On 

first glance, the unfolding behavior of the C8U mutant looks similar to the wild-

type unfolding behavior, but actually differs in two major ways.  First, the C8U 

mutant exhibits the equilibrium-type behavior less frequently than the wild-type 

pseudoknot (only 32 % of all trials compared to 59 %).  And secondly, the C8U 

mutant shows a slightly greater increase in extension of 21 ± 1 nucleotides 

instead of 19 ± 1 nucleotides for the wild-type pseudoknot (Table 3.2). 

 The variation in the percentage of trials at equilibrium shows that 

mutating C8 shifts the unfolding equilibria from the wild-type construct at 

comparable loading rates.  This is consistent with the suggestion from mutational 

analyses that changing the properties of C8 may influence folded and unfolded 

equilibria of the pseudoknot (23).  The difference in equilibrium behavior 

frequency may help to explain how a C8U mutant could nearly abolish 

frameshifting efficiency, but only changes the C8 environment by removing one 

hydrogen bond between N(4)-H of C8 and N(7) of G12.  If the frameshifting 

process were (at least in part) kinetically controlled, it would be significance that 
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the C8U mutant exhibits a different ratio of equilibrium and non-equilibrium 

behaviors from the wild-type pseudoknot.   

 The removal of one hydrogen bond does not appear to affect the ability of 

the pseudoknot to form a stable stem 1, as the average force of unfolding is at the 

same level as wild-type values.  So, another possible explanation as to why the 

frameshifting is so reduced is that the C8U mutation reduces or eliminates 

tertiary interactions between C8 in loop 2 and G12 and A25 of stem 2.  As 

mentioned above, a transition from a fully-formed pseudoknot possessing tertiary 

structure to a two-dimensional structure with stem loops (F→ PK) predicts a 

transition that is below our level of detection.  Therefore, a C8U mutant 

disrupting tertiary structure and nothing else is reasonable considering the role of 

C8 in the quadruple-base interaction of loop 1 and stem 2.  However, the 

difference between this situation and the wild-type case would not be detectable 

by current methods.  While this explanation is plausible, our results and the 

SMD simulations suggest that disrupting the tertiary interactions and stem 2 has 

an effect on stem 1 stability as well.   

  The C8U mutation exhibits an increase in extension from 19 nucleotides 

for the wild-type construct to 21 nucleotides.  While the unfolding pathway of 

stem 1 in both cases may remain the same, we propose that the C8U mutant 

causes a more cooperative unfolding of stem 2 paired with the unfolding of stem 1 

due to loss of stability in stem 2.  This would explain the observed increase in 

extension greater for the C8U mutant than stem 1 alone.  The change in free 



 
 

140 

energy of unfolding is slightly higher than the wild-type case, 56.6 ± 2.5 kJ/mol.  

However, this does not reflect an increased stability in stem 1 per se, but reflects 

the energy required to unfold the additional 2 nucleotides involved in transition.   

 

C8A mutant pseudoknot    

The C8A BWYV mutant pseudoknot unfolds at an average force of 11.9 ± 0.6 

pN.  The C8A mutant exhibits two distinct types of unfolding transitions shown 

in Fig. 3.6C and D.  The average increase in extension of 19 ± 1 nucleotides is 

the same as with the wild-type pseudoknot transitions.  However, the C8A 

mutant is the first example of a construct that exhibits a lower force of unfolding 

than the wild-type.     

  While the C8U mutation appears to disrupt tertiary interactions of the 

pseudoknot which secondarily affect unfolding of stem 1, our data support the 

conclusion that C8A compromises the stability of stem 1 itself.  It is likely that 

the C8A can disrupt the folding of stem 1 by introducing steric clashes due 

simply to the larger size in space when at the center of the compact pseudoknot 

core.  Also, substitution of adenine for cytosine in this position introduces 

hydrogen-bonding mismatches where C8 usually bonds with the G12·G26, 

disrupting at least two out of the three hydrogen bonds.  The loss of hydrogen 

bonding capacity also probably destabilizes tertiary structure of the pseudoknot.  

However, since the optical tweezers does not detect the tertiary unfolding 
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transition, we will comment here on the influence of C8A on stem 1 and use SMD 

simulations to speculate about other consequences of the mutation.   

 

 

 

Figure 3.6: Behavior of the two BWYV pseudoknot mutants, C8U and 
C8A, when stretched with optical tweezers.  (A) and (B) Near-equilibrium 
and off-equilibrium unfolding behavior of C8U.  (C) and (D) Near-
equilibrium and off-equilibrium unfolding behavior of C8A. 

 

  A reduction in the stability of stem 1 due to a C8A mutation explains 

the reduced force required to unfold stem 1 as well as the drastic reduction in the 

A B 

C D 
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change of free energy of unfolding from 45.3 ± 3.5 kJ/mol for the wild-type to 

26.2 ± 2.6 kJ/mol for the C8A mutant pseudoknot (see Table 3.2).   

  Fig. 3.7 shows the unfolding and refolding distributions for the force and 

increase in contour length for both C8 mutant pseudoknots.  The average forces 

of unfolding and refolding for C8U (Fig. 3.7A) are within error of each other 

(Table 3.2), but the distribution of events shows that there may be a small 

subset of pseudoknot structures that unfold at low forces near 7 pN.  The 

distribution of the increases in contour length also reveals more about the 

behavior than the average value reflects (Fig. 3.7B).  There is a wider 

distribution for the unfolding events of C8U than for the wild-type pseudoknot, 

which supports the previous discussion that a C8U mutation may disrupt tertiary 

folding of the pseudoknot and increases the cooperativity of unfolding.  Instead of 

just the unfolding of stem 1 as in the wild-type case, the C8U mutant frequently 

(>65 % of trials) exhibits an unfolding transition with an extension greater than 

stem 1 alone.   

  The C8A mutant also exhibits unfolding and refolding at comparable 

forces, with a slightly more narrow distribution than the C8U mutant (Fig. 

3.7C).  The C8A mutant pseudoknot exhibits a large number of unfolding events 

at a force significantly lower than that of the wild-type pseudoknot.  The 

distribution of the increases in contour length for the C8A mutant is wide in a 

similar manner as C8U.  There is a large collection of events near 25 nucleotides, 

which would account for nearly the entire pseudoknot unfolding in one step.  
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While the average is close to that of the wild-type pseudoknot (Table 3.2), the 

subset of events unfolding with large transitions supports the conclusion that C8 

mutations may increase the cooperativity of unfolding of the pseudoknot beyond 

the unfolding of stem 1 alone.   

   

 

 

Figure. 3.7: Histograms of the force and increase in contour length of the 
C8 BWYV pseudoknot mutants as determined from stretching with 
optical tweezers.  (A) and (B) C8U mutant pseudoknot.  (C) and (D) 
C8A mutant pseudoknot.  

 

A B 

C D 
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  Stretching of the pseudoknot constructs by optical tweezers suggests 

that with our tools, we observe the unfolding of stem 1 (S1 → U).  Deprotonation 

and mutations of C8 result in a shift of the number of events observed near 

equilibrium at our loading rate of 3 pN/s.  In addition a C8A mutation reduces 

the force required to unfold stem 1.  However, to better understand the impact of 

these mutations on the overall structure of the pseudoknot as well as 

frameshifting, we needed a more detailed picture of the unfolding behavior.  We 

sought to find a complement to our stretching data using all–atom steered 

molecular dynamics (SMD) simulation to unfold the BWYV pseudoknot.  

 

Table 3.2: Summary of results of the stretching of BWYV pseudoknot by 
optical tweezers.  Fu and Fr are the average forces of unfolding and 
refolding.  ∆xu and ∆xr are the increases in extension observed for the 
unfolding and refolding.  ∆G˚ is calculated using the portion of the trials 
at equilibrium.     
 

  
 WT  

(pH 6.3) 
WT  

(pH 7.3)  C8U C8A  

Fu (pN) 14.9 ± 0.8 19.4 ± 0.5 14.9 ± 0.7 11.9 ± 0.6 

Fr (pN) 15.8 ± 0.9 18.8 ± 0.5 15.0 ± 0.9 12.3 ± 0.7 

∆xu (nts) 19 ± 1  14 ± 0.5 21 ± 1  19 ± 1 

∆xr
 (nts) 18 ± 1 14 ± 0.3 19 ± 1 17 ± 1 

∆G° (F=0) 
(kJ/mol) 45.3 ± 3.5 

 
47.8 ± 2.1 56.5 ± 2.5 26.2 ± 2.6 

n(trials) 34 45 25 44 
 Trials at 

equilibrium (%) 59 
 

93 32 43 
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3.3.5 Simulated unfolding of the BWYV pseudoknot 

To make additional predictions about the unfolding behavior of the BWYV 

pseudoknot, we performed steered molecular dynamics (SMD) simulations of the 

unfolding of five constructs of the pseudoknot:  

1. Wild-type pseudoknot in the presence of Mg2+, protonated C8 

2. Wild-type pseudoknot in the presence of Mg2+, deprotonated C8 

3. Wild-type pseudoknot in the absence of Mg2+, protonated C8 

4. Wild-type pseudoknot in the absence of Mg2+, deprotonated C8 

5. C8U mutant pseudoknot in the presence of Mg2+ 

Our results demonstrate the importance of the hydrogen bonding potential of the 

base in position 8 as well as its orientation to the overall stability of the 

pseudoknot.  We also make some observations about the impact of altering C8 to 

the frameshifting efficiency of the BWYV pseudoknot.   

 Fig. 3.8 shows a more detailed view of the motif involved in the quadruple 

base interactions for equilibrated and X-ray crystal structures used for the SMD 

simulations. The positions of the nucleic acid bases are very similar among all the 

structures indicating that our protocol of minimization, heating and equilibration 

provides reliable initial structures for the SMD stretching simulations.  However, 

it should be noted that magnesium ion Mg45 changes its position and is shifted 

toward the quadruple with respect to the crystal structure upon equilibration.  

When C8 is mutated to U8, interactions between negatively charged oxygen of 

U8 and Mg45 cause the ion to move towards the nucleic base of U8 (Fig. 3.8B).  
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We found this slight difference in position of the Mg45 to be of consequence for 

the position of ion Mg52 and for the overall resistance of the pseudoknot against 

unfolding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Structures involved in the simulated unfolding of the BWYV 
pseudoknot.  (A) A detailed view of the quadruple-base interaction.  X-
ray crystallography (blue) and initial equilibrated structures used for SMS 
simulations: deprotonated C8 (cyan); protonated C8 (orange); C8U 
mutant (brown).  Adjacent Mg2+-ions for each structure are shown as 
spheres with corresponding colors.  ‘R’ stands for RNA in each base label. 
(B) C8U mutated pseudoknot before (red) and after (orange) 
minimization and equilibration.  Mg45 and Mg52 are shown in color 
accordingly with displacements indicated by the arrows (and numerically, 
Å).   

 

 Three force-extension curves were obtained for each structure and 

averaged (Fig. 3.9).  Since all the simulations were started from the close-to-

native pseudoknot conformation, in all the cases we observe force profiles 

characteristic of the helix to coil transition.  In our simulations we focused rather 

on differences in the force profiles due to various changes in the system than on 

the possibility of pseudoknot initially folding differently because of a given 

A B 
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environment or upon mutation of some nucleotides.  The latter case can be a 

computationally challenging task since long simulations may be required to 

observe spontaneous unfolding of the pseudoknot.  

 Fig. 3.9 shows that early in the simulation the force steadily increases, 

then approaches a maximum at an extension of approximately 50 Å.  

Interestingly, two systems exhibit another maximum near 90 Å.  The first force 

maximum occurs in all cases, whereas the second maximum only appears for the 

wild-type structure in the presence of Mg2+ with the protonated and 

deprotonated C8 residue.  The C8U mutant (with Mg2+), known to abolish -1 

frameshifting, as well as the wild-type structure in the absence of Mg2+ lack the 

second force maximum.   

 Each simulation produces a detailed unfolding trajectory of the positions 

of each base at every step of the simulations.  A comparison of these trajectories 

with the force-extension curve allows for an assignment of the maxima and 

minima to unfolding behaviors of the pseudoknot.  Fig. 3.10 shows snapshots of 

the unfolding trajectory of the wild-type pseudoknot, with Mg2+ and a protonated 

C8.    
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Figure 3.9: Force-extension SMD stretching profile of BWYV pseudoknot 
for five scenarios.  Stretching was performed at a rate of 5x109 nm/s.  For 
all cases, the initial increase in force is due to orienting the pseudoknot in 
an extended form without disrupting the hydrogen bonding.  The first 
drop in force is due to unfolding of stem 2, while the second force maxima 
and subsequent decrease in force is due to the unfolding of stem 1.  The 
wild-type cases in the presences of Mg2+ with a protonated or 
deprotonated C8 are the only conditions which exhibit the second force 
maxima.       
 

 

 Analysis of simulation trajectories show that the initial increase of the 

force in the force-extension curve is due to resistance of pseudoknot to stretching, 

mainly due to inducing strain in the hydrogen bonds between complementary 

nucleotides.  The first force maximum and subsequent decrease is indicative of 

breakage of the hydrogen bonds in stem 2, whereas the second force maximum 

and subsequent drop in force is attributed to the unfolding of stem 1.  These two 
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transitions are consistent with the second and third of those predicted from both 

thermal melting experiments as well as our stretching by optical tweezers, of the 

PK → S1 transition and S1 → U.  Almost full extension of the pseudoknot is 

achieved at ~160 Å after which force rapidly increases as bonds in the RNA 

backbone are being stretched. 

 

Figure 3.10: Evolution of the simulation trajectory for the wild-type, 
protonated pseudoknot in the presence of three Mgμ+ ions.  Mg52 is found 
in the base of stem 1, Mg45 makes contacts with C8 and other loop 2 
bases, and Mg38 possibly helps reduce negative charge repulsion from the 
backbone of stem 2.  Time in units of ps. 
 

  

 The SMD trajectory also reveals a surprisingly indispensible role of Mg2+  

as shown by red spheres in Fig. 3.10.  Mg45 aids in coordinating a compact stem 

junction, found in the center of the pseudoknot at t=0.  From time t=0 to 

t=1000 ps, the stem junction remains intact due to quadruple base pairs 

stabilized by Mg45 as the pseudoknot undergoes conformational changes induced 

by the SMD stretching.  After t=1000 ps, the stem junction region is disrupted 
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so that by t=1600 ps, stem 1 is the dominant structure still intact.  Stretching 

between t=1600 and t=2600 ps reveals the unfolding of stem 1 with no 

observable intermediates.  The surprising observation is that base pairing at the 

base of stem 1 remains intact far into the stretching because it is stabilized by 

Mg52.     

 Our simulations show that formation of the salt bridge between Mg52 and 

four nucleotides results in the presence of the second peak in the force profile in 

the system setup with protonated C8 and magnesium ions. The fact that none of 

the systems without magnesium ions exhibits the second peak in the force profile 

confirms observation that Mg2+ ions are necessary for an additional resistance of 

unfolding of stem 1.  We propose that this additional resistance of the 

pseudoknot to unfolding might be an important factor that determines efficiency 

of the frameshifting phenomenon because the non-frameshifting mutant is missing 

this second peak.   

 In order to investigate a role of magnesium ions we compare structures 

and trajectories from our SMD simulations for the native system and the C8U 

system.  Fig. 3.11 shows the wild-type (gray) structure compared to the 

equilibrated C8U structure.   
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Figure 3.11: Comparison between WT (gray) and C8U mutation (red) 
initial orientation of the BWYV pseudoknot.  Both Mg52 (orange) and 
Mg45 (silver) shift from their wild-type positions.    
 
 
For the C8U mutant pseudoknot, Mg52 moves further toward the 5’ end 

of the molecule.  Mg45 moves slightly closer to the quadruple base pair in the 

C8U case, but the C8U mutant appears to alter the backbone configuration the 

most in the region immediately surrounding the mutation.  The backbone bends 

further into the core of the pseudoknot, possibly changing optimal distances for 

hydrogen bonding.  Our stretching by optical tweezers data supports that the 

C8U mutant is still unfolding in a number of steps, one of which includes stem 1.  

However, the shift in Mg2+ positioning appears to increase the cooperativity of 

the unfolding steps, perhaps enough to reduce the large resistance of stem 1 to 

unfolding, and eliminating the second peak in the force-extension curves.   
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3.4 Discussion and conclusions 

 The increase in contour length upon unfolding of the wild-type pseudoknot 

in the presence of Mg2+ suggests that only unfolding of stem 1 is observed.  The 

high percentage of events near equilibrium supports the idea that we are 

observing a structure such as a hairpin that unfolds and refolds rapidly by one 

major pathway.  The ∆G˚ measured for this unfolding transition is consistent 

with measurements by thermal melting and simulations of the folding of RNA for 

the unfolding of stem 1 alone (31, 104).  In addition, the general, three-step 

unfolding pathway is verified by our SMD simulations.  The trajectory shows 

first the loss of tertiary structure, followed by a disruption of stem 2, and finally, 

the unfolding of stem 1.  The first peak in the simulated force-extension profile 

corresponds to the resistance of unfolding stem 2, and the second peak seen in the 

wild-type cases corresponds to the resistance of unfolding stem 1.  Therefore, the 

stretching by optical tweezers can be compared to the region of the simulated 

curve from the second force maximum to the overall minimum for the wild-type 

case, and the region from maximum to minimum for the mutated or minus Mg2+ 

cases. 

 Deprotonation of C8 exhibits a smaller unfolding transition at a higher 

force of unfolding.  We propose that while the tertiary structure of the 

pseudoknot and some stem 1 hydrogen bonds are compromised, the C8 

deprotonated case could still form a stable stem, possibly with fewer bases.  This 
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construct exhibits near-equilibrium behavior nearly 100 % of the time, and has a 

∆G˚ value equivalent to the wild-type unfolding of stem 1.  While it has been 

shown here and in thermal melting experiments that a deprotonation of C8 

destabilizes the overall tertiary structure of the pseudoknot (31), it remains to be 

tested whether the resistance to unfolding that remains is enough to stimulate 

frameshifting.  The presence of the second peak in our SMD simulations would 

support the hypothesis that even if a slightly alternative structure is formed upon 

deprotonation, the resistance to unfolding might be enough to stimulate 

frameshifting.     

 Since unfolding of RNA hairpins (secondary structure only) have shown 

little dependence upon Mg2+ (51, 106), we naively expected little effect of 

eliminating Mg2+.  However as the data shows, in the absence Mg2+ no unfolding 

was observed, presumably because the pseudoknot never folds correctly and/or 

because unfolding occurs either cooperatively or at too low a force.  Interestingly, 

these data suggest crucial importance of Mg2+ for the stability of stem 1.  The 

SMD simulations support this conclusion and clarify how Mg2+ position may be 

changed in various pseudoknot constructs.   

 Our simulations show that formation of the salt bridge between Mg52 and 

four nucleotides of stem 1 results in the presence of the second peak in the force 

profile in the wild-type setup (protonated C8, with Mg2+).  The fact that none of 

the systems without magnesium ions exhibit the second peak in the force profile 

confirms the observation that Mg2+ ions are necessary for the additional 
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resistance required to unfold stem 1.  We propose that presence of Mg2+ increases 

resistance of the pseudoknot to unfolding, which could be an important factor 

determining efficiency of the frameshifting phenomenon.  

 Once we determined that we were detecting the unfolding of stem 1 in our 

stretching by optical tweezers, we were interested to see if there would be a 

difference in the unfolding observed when C8 was mutated.  Mutations to C8 are 

predicted to influence the tertiary structure of the pseudoknot by disrupting a 

quadruple base-pair interaction between loop 1 and stem 2.   

 It is reasonable to expect a change in the structure of the pseudoknot and 

C8A mutant based on the increased size and introduction of hydrogen-bonded 

mismatches.  The observed drop in force required to unfold stem 1 and 50 % 

decrease of ∆G˚ for C8A is consistent with this prediction. 

 It is interesting, though, that a C8U mutation causes such a dramatic 

decrease in frameshifting due to only the loss of one hydrogen bond formed by 

the protonated N3 of C8.  We found that the C8U unfolds at a force comparable 

to the wild-type, but with a slightly increased change in extension.  Our SMD 

simulated stretching of the C8U mutant supports the explanation that the 

increased extension is due to more of the pseudoknot unfolding at once, or that 

the transition of S1 → U becomes more cooperative.  These findings would 

suggest no correlation of the force required to unfold the pseudoknot and 

frameshifting efficiency.   
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 In the force-extension profiles by SMD, the wild-type construct (with 

protonated and deprotonated C8) is the only one that shows a second maximum 

in the force profile that corresponds to a resistance to the unfolding of stem 1. 

Such an observation suggests that in non-wild-type cases, unwinding of the 

pseudoknot can be cooperative, once strands in the stem 2 are separated, or 

disruption of stem 1 proceeds with no significant resistance.   

 In order to understand why the mutants exhibit a more cooperative 

unfolding behavior, we look at the role of magnesium ions in each situation as 

shown in Fig. 3.11.  The positions of Mg2+ in the C8U mutant are shifted, 

changing the electrostatic and physical properties of the pseudoknot folding.  

This observed shift may explain why the C8U mutant unfolds so differently from 

the wild-type, despite only a minor change in hydrogen bonding capacity.   

  We think about these behaviors in terms of frameshifting by comparing 

structures and trajectories from our SMD simulations for the wild-type 

pseudoknot and the C8U mutation.  Kim et al. observed that mutation of the 

residue C8U significantly decreases efficiency of the frameshifting from 10.8 % to 

0.4 % (23).  In the case of our simulations, the force profiles obtained for the 

mutated system exhibit no second force maximum compared to the native 

system.  Therefore, we argue that presence of the second peak in the force profile 

is an indication of the ability of the construct to induce frameshifting.   

 This idea might be in agreement with the 9 Å model for frameshifting as 

proposed by Plant et al. (see Chapter 1) (22).  The model predicts a 9 Å motion 
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by the aminoacyl-tRNA during the accommodation step.  The motion of the 

tRNA results in a shift of the mRNA in the 5’ direction due to the codon-

anticodon base pairing in the A and P sites.  The seemingly small 9 Å motion is 

enough to introduce tension in the mRNA if a pseudoknot is positioned outside of 

the entrance tunnel to the ribosome, providing resistance.  If it also happens that 

the ribosome is perfectly positioned over the slippery site, then a frameshift event 

is thought to occur.   

 In the context of our experiments, the first peak in the SMD force-

extension profile corresponds to the resistance of unfolding stem 2, followed by a 

drop in force as stem 2 is unwound.  What the wild-type stretching profile shows 

that the other cases do not is the second force maximum due to resistance to the 

unfolding of stem 1.  Interestingly, the distance between the minimum following 

the unfolding of stem 2 and the second force maxima is approximately 9 Å to 10 

Å.  The scenario would then be consistent with the 9 Å model in that the 

ribosome encounters the base of stem 1 at a location corresponding to the 

minimum in our simulated force-extension profile.  Then, the 9 Å pull of the 

mRNA in the 5’ direction predicted by the model would cause a sharp increase 

the tension felt on stem 1, corresponding to the second force maximum in our 

simulated force-extension profile.  The increased tension on the mRNA between 

the tRNA binding site and the entrance tunnel stimulates a frameshifting event 

of the A- and P-site tRNA’s.  Unfolding of stem 1 (by tension or a ribosomal 
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helicase) would release the tension on the molecule and translation would 

continue in the -1 reading frame.   

 One question that remains from our experimental and simulated force-

extension profiles would be, why would the first force maximum (contributed to 

the stability of stem 2) not cause the frameshifting event?  We think that the 

explanation lies in the difference in failure of our stretching technique to model 

the order of unfolding events in a true translation system.  Thermal melting, 

stretching by optical tweezers, and SMD simulations all suggest that the first 

unfolding transition is the unfolding of stem 2.  However, in a translation event 

in a cell, the ribosome will encounter the 5’ end of the pseudoknot construct first, 

which is the base of stem 1.  Tension-induced models of frameshifting show stem 

1 at the ribosomal entrance tunnel.  We therefore suggest that the force 

introduced by tension will be applied to the unfolding of stem 1 before stem 2.  

Our stretching experiments do not stretch preferentially from either the 5’ or the 

3’ end of the RNA molecule.  Therefore, we observe the unfolding of stem 2 first 

as it is a less stable structure, with fewer hydrogen bond contacts and a ∆G˚ of 

unfolding of only half that of stem 1 (31).  However, this order of events appears 

inconsistent with the physical placement of mRNA in the ribosome.   

 If stem 1 is the first structure encountered, then, than the resistance to 

unfolding of stem 1 as we observe with SMD simulations would be consistent 

with the 9 Å model of frameshifting.   
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CHAPTER 4  

MECHANICAL UNFOLDING OF THREE BWYV PSEUDOKNOT 

MUTANTS REPSONSIBLE FOR A KEY STEM 1-LOOP 2 

TRIPLEX 

 

 A stable nucleic acid triplex is formed in the Beet Western Yellow Virus 

(BWYV) pseudoknot when loop 2 interacts with the minor groove of stem 1.  

The adenosine-rich loop 2 forms hydrogen bonds with both strands of stem 1, and 

a guanosine in position 19 makes a sharp curve to connect the two structures 

(Fig. 4.1).  Triplex structures are highly conserved among frameshifting 

pseudoknots, and are known to enhance pseudoknot stem stability and torsional 

resistance, and may thereby stimulate frameshifting (7, 107).  Here we use single-

molecule unfolding studies by optical tweezers and comparisons to frameshifting 

assays to elucidate how mechanical stability of a pseudoknot and its 

frameshifting efficiency are regulated by tertiary stem-loop interactions in the 

stem 1-loop 2 triplex of the BWYV pseudoknot.   

 First, we have selected to probe the triplex using adenine in position 24, 

the last nucleotide in loop 2.  Mutating A24 to a guanine reduces its ability to 

stimulate -1 frameshifting from 10.8 % in the wild-type pseudoknot to 0.2 % (23).  

We have unfolded the A24G mutant using optical tweezers and find it to unfold 

with 18 ± 1 nucleotides per transition at an average force of 15.8 ± 1.3 pN.  We 
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hypothesize that we are observing the unfolding of stem 1 (with loop 1) because 

the triplex region is compromised and secondarily may disrupt the stem 2-loop 1 

interaction.  This is consistent with recent FRET studies showing that the A24G 

mutant forms a much less compact structure than the wild-type BWYV 

pseudoknot (108).  As discussed in Chapter 3, the BWYV pseudoknot is 

predicted to unfold in three distinct transitions:  

 US1PKF →→→   (4.1) 

Where F is the completely folded state, PK is the pseudoknot that has lost the 

majority of its tertiary structure, S1 is stem 1 alone, and U is completely 

unfolded.   

 Mutating A24 predicts a loss of tertiary structure (F → PK) as well as a 

disruption of the triplex (PK → S1).  Unfortunately, these transitions predict 

transition sizes below the detection level of our instrument.  The result of this is 

that the A24G mutant shows similar values for the average force and increase of 

contour length when compared to the wild-type data.   

 A guanine in position 19 coordinates a sharp turn at the junction of stem 

1 and loop 2.  It is not involved directly in the triplex interaction, but, instead, 

swings away from the interior of the pseudoknot.  Mutating G19 to any other 

base has little effect on the frameshifting efficiency, but, surprisingly, inserting an 

additional base between G19 and A20 increases frameshifting three-fold (23).  It 

is not immediately obvious if and how these bases might stabilize the overall 

structure, so it is thought that they serve to make direct contacts to the ribosome 
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during translation.  Our stretching experiments of a G19U mutant supports this 

idea because the mutant reduces the thermodynamic and kinetic stability of the 

structure, but the frameshifting efficiency shows a slight increase over wild-type.  

We would not expect this high level of frameshifting if the process was controlled 

solely by pseudoknot stability and resistance to unfolding.    

 In addition, our stretching experiments, however, show that very high 

levels (greater that 30 pN) of force may be required to unfold the G19UC mutant, 

even in the absence of a ribosome, suggesting that the UC combination stabilizes 

the structure of the pseudoknot either by creating a favorable overall structure or 

by making contacts with the ribosome, and possibly both.       
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4.1 Introduction 

When the crystal structure of the BWYV pseudoknot was solved, researchers 

identified three features that define the pseudoknot fold.  These three features 

are: 1) a junction between stems 1 and 2, specifically the quadruple base pair 

formed by G12-C26 base pair, C8 from loop 1, and A25,  2) a minor groove 

triplex between loop 2 and stem 1, and 3) regions not involved in tertiary 

contacts allow tight turns and a compact structure of the pseudoknot (57).  Fig. 

4.1 shows the two-dimensional and three-dimensional representation of the 

BWYV pseudoknot.   

    

Figure 4.1: 2D and 3D representations of the BWYV pseudoknot 
structure.  (A) The BWYV pseudoknot consists of stems 1 and 2 
connected by loops 1 and 2.  Colors depict which bases are included in 
which region, and base-pairing is shown by solid black lines.  (B) The 3D 
illustration of the BWYV pseudoknot helps to visualize potential 
hydrogen bonding distances and base-stacking interactions (from (23)).   

 

 Extensive mutational analyses have been performed to test the effects on 

the frameshifting efficiency of the pseudoknot (23).  Not surprisingly, the regions 

that change the frameshifting most dramatically (either by reducing the 

A B 
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frameshifting to background levels or increasing to 300 % of the wild-type level) 

are those regions listed above, being originally identified as unique and 

characteristic of the structure.  What is missing is an explanation of how the 

mutations change the structure of the pseudoknot and why those changes affect 

the frameshifting to such a large degree.   

 Recently, two pseudoknots derived from the Infectious Bronchitis Virus 

which differed by one base pair in the first stem were stretched using optical 

tweezers.  In Escherichia coli, these two pseudoknots cause frameshifting 

frequencies that differed by a factor of two (27).  Hansen et al. found that the 

pseudoknot giving rise to the highest degree of frameshifting required a nearly 2-

fold larger unfolding force than the other (27).  However, a separate experiment 

on the unfolding of the frameshifting pseudoknot from the Infectious Bronchitis 

Virus and three different mutants showed no general correlation between 

mechanical properties of unfolding and the variations in frameshifting efficiency 

(26).  However, this second study revealed that at close to 24 pN of force, the 

frameshifting pseudoknots exhibited an inversely proportional relationship 

between frameshifting efficiency and the rate constants of unfolding (26).   

 From these data, it appears that there is more to the story than was 

originally proposed.  It has been thought that mutating frameshifting 

pseudoknots causes a change in frameshifting due to two general effects: 

disruptions of RNA tertiary structure and interference with interactions of the 

pseudoknot and ribosome entry site (57).   
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 It was our goal that observing the unfolding behavior of five mutants of 

the BWYV pseudoknot located in the three key regions might help explain the 

dramatic decrease or increase in frameshifting efficiencies.  Of these mutants, 

three are located in bases in “core regions” that influence the tertiary interactions 

most, while two mutants are G19 mutants, a base that does not immediately 

appear to contribute much to the overall structural integrity (Fig. 4.1B), and 

therefore may be making contacts with the ribosome.  These results could then 

be added to the discussion of whether or not frameshifting efficiency is directly 

correlated to the force required to unfold the pseudoknot.  In addition, unfolding 

experiments can give information about whether the whole pseudoknot unfolds at 

the same time or in steps and whether the unfolding is reversible under a 

specified loading rate.   

 To probe the three key regions of stability, we chose the following mutants 

to mechanically unfold:  

1) For the junction between stems 1 and 2, we chose C8A and C8U, covered 

with the wild-type BWYV pseudoknot in Chapter 3.   

2) For the minor groove triplex of stem 1 and loop 2, we chose A24G.  

3) For the non-basepairing turn from stem 1 to loop 2, we chose G19U and 

G19UC.   

 Here, we briefly discuss the role of A24G, G19U, and G19UC mutants in 

the overall structure as well as their effects on altering the frameshifting 

efficiency from the wild-type pseudoknot.   
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4.1.1 Mutation A24G 

An adenine in position 24 (A24) is a member of an adenine-rich loop 2 (A20-A21-

C22-A23-A24 with junctional base A25) that is conserved among several 

luteovirus frameshifting pseudoknots (107).  The adenines (and cytosine) in loop 

2 form a ladder-like structure in which each base is rotated slightly differently to 

interact with the minor groove of stem 1, shown in Fig. 1B.  Adenosines have the 

advantage over other nucleosides in that they can form stacking platforms, 

interact with bases in the minor groove, and still have hydrogen donors and 

acceptors for other types (such as furanose) contacts.  The adenine-rich loop 

forms an extended RNA triplex of six layers of interactions in the minor groove 

and differs substantially from nucleic acid triplexes whose third strand is in the 

major groove.  Interestingly, the majority of the triple-base interactions are not 

coplanar, forcing large propeller twists in stem 1 in order to coordinate hydrogen 

bonding to the A-rich loop 2.  This special minor groove triplex is rather RNA-

specific because every interaction between a loop 2 nucleotide and stem 1 

involves one or more 2’-OH groups, which equals 10 out of the total 16 hydrogen-

bonding contacts (17). 

 A24 is the last base in loop 2, where it is stabilized by stacking on A23 as 

shown in Fig. 2A.  A23 and A24 form hydrogen bonds with adjacent base pairs in 

the minor groove, but are associated with different strands of stem 1.  A23 is 

bound to C15 while A24 interacts with guanosine G7 by three hydrogen bonds,  

N(6)-H[A24] hydrogen bonds to the O(2’)-H[G7] and N(3)[G7] and N(1)[A24] 
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forms a hydrogen bond with N(3)-H[G7] as shown in Fig. 4.2.  Not shown in the 

figure is that A24 is further stabilized by an additional hydrogen bond between 

the OH(2’)[A24] and the O(4’) of the furanose ring of A25.   

 

Figure 4.2: A24 forms three hydrogen bonds in the minor groove of 
the G7-C14 base pair (adapted from (17)).   

 

The importance of the sequence specificity in the adenine-rich loop 2 for 

maintaining frameshifting efficiency was studied extensively by Kim et al. in 1999 

(23).  The frameshifting efficiency is quite tolerant to mutations in the base of 

the stem 1-loop 2 triplex (23).  Inverting the lower three C-G base pairs does not 

affect frameshifting significantly, and mutating A20 or A21 to G or U reduces 

frameshifting by two-thirds, but does not abolish it altogether (23).  The 

proposed explanation is that other triplex interactions with different geometries 

would require slight rearrangement of the backbone or stacking relationships, but 

would preserve some level of frameshifting.   
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 In contrast, the system shows much greater sensitivity to mutations in 

bases A23 and A24.  Substituting A23 to G abolishes frameshifting to 

background levels.  A24G and A24U reduce frameshifting to 0.2 % and 0.5 %, 

respectively (23).  Here, we focus on the A24G mutation, highlighting its 

importance as the last base in loop 2 involved in the triplex interactions.   

 The mutation A24G consists of the loss of two hydrogen bonds to G7, the 

N(6)-H[A24] is replaced with O(6)[G24] and can no longer hydrogen bond to 

N(3)[G7], in addition to N(1)[A24] is replaced with N(1)-H[G24] and causes a loss 

of hydrogen bonding to N(2)-H[G7]. 

 In general, the change in frameshifting efficiency upon mutations of the 

stem 1 and loop 2 bases emphasizes the importance of the triplex in the 

frameshifting process.  This is further supported by the observation that no loss 

of tertiary interactions is anticipated in this region, but frameshifting is altered 

dramatically.  The unfolding behavior of the A24G mutant when stretched with 

optical tweezers may provide insight into why the triplex is vital regardless of its 

contribution to the overall tertiary fold.   

 

4.1.2 Mutants G19U and G19UC  

Guanosine in position 19 (G19) is the sole base compromising a sharp turn 

between the 3’ end of stem 1 and the 5’ end of loop 2.  This turn is facilitated by 

C2’-endo sugar puckers in both G18 and G19, where the remainder of the RNA is 

C3’-endo (17).  The C2’-endo sugar pucker of G19 increases the interphosphate 
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distance from 5.8 Å in C3’-endo sugar pucker of most RNA, to 7.0 Å, allowing 

for a more extended backbone conformation in this turn region (88).   

 Fig. 4.1B shows G19 as it is rotated out of the stem 1-loop 2 triplex region 

and out of hydrogen-bonding range.  The only hydrogen bonding that G19 

exhibits is a self base N(3) to its own O(2’)-H as shown in Fig. 4.3.  This type of 

bonding also appears in the turn between loop 1 and stem 2 and appears to not 

be an uncommon mode of stabilization.   

 

Figure 4.3: G19 swings away from bases G18 and A20, which are involved 
in the stem 1-loop 2 triplex.  Instead of the extensive hydrogen bonding 
seen in the triplex, G19 only forms one hydrogen bond between its own 
N(2) and O(2’)-H.   

 

It is reasonable to think about why disrupting the complicated triplex and 

quadruple-base interactions may decrease pseudoknot stability and, subsequently, 

decrease frameshifting efficiency.  But the most surprising results in the extended 

mutational analysis performed by Kim et al. was the behavior of the 



 
 

168 

frameshifting efficiency when G19 is mutated or additional bases are inserted.  A 

summary of these results is found in Table 4.1.   

 The deletion of G19 as shown in Experiment 2 in Table 4.1 results in a 

50 % decrease in frameshifting.  It has been demonstrated that the A-rich loop 2 

is vital for forming the stem 1-loop 2 triplex structure and maintaining a wild-

type level of frameshifting efficiency.  G19’s role in the extended turn allows for 

correct placement of both the base preceding it (G18) and the base immediately 

after it (A20) in the triplex.  It is reasonable to think that deletion of this turn 

would disrupt the correct orientation and distances of hydrogen bonding 

interactions.   

 Mutating G19 to either A or C maintains efficiencies near wild-type values.  

This is consistent with the observation that G19 does not form hydrogen bonds 

with any nearby bases.  So, changing the hydrogen-bonding properties of the base 

in this position does not appear to influence the overall fold and subsequent 

ability to cause a frameshift.  A slightly less intuitive result is that mutating G19 

to a U increases frameshifting from 10.8 % to 13.9 % (23).  No explanation for 

this behavior has been proposed, so we have chosen this substitution to perform 

stretching experiments on (Experiment 5, Table 4.1).  The working hypothesis is 

that if G19U shows differences in force required to unfold or increases in contour 

length upon unfolding, then it may be indicative of a structural change.  If we do 

not see a difference between the unfolding behaviors of G19U and the wild-type 
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pseudoknot, this is good support for the idea that G19 is affecting frameshifting 

by making direct contacts with the ribosome during translation.    

 Since G19 performs the important function of coordinating a sharp turn 

between stem 1 and loop 2, Kim et al. inserted an additional base after G19 to 

test if the additional linker may increase frameshifting efficiency by further 

stabilizing the stem 1-loop 2 triplex.  Experiment 6 through Experiment 8 in 

Table 4.1 show that insertions increase the frameshifting efficiency beyond wild-

type levels, possibly relieving tension at the sharp turn or providing an additional 

base to interact with the ribosome (23).  Additional insertions begin to decrease 

the frameshifting efficiency as seen in Experiment 9 through Experiment 13.  It is 

thought that inserting more than one additional nucleotide may begin to 

introduce new structure in the turn and make it more difficult for the A-rich loop 

2 to coordinate with stem 1.  A similar observation has been made in a simian 

retrovirus in which deletion of nonconserved nucleotides in a longer loop 2 

increased frameshifting (7). 

    The most drastic result is that a G19UC insertion produced an almost 

three-fold increase in frameshifting efficiency (Experiment 15).  G19UA 

(Experiment 14) and G19UG (Experiment 16) also produced a two-fold increase 

in efficiency.  The ribosome approaches the pseudoknot along the 5’ end, and a 

bulge created by two bases in position 19 may be the first ribosomal contact (23).  

The size and composition of the bulged out nucleotides appears to be important 

since G19UC is more effective than G19UA or G19UG.  For this reason, we 
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obtained a G19UC mutant to stretch using optical tweezers.  The hope is to 

compare the type of unfolding transitions, increase of contour length, and average 

force of unfolding to the wild-type pseudoknot behavior.  If the unfolding 

patterns are different, this would support a reliance on G19 for structural 

integrity.  If the unfolding behavior is similar to the wild-type behavior, then G19 

may be altering frameshifting by making contacts with the ribosome.   

 

Table 4.1: In vitro frameshifting efficiencies for constructs of nucleotide 19 
in the BWYV pseudoknot (data from (23)).  Bold experiments are the 
constructs we have stretched using optical tweezers.   
 
Experiment 
Number 

Base at position 19 Additional 
Insertions 

Frameshifting 
Efficiency (%) 

1 G (wild-type) ---- 10.8  

2 ----- ---- 4.6  
3 A ---- 10.5 
4 C ---- 10.2 
5 U ---- 13.9 

6 G A 17.2 
7 G C 13.3 
8 G G 10.7 
9 G A, C 7.6 
10 G C, C 3.3 
11 G U, C 8.7 
12 G U, U, C 3.9 
13 G U, U, U, C 1.1 
14 U A 23.6 
15 U C 30.5 

16 U G 22.3 
17 U A, C 9.0 
18 U C, C  7.6 
19 U U, C 14.7 
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4.2 Materials and Methods 

The BWYV pseudoknot is at the center of a 1.2 kbase single-stranded RNA 

molecule.  The pseudoknot structure is isolated by annealing two singe-stranded 

DNA “handles” of approximately 590 bases each to the RNA regions flanking the 

pseudoknot as pioneered by Liphardt et al. (51).  RNA is synthesized from a 

template obtained by polymerase chain reaction (PCR) from bases 3821 to 628 of 

the pBR322 DNA plasmid, where the BWYV pseudoknot sequence is cloned into 

the Eco RI and Hind III restriction sites and a T7 promoter is appended to the 

template in the course of the PCR reaction (91).  The DNA components are 

prepared by PCR from pBR322.  Handle A (pBR322 bases 3821 to 3) is 

biotinylated, and one of the primers used to amplify handle B (pBR322 bases 30 

to 628) is purchased with a 5´ digoxigenin group. 

 RNA and DNA handles are resuspended in 10mM sodium phosphate 

buffer (pH 6.4), incubated at a ratio of  about 1:1:1 at 90 °C for 1 min, and 

transferred to room temperature to cool down gradually.  The RNA/DNA 

“hybrid” is then diluted to a final concentration of about 100 μg/mL. 

  The nucleic acid itself cannot be manipulated using the optical tweezers, 

so the RNA/DNA hybrids are attached to polystyrene beads (0.1 μM, diameter 

0.77 μm).  5 μL of anti-digoxigenin-coated polystyrene beads are mixed with 3 μL 

of the RNA/DNA hybrid binding buffer (20 mM TrisHCl buffer (pH 6.3), 250 
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mM NaCl, 10 mM MgCl2, 2 mg/mL acetylated BSA), and incubated at 4 °C 

overnight on a rotator. 

Sample cells are assembled by placing two thin strips of double-sided tape 

about 5mm apart on the center of a pre-cleaned microscope slide and applying 

epoxy at the outer edges of the spacers.  A streptavidin-functionalized 24x40 mm, 

no. 1½ coverglass is then put on the top of the slide.  Before introducing the bead 

and hybrid mixture, the sample cell is surface-coated with acetylated BSA (5 

mg/mL) by incubation with washing buffer (10 mM Tris buffer (pH 7.0), 125 

mM NaCl, 10 mM MgCl2) for 60 minutes at room temperature to prevent beads 

sticking to the surface.  The bead and hybrid mixture is then introduced into the 

sample cell and incubated for 2 hours to allow the biotinylated end of the hybrid 

to bind to the streptavidin surface.  The sample cell is then washed with 100 μL 

of the washing buffer to wash out unbound beads.   

 The spring constant of the optical tweezers ranges from 0.1-0.2 pN/nm. 

 The extension of the unfolded, single-stranded BWYV pseudoknot, SSx , is 

computed as ( ) PKSS Δ LxFx +=  with 
2

21 FF
F

+
=  the unfolding force, ∆x the 

increase in extension, and LPK the initial width of the pseudoknot (2 nm).  The 

increase in contour length (expressed in number of nucleotides) is computed using 

the worm-like chain model for polymer elasticity assuming a stretching modulus 

of 1000 pN, a persistence length of 1 nm, and interphosphate distance of 0.59 nm 

(51, 80, 87).  Standard changes in free energy at zero force are computed for each 
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trajectory according to ∫−=
SS

0

ΔΔ
x

FdxxFG �  using the worm-like chain model (32, 

87).   
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4.3 Results and Discussion  

4.3.1 Stretching of an A24G mutant pseudoknot  

The A24G mutant construct of the BWYV pseudoknot was stretched at an 

average rate of 2.1 ± 0.1 pN/s and unfolded at an average of 15.8 ± 1.3 pN of 

force, which is within the error of the force required to unfold the wild-type 

pseudoknot (Table 4.1).  When the unfolding transitions were measured for the 

A24G mutant, we found an increase in the contour length also very close to the 

wild-type extension, 18 ± 1 nucleotides for the A24G construct compared to 19 ± 

1 nucleotides for the wild-type pseudoknot.  Upon initial evaluation, it appears as 

though we are observing the unfolding of stem 1 upon stretching with optical 

tweezers.   

 However, the more detailed behavior of the A24G mutant pseudoknot 

upon stretching revealed a much less uniform set of unfolding events.  The A24G 

mutant exhibits four distinct categories of unfolding and refolding behaviors as 

shown in Fig. 4.4A-D.  Fig. 4.4A shows the first type of unfolding behavior, 

termed “Type 1” in which the A24G mutant unfolds in a single step at some force, 

F, but upon relaxation (red curve) refolds event at a lower force than the 

unfolding force.  This behavior had not been observed for the wild-type BWYV 

pseudoknot or the mutants stretched up to this point (see Chapter 3), but the 

behavior has been observed for RNA hairpins and pseudoknot structures (26, 28, 

51, 106).  It signifies that the refolding kinetics is slower than the pulling rate, 
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but that we may be approaching an equilibrium state were the stretching 

performed slightly slower (perhaps 1-2 pN/s slower).  If the process were far from 

equilibrium, we would observe no refolding in the time course of the experiment, 

which we have observed a fraction of the time in the wild-type and C8 mutant 

pseudoknots (Chapter 3).   

 Fig. 4.4B illustrates “Type 2” unfolding behavior in which the system 

behaves as if close to equilibrium.  We have observed this behavior of other 

pseudoknot constructs, and the A24G behaves in a similar way, where we observe 

an unfolding transition at a given force, and the relaxing curve shows a refolding 

at a force close to the unfolding force.  The A24G mutant did not exhibit as 

much spontaneous “hopping” as the wild-type pseudoknot, as Fig. 4.4B shows a 

single unfolding event for unfolding and one for refolding.  It should be noted 

that there may be a single hopping event in this curve near 15 pN of force, but 

repeated or large numbers of hopping events are not observed.   

 Fig. 4.4C shows transition “Type 3” in which the A24G mutant exhibits a 

single unfolding event with no observable refolding upon relaxation.  This 

behavior is characteristic of an off-equilibrium unfolding transition.   

Fig. 4.4D shows the most puzzling, “Type 4” transition.  In these trials, we 

observe hopping events that are characteristic of a near-equilibrium process.  

However, upon relaxation, we do not observe refolding events.  The trial selected 

in Fig. 4.4D shows an additional transition at very high forces (near 35 pN), 

which creates additional confusion regarding what is happening with the A24G 
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construct upon stretching.  This separate transition apart from hopping does not 

happen in all cases of the Type 4 transition.   

  Occurrence = 31 %    Occurrence = 11 % 

 
  Occurrence = 47 %    Occurrence = 11 % 

   

Figure 4.4: Stretching of the A24G mutant of the BWYV pseudoknot 
exhibits four distinct behaviors. The occurrence of each type of behavior 
is shown under each plot.  (A) Type 1 behavior shows unfolding and 
refolding at a lower force upon relaxation.  (B) Type 2 behavior shows 
near-equilibrium unfolding and refolding at an equivalent force.  (C) Type 
3 behavior shows a single, off-equilibrium unfolding event.  (D) Type 4 
behavior shows hopping behavior upon stretching, but no refolding events 
upon relaxing.   

 

B A 

C D 
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 We were interested about whether the different types of behaviors 

exhibited unfolding at different forces or perhaps showed different unfolding 

transitions.  In previous studies of the mechanical unfolding of a pseudoknot from 

telomerase RNA, unfolding behaviors fell into categories which corresponded to 

three different unfolding transitions (28).  The transitions were identified by 

plotting the average increase in contour length versus the force of unfolding for 

each individual transition, similar to a Ramachandran plot for protein secondary 

structure.  The data fell into three distinct regions, with each region 

corresponding to a transition type with distinct unfolding characteristics.   

 Unfortunately, when we perform the same type of analysis, the increases in 

contour length and forces of unfolding are quite scattered for all of the four types 

of transitions, as illustrated in Fig. 4.5.   

 

Figure 4.5: Pairing of the force of unfolding with increase in contour 
length for each type of transition that A24G exhibits.  There does not 
seem to exhibit any specific pattern per transition.   
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 The conclusion we draw from this analysis is that the different transition 

types do not correspond to unfolding of different components of the pseudoknot.  

For this reason, we treat all of the unfolding and refolding event similarly, and 

attempt to understand the folding behavior of the A24G mutant in relation to 

the wild-type pseudoknot.   

 Overall, the behavior of the A24G mutant was very similar to that of the 

wild-type at pH 6.3 in both average force of unfolding (approx. 15 pN) and 

average increase in contour length (18-19 nucleotides).  We have previously 

suggested that, with other evidence, the pseudoknot unfolds in three steps, first 

the tertiary structure, then the stem 2-loop 1 interactions, and then stem 1.  We 

had determined with the wild-type pseudoknot that the unfolding of the tertiary 

structure as well as unfolding of stem 2 and would result in transitions too small 

to detect with our current set-up and optimal noise levels.  Unfortunately, if an 

A24G mutation is disrupting the formation of the stem 1-loop 2 triplex and the 

subsequent binding of stem 2 to the stem 1/loop 1 junction, we would not be able 

to detect the unfolding of nucleotides A20 through G28.  As a result, the A24G 

stretching data looks similar to the wild-type BWYV pseudoknot stretching data.  

This suggests that A24G disrupts the formation of the stem 2-loop 1 triplex, but 

does not change the pseudoknot’s ability to form a stable stem 1.  In some ways, 

we have the same limitations of the experiment as with the C8 mutant cases.  

Both C8 and A24 contribute more to the stability of the tertiary structure than 

to the stability of stem 1.    
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 These conclusions are further supported by recent FRET experiments of 

the structure of the BWYV pseudoknot by S. Hohng’s group at Seoul National 

University (personal communication).  Their results show a drastic decrease in 

the FRET efficiency for the A24G mutant compared to wild-type, with a slight 

dependence on Mg2+ concentration.  Fig. 4.6 shows the placement of the FRET 

pairs.  A dye-labelled RNA-DNA hybrid was immobilized on a polymer-coated 

quartz surface by using streptavidin-biotin interaction. The single-stranded region 

of RNA molecule contains the pseudoknot forming sequence of BWYV.  Our 

results support the idea that changing A24 to G reduces the likelihood that loop 

2 forms a triplex with stem 1 and may subsequently make stem 2 formation more 

difficult.  Based on the location of the FRET tags, the pseudoknot could 

maintain a stable stem 1, but lack the compact structure required for wild-type 

levels of FRET efficiency.   

 

Figure 4.6: Experimental set-up for FRET studies of the BWYV 
pseudoknot structure.  FRET dye placement on the BWYV 
pseudoknot where one is placed on a double-stranded section very 
close to the 5’ end of the pseudoknot and one is placed on the 3’ 
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end.  FRET efficiencies show a less compact structure of the A24G 
mutant. 
 

  

 While the average force of unfolding and increase in contour length 

is comparable to wild-type levels and consistent with the unfolding of stem 

1, the varied types of unfolding behavior may provide a bit more 

information about why an A24G mutation reduces frameshifting efficiency 

to nearly nothing.  Transition types 1 and 3, and 4 show off-equilibrium 

behaviors, summing to 89 % of the total trials.  This is significantly more 

than the wild-type pseudoknot at comparable loading rates.  The 

conclusion is that while the A24G mutant may not influence the force 

required to unfold stem 1, it shifts the folded � unfolded equilibria and 

reduces the rate of refolding.   

 Fig. 4.7 shows the distribution of force and increase in contour 

length of all unfolding events for the A24G mutant.  The distribution of 

length shows a clear mean and normal-like distribution of values, 

consistent with the conclusion that we observe the unfolding of stem 1 

alone with a mean increase in contour length near 18 nucleotides.  

However, the force at which unfolding occurs and the pathway of 

unfolding as seen in Fig. 4.4 shows much greater variation than the wild-

type pseudoknot.   
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Figure 4.7: Histograms of the unfolding and refolding behavior of the 
A24G mutant pseudoknot.  (A) The distribution in force of unfolding is 
less predictable and shows a wider distribution that the wild-type 
pseudoknot.  (B) The narrow distribution of increase in contour lengths 
support the observation of the unfolding of one species, namely, stem 1.   

 
 
 It appears as though the A24G mutation destabilizes of stem 2 and 

promotes a loss of tertiary structure, which secondarily changes the 

unfolding pathway of stem 1.  The large number of unfolding events at low 

force (Fig. 4.7A) shows that a significant fraction of the time the A24G 

mutant causes stem 1 to unfold at forces lower than the wild-type 

pseudoknot.  Since this scenario could occur a high proportion of the time,  

reduction in the resistance of unfolding of stem 1 might occur often enough 

to account for the drastic reduction in frameshifting.   

 To test this theory in detail, more information is needed about the 

unfolding behavior of stem 2 and the impact of the A24G mutation to 

tertiary interactions.  An improvement of optical trapping techniques or 

complementary studies such as steered molecular dynamics simulations 

might be able to test our hypotheses in the future.   

A B 



 
 

182 

4.3.2 Stretching of a G19U mutant pseudoknot 

Upon stretching with optical tweezers, the G19U construct unfolds at an 

average force of 12.3 ± 1.4 pN as compared to 14.9 ± 0.8 pN for the wild-

type pseudoknot.  The G19U mutant also exhibits multiple unfolding 

behaviors, similar to the A24G mutant.  The unfolding transitions fall into 

three general categories, all of which have been observed with some 

construct of the BWYV pseudoknot in the current study.  Fig. 4.8A 

illustrates Type 1 where there is a slight offset of the unfolding and 

refolding forces.  Fig. 4.8B shows a near-equilibrium unfolding behavior, 

and Fig. 4.8C exhibits a single, off-equilibrium unfolding.   

 A similar analysis to the A24G mutant was performed on the G19U 

mutant to examine whether the different unfolding behaviors illustrated 

alternate regions of the pseudoknot being unfolded.  A plot was 

constructed similar to Fig. 4.5, with very similar results.  For this reason, 

we grouped all of the G19U unfolding data together to draw conclusions 

about the increase in contour length and comparison of unfolding force to 

the wild-type pseudoknot.    

 The G19U mutant unfolds with an increase in contour length of 21 

± 1 nucleotides.  Similar to the A24G mutant, we would expect a 

mutation of G19 have little effect on the ability of stem 1 to form a wild-

type-like structure.  The increase in contour length, then, could be  
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Occurrence = 21 %  

Occurrence = 13 %     Occurrence = 66 % 

Figure 4.8: The G19U BWYV mutant pseudoknot exhibits three distinct 
unfolding transitions. (A) The pseudoknot unfolds are a higher force than 
the refolding upon relaxation.  (B) Near-equilibrium behavior is observed 
similar to the wild-type pseudoknot.  (C) The majority of unfolding 
transitions exhibit a single, off-equilibrium transition.    

 

attributed to a few additional nucleotides of loop 2 unfolding in the same 

step as stem 1.  However, beyond this hypothesis, our technique does not 

A 

C B 
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provide resolution sufficient enough to know if the G19 mutant disrupts or 

alters the formation of the stem 1-loop 2 triplex.  What can be determined 

by our method is that the force of unfolding is less for the G19U mutant 

than for the wild-type, where G19U only requires 12.3 ± 1.4 pN of force 

omapred to the 14.9 ± 0.8 pN for the wild-type pseudoknot.  The reduced 

force of unfolding from the wild-type pseudoknot was slightly unexpected 

because G19 is thought to minimally contribute to the overall stability 

because of its positioning, pointing toward the exterior of the structure 

(23).  However, our results show that changing the guanine to uracil 

appears to at least minimally impact the thermodynamic stability of the 

structure.  The reduced force required for unfolding results also in a 

decreased free energy of unfolding from 45.3 kJ/mol to 36.3 kJ/mol.   

 The G19U construct exhibits the third, off-equilibrium transition 

most frequently, 66 % of the total number of trials.  Type 1 is observed 

21 % of the time, and equilibrium behavior (Type 2) is only observed 13 % 

of the total G19U stretching trials.  The 13 % statistic for unfolding close 

to equilibrium is the smallest value for all of the BWYV pseudoknot 

constructs tested.  It has been a pattern over all of the mutants stretched 

thus far that introducing mutations results in fewer near-equilibrium 

unfolding events than the wild-type case.  This supports the conclusion 

that the changes mutants introduce always alter the kinetic properties of 

the unfolding and refolding pseudoknot, even without directly influencing 
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the overall thermodynamic stability.  G19U may have a “front row seat” in 

influencing this equilibrium and reaction kinetics because of its close 

proximity to stem 1, being the first base just 3’ of the structure.  Altering 

the size or electrostatic properties of the space that G19 occupies appears 

to influence the folding of stem 1.   

 These results tend to support the idea that there is another 

influencing factor in the overall mechanism of -1 frameshifting.  Many 

have suggested that this includes specific interactions and contacts with 

the ribosome (23, 26, 57).  Unfortunately, testing this theory is beyond the 

scope of the current experiments.  However, our data point to the 

importance of being able to test this type of interaction because we find 

the results cannot be explained by an explanation of frameshifting that 

uses tension alone to unfold the pseudoknot structures.   

 We currently collaborate with the Fourmy group in Gif-sur-Yvette, 

France who have performed footprinting analysis to test the regions of the 

pseudoknot making potential contacts with the ribosome during 

translation.  Their group has found that the protection of loop 2 residues 

from the chemical probe is ribosome-dependent, which means that the 

ribosome is in a position to make direct contacts with these bases (29).   

 G19U, therefore, presents an interesting example where the 

observed effect on frameshifting cannot be explained solely by 

thermodynamic or kinetic factors, or interactions with the ribosome, but 
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its behavior necessitates an explanation that probably includes a 

combination of all of these.   

 

4.3.3 Stretching of a G19UC mutant pseudoknot  

We encountered some unexpected results upon the unfolding of the G19UC 

mutant construct pseudoknot.  It had been proposed by Kim et al. (23) that the 

observed 300 % increase in frameshifting efficiency due to a G19UC 

mutation/insertion was probably not directly due to increased stability of the 

pseudoknot since G19 does not contribute to the tertiary fold in its protruding 

form (Fig. 4.1B).  We would not expect the G18UC mutant to be any more 

difficult to unfold than the wild-type pseudoknot.   However, we performed 

nearly 60 stretching experiments on this construct, and only found one case of 

unfolding and refolding at an average force of 20.4 ± 3.4 pN and an average 

increase in contour length of 17 nucleotides.  The high force of this single 

transition might mean that we sampled the low end of a force distribution that is 

higher than the other pseudoknot constructs involved in this study.    

 To see if we could make unfolding observations at a higher force than that 

usually used with the wild-type pseudoknot, we increased the laser power as well 

as the amplitude of the AOD signal (see Chapter 2) to reach a maximum force of 

30-35 pN.  Even at this high force, we did not observe additional unfolding 

behaviors.    
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4.4 Conclusions 

The mutant A24G exhibits behavior similar to the wild-type BWYV pseudoknot 

when stretched with optical tweezers as seen in Table 4.2.  We attribute the 

transitions observed for the A24G construct to the unfolding of stem 1.  This is 

consistent with the structural hypothesis that changing the chemical properties 

and/or size of A24 disrupts triple helical formation from stem 1 and loop 2.  The 

major difference in the A24G mutant is that it unfolds by one of four distinct 

pathways.  The choice of pathway does not seem to affect the overall unfolding 

force or length of the transition.  However, the wide variation of behaviors (and 

most off of equilibrium) lends itself to the suggestion that the A24G mutation 

shifts the folding equilibria.  Additional experiments probing the unfolding 

kinetics of this mutant need to be performed to determine if the change in 

frameshifting can be attributed to the kinetic influence of the A24G mutation.   

 

Table 4.2: Results of mechanical stretching of A24G and G19U mutants. 

  
 WT  

(pH 6.3) 
 

A24G  G19U G19UC  

Fu (pN) 14.9 ± 0.8 15.8 ± 1.3 12.3 ± 1.4 22.9 
Fr (pN) 15.8 ± 0.9 14.8 ± 1.2 11.2 ± 1.3 24.9 

∆xu (nts) 19 ± 1 18 ± 1 21 ± 1 17 

∆xr
 (nts) 18 ± 1 17 ± 1 18 ± 1 18 

∆G° (F=0) 
(kJ/mol) 45.3 ± 3.5 

 
62.4 ± 7.6 36.3 ± 3.9 80.8 ± 5.8 

n(trials) 34 21 38 1 
 Trials at 

equilibrium (%) 58 
 

11 13 100 
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 Mutating guanine in position 19 produces more complicated, but maybe 

more interesting, results.  It is proposed that G19 makes direct contacts with the 

ribosome during translation and frameshifting events.  Mutating G19 to U 

actually increases in vitro frameshifting to 13.9 %.  We found that stretching a 

G19U mutant results in a lower average force of unfolding and, consequently, free 

energy of unfolding.  We also observe a large reduction in the number of near-

equilibrium unfolding behaviors.  However, both of these would predict a decrease 

in frameshifting efficiency instead of an increase.  Another possible explanation is 

that G19’s ability to make contacts with the ribosome overcomes the reduced 

stability to continue to maintain and slightly increase the frameshifting 

efficiencies.  Very recent work performed by D. Fourmy shows that the bases in 

loop 2 (including G19) are making direct contacts with the ribosome and are 

protected upon chemical probing (29).  This supports the overall conclusion that 

the frameshifting behavior of the G19U mutant is not controlled by 

thermodynamic stability or kinetic properties alone, but also by interacting with 

the translational machinery.   

 The G19UC mutant requires further experimentation to definitively 

attribute the factors that contribute to such a large (three-fold) increase in 

frameshifting efficiency.  We found that the G19UC mutant resisted unfolding 

even at very high forces for the optical tweezers in the range of 30-35 pN.  Given 

the results of the G19U mutant, the G19UC mutant may be increasing 

frameshifting efficiency by both an increased thermodynamic stability as well as 
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making contacts with the ribosome, and if the effects stack or add together, 

would produce such a large increase in frameshifting.   
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CHAPTER 5 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

  

 By the mechanical unfolding of the Beet Western Yellow Virus (BWYV) 

pseudoknot, we have demonstrated and characterized the thermodynamics of the 

unfolding of stem 1.  We use steered molecular dynamics (SMD) simulations to 

unfold the BWYV pseudoknot under a variety of conditions, enabling a more 

detailed assignment of the unfolding behavior not available by optical tweezers.  

Stretching by optical tweezers allowed us to tabulate the thermodynamic 

influences of six specific mutations on the overall stability of the pseudoknot, 

shown in Table 5.1.  The pairing of the two techniques gave some clues about 

frameshifting efficiencies and allowed us to speculate about which model of 

frameshifting is closest to the biological behavior.   

 Here, we briefly summarize the problem at hand (Section 5.1), discuss the 

results of our study (Section 5.2), present conclusions (Section 5.3) and use our 

observations to design future experiments (Section 5.4).   
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5.1 The Beet Western Yellow Virus -1 frameshift signal 

-1 frameshifting is one type of translational recoding that occurs when specific 

cis-acting mRNA frameshift sequences are present, namely, a so-called “slippery 

site” at the ribosome coding region and an mRNA structural element positioned 

downstream at the mRNA entrance of the ribosome (16).  These frameshift 

signals are part of the genome of retroviruses which when present in the host 

result in stop codon readthrough and synthesis of fusion proteins (16).   

 The Beet Western Yellow Virus (BWYV) employs the -1 mechanism to 

create a P1-polymerase fusion protein, which upon further post-translational 

processing yields the enzymatic and structural proteins required for viral 

replication by synthesis of its RNA-dependent RNA polymerase (15, 18, 57).  The 

probability of a programmed -1 frameshift upon encountering the frameshift 

signals, generally referred to as the frameshift efficiency, varies from virus to 

virus (44).  During -1 frameshifting, the codon anti-codon interactions are 

disrupted but reformed in new reading frame, displaced towards the mRNA’s 5’ 

end by a single base (35).  The slippery site has a typical sequence X XXY YYZ 

with the codons XXY and YYZ in the zero frame (15).  The downstream 

structural element is thought to act as a road-block causing extensive pausing 

eventually resulting in a frameshift (20).  Because the ribosome’s mRNA tunnel 

is too narrow to accommodate double-stranded mRNA, the translation machinery 

needs to unwind downstream RNA structures during the elongation phase (109).  
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It has been shown that the ribosome itself acts a helicase comprised of ribosomal 

proteins S3, S4 and S5 which line the mRNA entrance tunnel in the case of 

prokaryotic ribosomes (25, 52).  Specific RNA structures, such as the BWYV 

pseudoknot, resist unwinding giving rise to increased tension in the spacer and 

subsequent disruption of the codon-anticodon interaction.  Interestingly, -1 

frameshifting does not seem to be solely dependent upon the energetic ground 

state of the pseudoknot (26), but rather is thought to be at least partially 

kinetically controlled (28) .  Recent single-molecule unfolding of the Infectious 

Bronchitis Virus (IBV) pseudoknot reveal a connection between higher unfolding 

forces and higher frameshifting efficiencies, and a reverse correlation was 

observed between the rate of mechanical unfolding and frameshifting efficiency in 

a specific narrow range of forces for similar pseudoknots (26, 72).  Furthermore, a 

simple theoretical model of frameshifting has yielded a correlation between 

frameshift efficiencies and unfolding force rather than energy (24).   

 It remains unclear as to which step in translation a -1 frameshift occurs.  

A so called 9 Å model has been proposed by Plant et al. (see Chapter 1) (22).  

The model predicts a 9 Å motion by the aminoacyl-tRNA during the 

accommodation step.  The motion of the tRNA results in a shift of the mRNA in 

the 5’ direction due to the codon-anticodon base pairing in the A and P sites.  

We have shown (see Chapter 1) that the seemingly small 9 Å motion is enough 

to introduce tension in the mRNA if a pseudoknot is positioned outside of the 

entrance tunnel to the ribosome, providing resistance.  If it also happens that the 
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ribosome is perfectly positioned over the slippery site, then a frameshift event is 

thought to occur.    

 A second model was developed based on a cryo-electron microscopy 

reconstruction of a ribosome stalled with a pseudoknot at the entrance tunnel as 

the ribosome is involved in translocation (25).  The snapshot shows a presumable 

frameshifting event with eEF2 occupying the A-site and interacting with the P-

site tRNA (25).  The most straightforward interpretation of this structure seems 

that -1 frameshifting has to occur during translocation.  The structure shows that 

the P-Site tRNA is distorted with the anticodon raised through bending of the 

tRNA towards the A-site, which is occupied by the tip of eEF2.  This bending of 

the tRNA is thought to be relaxed when the codon-anticodon interaction is 

disrupted and repaired in the -1 frame.  Interaction of helix 16 of 18S rRNA with 

rpS9 (S4 in prokaryotes) important for ribosome helicase activity further suggests 

that -1 frameshifting may depend upon a delicate balance of helicase activity, P-

site tRNA and eEF2 interaction, mediated through tension in the mRNA (25).    

 The 9 Å model has some appeal as subsequent binding of EF-G could then 

can be thought of as moving the ribosome downstream meanwhile unfolding the 

pseudoknot (by force).  The assumed ratchet function of EF-G then may block 

any further backward slippage of the mRNA .  Further work by Plant and 

colleagues elaborate on the 9 Å model and adds a “torsional-restraint” component 

inspired by observed correlation between rotational freedom of the pseudoknot 

and the frameshift efficiency (21).  However, we note that all three models share 
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a dependence upon tension built up as the pseudoknot structure resists unfolding.  

To better understand the importance of the structural integrity of the ultra-

compact BWYV pseudoknot, we performed single-molecule unfolding studies 

using optical tweezers as well as by steered molecular dynamics. These techniques 

attempt to mimic the tension introduced to the pseudoknot during translation by 

the ribosome.   
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5.2 Mechanical stretching of the BWYV pseudoknot 

Here, we review briefly the results of each pseudoknot construct studied, and 

then use the data to draw conclusions about whether the frameshifting efficiency 

of each construct is correlated to its thermodynamic stability or kinetic 

component of the unfolding behavior.    

 The increase in contour length upon unfolding of the wild-type pseudoknot 

in the presence of Mg2+ suggests that only unfolding of stem 1 is observed.  The 

high percentage of events near equilibrium supports the idea that we are 

observing a structure such as a hairpin that unfolds and refolds rapidly by one 

major pathway.  The ∆G˚ measured for this unfolding transition is consistent 

with measurements by thermal melting and simulations of the folding of RNA for 

the unfolding of stem 1 alone (31, 104).  In addition, the general, three-step 

unfolding pathway is verified by our SMD simulations.  The trajectory shows 

first the loss of tertiary structure, followed by a disruption of stem 2, and finally, 

the unfolding of stem 1.  The first peak in the simulated force-extension profile 

corresponds to the resistance of unfolding stem 2, and the second peak seen in the 

wild-type cases corresponds to the resistance of unfolding stem 1.    

 Stretching of the wild-type pseudoknot at pH 7.3 results in a 

deprotonation of the N(3)-H+ protonated cytosine in position 8.  This altered 

construct exhibits a smaller unfolding transition at a higher force of unfolding 

than the wild-type pseudoknot at pH 6.3 (Table 5.1).  This construct exhibits 
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near-equilibrium behavior nearly 100 % of the time, and has a ∆G˚ value 

equivalent to the wild-type unfolding of stem 1.   

 In the absence Mg2+, stretching of the wild-type pseudoknot exhibits no 

unfolding events, presumably because the pseudoknot never folds correctly 

and/or because unfolding occurs either cooperatively or at too low of a force.  

Interestingly, these data suggest crucial importance of Mg2+ for the stability of 

stem 1.  The SMD simulations support this conclusion and clarify how Mg2+ 

position may be changed in various pseudoknot constructs.   

 Upon stretching, a C8A mutant required less force to unfold than the 

wild-type pseudoknot, probably due to steric disruptions and hydrogen-bond 

mismatches in loop 1 at the cap of stem 1.   A C8U mutant, by comparison, 

unfolds at a force comparable to the wild-type, but with a slightly increased 

change in extension (Table 5.1).   

  The mutant A24G exhibits behavior similar to the wild-type pseudoknot 

by a comparable force of unfolding and increase in contour length.  The major 

difference in the A24G mutant is that it unfolds by one of four distinct pathways.  

The choice of pathway does not seem to affect the overall unfolding force or 

length of the transition.   

 We found that stretching a G19U mutant results in a lower average force 

of unfolding and, consequently, free energy of unfolding when ∆x is constant.  

We also observe a large reduction in the number of near-equilibrium unfolding 

behaviors.  Finally, the G19UC mutant requires further experimentation to 
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definitively attribute the factors that contribute to such a large (300 %) increase 

in frameshifting efficiency.  We found that the G19UC mutant resisted unfolding 

even at very high forces for the optical tweezers up to 30 pN, exhibiting a single 

unfolding event near 24 pN of force after 60+ trials.    
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5.3 Correlating the unfolding behavior and frameshifting efficiency of 

the BWYV pseudoknot  

Table 5.1 shows a summary of all results from stretching of the BWYV 

pseudoknot with optical tweezers.  The aim of the experiment was to probe key 

structural elements of the pseudoknot and draw comparisons between the 

unfolding behavior and the frameshifting efficiency.  We found that we were able 

to observe the unfolding of stem 1 of seven pseudoknot constructs, which 

provided thermodynamic and kinetic data regarding their unfolding behaviors.   

 
Table 5.1: Results of the mechanical stretching of the BWYV pseudoknot 
and mutant constructs thought to impact ribosomal frameshifting.   

 

  
 WT  

(pH 6.3) 
WT  

(pH 7.3)  C8U C8A  

 
 

A24G  G19U G19UC  

Fu (pN) 14.9 ± 0.8 19.4 ± 0.5 14.9 ± 0.7 11.9 ± 0.6 15.8 ± 1.3 12.3 ± 1.4 22.9 

Fr (pN) 15.8 ± 0.9 18.8 ± 0.5 15.0 ± 0.9 12.3 ± 0.7 14.8 ± 1.2 11.2 ± 1.3 24.9 

∆xu (nts) 19 ± 1 14 ± 0.5 21 ± 1  19 ± 1 18 ± 1 21 ± 1 17 

∆xr
 (nts) 18 ± 1 14 ± 0.3 19 ± 1 17 ± 1 17 ± 1 18 ± 1 18 

∆G° (F=0) 
(kJ/mol) 

45.3 ±  
3.5 

47.8 ±  
2.1 

56.5 ±  
2.5 

26.2 ±  
2.6 

62.4 ±  
7.6 

36.3 ±  
3.9 

80.8 ±  
5.8 

n(trials) 34 45 25 44 21 38 1 
 Trials at 

equilibrium 
(%) 58 

 
93 32 43 

 
11 13 100 

Frameshifting 
Efficiency1 

(%) 10.8 
No data 
available 0.4 0.6 0.2 13.9 30.5 

1Frameshifting efficiencies are reported from a study done by Kim et al. (23). 
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5.3.1 Correlating frameshifting efficiency with the force of unfolding 

One of our most important findings is that we do not observe a correlation 

between high levels of frameshifting efficiency and large forces of unfolding for all 

pseudoknots tested.  Tension-based models of frameshifting suggest a solid 

relationship (22, 25), but we only found this to be true for some of the 

pseudoknot constructs.  C8A and G19UC mutants do adhere to the proposed 

pattern, where C8A unfolds with 20 % less force than the wild-type and shows 

negligible levels of frameshifting, and G19UC unfolds at 150 % greater force than 

the wild-type and shows a 300 % increase in frameshifting.   

 In contrast, C8U and A24G mutations reduce the frameshifting efficiency 

of the pseudoknot to background levels (23), but unfold at equivalent forces to 

the wild-type pseudoknot when stretched.  G19U exhibits a third type of trend in 

which the mutant unfolds at a force approximately 2 pN less than the wild-type, 

but increase in the frameshifting efficiency by 130 %.  This is an opposite 

correlation from the one suggested by tension-induced frameshifting models.   

 The caveat to our analysis is that the stretching experiments revealed that 

we are not observing the complete unfolding of the pseudoknot, but instead, a 

transition that corresponds to the unfolding of stem 1.  We would not predict 

that some of the mutants studied would have a significant impact on the stability 

of stem 1, but more likely on the overall tertiary interactions.   

 For example, the C8U mutation only results in the loss of one hydrogen 

bond in a complex of tertiary interactions between loop 1 and stem 2.  The 
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similarity of uracil to cytosine in size and hydrogen-bonding potential may have 

little impact on the stable folding of stem 1, which would be consistent with the 

equivalent force of unfolding the C8U construct compared to the wild-type 

pseudoknot.  In a similar manner, the A24G construct’s force of unfolding does 

not differ significantly from the wild-type condition, and the A24G is thought to 

destabilize stem 1-loop 2 triplex interactions, but may not alter base pairing of 

stem 1.  Similarly, the C8A mutation has a greater potential to disrupt the 

folding of stem 1 by introducing steric clashes and hydrogen-bonding mismatches 

in loop 1.  C8A shows a smaller force required to unfold stem 1, due most likely 

to the destabilization of the structure. 

 It is less obvious how G19 contributes to the stability of stem 1, and 

stretching of the G19 mutants is less conclusive regarding the relationship 

between stability and force required to unfold stem 1.  G19UC exhibits a much 

greater force required to unfold stem 1, and we can speculate that the additional 

base may spatially optimize triplex interactions in this region.  The G19U 

mutation appears to slightly destabilize stem 1, as determined from the force 

required to unfold, but the mechanism is not clear from our techniques alone.   

 What we can conclude from this analysis is that the force required to 

unfold stem 1 cannot be directly correlated to a pseudoknot construct’s 

frameshifting efficiency.  While this is consistent when we look at the possible 

impact of each mutation on the stability of stem 1, it contradicts slightly with 

other studies of the unfolding of frameshifting pseudoknots as well as our 
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simulated force-extension profiles that contribute frameshifting primarily to the 

resistance to the unfolding of stem 1 (28).  We do not think our results disagree 

with the “stem 1 only” proposition, but perhaps the term can be rephrased “stem 

1 primarily”, meaning that frameshifting ability is due in large to the stability of 

stem 1, but secondarily to the pseudoknot’s tertiary thermodynamic stability and 

possibly other determining factors discussed in the following sections. 

Unfortunately, transitions corresponding to the disruption of tertiary structures 

are below our level of detection with the current assay.  To observe the unfolding 

of regions of the pseudoknot other than stem 1, we would need an assay with 

greater resolution as discussed in Chapters 3 and 4.   

 

5.3.2  Correlating frameshifting efficiency with the kinetics of unfolding and 

refolding 

We observe a pattern in the kinetics in the wild-type pseudoknot in comparison 

to the mutants stretched.  All of the pseudoknot mutants studied show a reduced 

occurrence of near-equilibrium behavior in comparison to both wild-type 

conditions, where near-equilibrium unfolding occurs 58 % of the time at pH 6.3 

and 93 % of the time at pH 7.3 (Table 5.1).  Mutants exhibited more types of 

unfolding behaviors as well, and the majority of unfolding transitions observed 

did not refold over the time course of the experiment.  G19UC is an exception to 

this rule, as the single event we observed was at equilibrium.  From looking at all 

of the data collected, each construct shows some fraction of both near-equilibrium 



 
 

202 

and off-equilibrium behaviors, so it is not possible to determine from the single 

G19UC trial whether the behavior observed is characteristic of the kinetics of 

stretching the mutant.   

 It would be a straightforward analysis if reducing the percentage of near-

equilibrium events corresponded to a decrease in frameshifting efficiency.  We 

find this to be true for all of the mutants except G19U.  G19U exhibits three 

types of unfolding behaviors, with only 13 % of all trials near equilibrium, but 

shows an increase in the frameshifting efficiency (13.9 %) from the wild-type 

pseudoknot (10.8 %).  We interpret this to mean that G19U is revealing another 

contributing factor to its overall frameshifting efficiency besides kinetics, the 

potential of making direct contacts with the ribosome.  Fourmy et al. have 

determined that G19 is interacting with the entrance tunnel to the ribosome, but 

not to as great of an extent as some other regions of the structure such as the A-

rich loop 2 (29).  We have conceived some future experiments to further test how 

the interaction of G19 with the ribosome affects its unfolding behavior as 

outlined in Section 5.4.   

 All other constructs involved in this study support a correlation between 

slower refolding rates and a decreased level of frameshifting.  While we do not 

have measurements in order to the exact rate constant, the fact that all 

experiments were conducted at the same loading rate, 3 pN/s, allows us to draw 

the conclusion that the rate of refolding for the mutant cases is slower than this 

value.  In contrast, 3 pN/s seems to be closer to the unfolding and refolding rates 
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of the wild-type pseudoknot at the force required to unfold the pseudoknot since 

these constructs show near-equilibrium behaviors in this regime.  We desire to 

improve our technology to allow for the measurement of reaction rates of 

unfolding and refolding to test if our results are consistent with the unfolding of 

the IVB pseudoknot, which shows a correlation between higher frameshifting 

efficiency and slower unfolding rates over a narrow range of forces (26).  To 

determine the exact rates of unfolding and refolding of our pseudoknot and the 

force ranges over which this relationship might be valid, we propose that 

constant force experiments can be performed, as outlined in Section 5.4.   

 In the context of frameshifting events, it has been determined that pausing 

is necessary but not sufficient to induce -1 frameshifting events (110).  These 

studies suggest the pseudoknot functions as a kinetic barrier to force-induced 

unfolding, essentially placing the unfolding of the entire pseudoknot under kinetic 

control (5).  This barrier is predicted to be altered in functionally compromised 

RNAs (16), which is consistent with our results that non-wild-type constructs 

exhibit more off-equilibrium unfolding behaviors than the wild-type.  In the most 

recent review of -1 frameshifting events, Giedroc and Cornish suggest that, 

“Mechanical force-induced unfolding/refolding experiments 

will be required to obtain direct evidence for this [kinetically controlled] 

proposal,” (16).   

 In addition to the frameshifting process being kinetically controlled from 

the rate of unfolding, a model has been proposed that suggests that the rate of 
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refolding will affect frameshifting efficiency (110).  In short, the number of 

translocating ribosomes on a single mRNA molecule might also have a detectable 

influence on ensemble average frameshifting efficiency.  In this 

model, the rate of refolding the pseudoknot after unfolding and decoding by the 

first ribosome may have a significant impact on overall frameshift efficiency 

because a lagging ribosome(s) may encounter a stimulatory element that remains 

unfolded (110). 

 Next, we propose experiments that could be performed to improve the 

resolution of our techniques and better mimic cellular frameshifting events.  

These are designed in hopes of understanding how the thermodynamic and 

kinetic components of the unfolding process control frameshifting.     
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5.4 Proposal of future directions 

We propose a three-pronged approach to gathering the data that may draw out 

individual thermodynamic and kinetic determinants for the unfolding behavior of 

the BWYV pseudoknot more completely than our technique alone can.   

 First, the results of our stretching by optical tweezers showed that while 

the thermodynamic stability of some BWYV pseudoknot mutants did not differ 

from the wild-type, all of the mutants exhibited more off-equilibrium unfolding 

and refolding behaviors than the wild-type pseudoknot.  While we can comment 

on how often an event occurs at equilibrium, we cannot measure the rate of 

unfolding and refolding with the optical trap designed as it is presently.  

Therefore, we propose that a series of “force hopping” experiments be conducted 

to measure the rates of unfolding and refolding for each BWYV pseudoknot 

construct.   

 To perform these kinetic tests, one could use our stretching data to 

obtain an estimate of Fm, the melting force, or force where the pseudoknot is 

equally likely to be unfolded or folded.  The molecule could then be stretched to 

this force and held by a feedback-controlled stage at a distance that maintains 

this force.  Designing and implementing a feedback-controlled constant force 

feature on the optical trap (also referred to as a force clamp) is not a trivial task.  

In addition, the response time of the feedback limits bandwidth and can 

introduce instability (111).  Alternatively, a force clamp can be designed that 
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operates without feedback, taking advantage of the anharmonic region of the 

trapping potential where the differential stiffness vanishes (111).  However, this 

set-up requires that the rate of the reaction of interest falls within the region 

where the trapping potential is optimized.   

 However, if successfully designed, a force-clamp works by tracking 

transitions between the folded and unfolded state as a function of time, and the 

average lifetime of each state is recorded at a given force.  It has been shown that 

the unfolding or refolding rate (k1 or k-1) at a particular force is inversely 

proportional to the average lifetime of the folded or unfolded state, τ , at that 

force, as shown in Equation 5.1 (112).  

    
refoldingunfolding/

1-1/
τ

1
=k      (5.1) 

It has been shown, based on stretching of an IBV pseudoknot, that in a narrow 

range of forces, there is a correlation between the frameshifting efficiency and the 

unfolding rate where pseudoknots with higher frameshifting efficiencies showed 

slower unfolding rates (26).  Our results thus far show that all of the BWYV 

pseudoknot mutants exhibit more off-equilibrium behavior, indicating that the 

mutations affect the rates of folding or unfolding.  Since two of the five mutants 

increase frameshifting efficiency and three decrease it, our current model would 

serve as an excellent test to validate or repute the correlation between 

frameshifting efficiency and the rate of unfolding to compare to the study 

involving the IBV pseudoknot (26). 
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 In addition to the force-clamp mediated kinetics studies, we propose a 

second study designed to unfold the BWYV pseudoknot differentially by end 

termini.  It is true that all of our results are consistent with thermal melting 

data, suggesting a 3-step unfolding pathway of the pseudoknot, F → PK → S1 → 

U, where F is the completely folded pseudoknot, PK is a version of the 

pseudoknot lacking tertiary structure, S1 is stem 1, and U is a complete unfolded 

version of the pseudoknot (31).  However, thermal melting, stretching by optical 

tweezers, and our SMD simulations all unfold the pseudoknot in an order of 

events reflective of the stability of the different pseudoknot components.  For 

example, all three techniques predict that stem 2 is the least stable feature of the 

BWYV pseudoknot and unfolds first in the unfolding pathway.   

 However, during translation, the ribosome encounters stem 1 first, as it 

is the most 5’ component of the pseudoknot.  While a more detailed model needs 

to be developed, we guess that as the ribosome introduces tension in the mRNA 

(as suggested by both Plant and Namy models), stem 1 is the first structure to 

“feel” this tension.  Under this proposed condition, stem 2 would have no impetus 

to unfold before stem 1.  Stem 2 with loop 2 could still influence the unfolding of 

stem 1 by triplex interactions of the base of stem 1 or tertiary interactions with 

C8 and G12 of loop 1.  However, we propose that stem 1 may unfold first, with a 

subsequent and cooperative increase in extension due to the disruption of stem 2.   
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 To test this picture and compare it against stretching data such as ours, 

we need an assay that can preferentially stretch RNA from either the 5’ or the 3’ 

end.  One very active area of research in the single-molecule field is the use of 

nanopores to manipulate nucleic acids.  In general, a pore is designed to allow for 

the passage of only a single-stranded species of DNA or RNA.  The most 

grandiose application would be sequencing of single-stranded nucleic acid in real 

time.  The nanopores are often voltage-driven, and a significant amount of 

research is being conducted to determine how to use the voltage to capture and 

translocate nucleic acids. 

 What we propose is that the channel might provide a preferential 

resistance to unfolding that mimics the entrance tunnel to the ribosome.  Fig. 5.1 

shows a schematic of what this experiment may look like.  The pseudoknot could 

be incorporated into a construct that would allow for the orienting the molecule 

to enter the pore by either the 5’ end or the 3’ first.  Since the pore only allows 

for the passage of single-stranded nucleic acid, a pseudoknot structure would 

bump up against the entrance to the pore.  Increasing tension on the mRNA 

would unfold the pseudoknot in a similar manner to our experiments, but we 

would be able to perform the stretching with either the 5’ end or the 3’ end 

encountering force first.  We could then measure the unfolding behavior in a 

manner similar to our technique, recording the average force and increase in 

contour length upon unfolding. 
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Figure 5.1: Experimental geometry for a proposed experiment which 
allows for preferentially unfolding of RNA structures by either the 5’ or 3’ 
end by translocation through a nanopore.   

 

It is possible that the molecule would respond to the force in the same manner in 

both scenarios, but at least that result would allow us to determine if our 

stretching experiments mimic the behavior of the ribosome well.   

 It should also be noted that the nanopore technology is a very active 

area of research, partly because of its promise as a tool, but also because of its 

difficulty in practice.  These experiments require constant attention and 

manipulation as well as dexterity from the user in order to align all of the 

components correctly for translocation.  In addition, while optical trapping 

technology is compatibly with many biological systems (thanks to literature such 

as our Chapter 2), there are incompatibilities between the nanopore 

manufacturing procedures and the biological systems in question.  For example, 

the material that the nanopores are made out of can irreversibly bind nucleic acid 

and render a trial useless.   
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 And finally, there is an experiment that has long been a goal of our lab’s, 

and that is to mechanically unfold a pseudoknot by translocation of the ribosome 

(Fig. 5.2).  The experiment is actually two-fold, first, to park the ribosome at the 

5’ end of the pseudoknot, stretch as before, and record whether simply the 

presence of the ribosome influences pseudoknot unfolding.  Second, use or develop 

an in vitro translation assay to attempt to capture the unfolding of the 

pseudoknot by translocation of the ribosome.  The idea is to investigate how even 

the presence of ribosomes affects pseudoknot stability and kinetics of unfolding.   

 With similar thinking to the nanopore experiment, the ribosome 

encounters stem 1 and may not unfold stem 2 first as predicted by thermal 

melting experiments (31).  Observing the unfolding of a single pseudoknot by 

translocation of the ribosome would provide the most accurate depiction of events 

that would occur in a cell.  It would be interesting to compare these results to 

the research presented in this thesis to better understand the limitations of the 

technique.  The stretching of single molecules of RNA is becoming more common, 

and if the results are incompatible with cellular events, then the field needs to 

reevaluate the way it approaches the topic and draws conclusions.   

 Of particular interest would be the unfolding of BWYV pseudoknot 

construct where mutations are made to bases thought to make contacts with the 

ribosome, such as G19.  Since the ribosome approaches the molecule from the 

5’‐end, the bulge created by the G19UC substitution may become the first 

ribosomal contact (57). We do think the contribution of direct interactions to 
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frameshifting efficiency could be significant as seen by chemical probing 

experiments of the BWYV pseudoknot at the entrance tunnel of the ribosome, so 

we propose two experiments designed to unfold the pseudoknot in the presence of 

ribosomes and compare the behavior to our stretching experiments (Section 5.4). 

To shed light on this question, we could unfold the G19UC mutation in the 

presence of ribosomes, using the data collected for the current study as a control 

of a situation where G19 only contributes to the stability of the pseudoknot by 

interacting with other bases in the structure.   

 

 

Figure 5.2: Experimental set-up for ribosome-induced unfolding of the 
BWYV pseudoknot.   

 

 In summary, the mechanism by which the BWYV pseudoknot stimulates 

frameshifting appears to be controlled both by thermodynamic stability as well as 

the unfolding and refolding kinetics of the pseudoknot.  This is not to discount 

plausible direct interactions of the pseudoknot with the ribosome, however, our 
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technique does not provide data to allow us to draw conclusions about that 

particular type of frameshifting effector.   

 Data regarding the unfolding of RNA pseudoknots by mechanical force has 

only been collected in the last few years.  We feel that our results will contribute 

to the discussion of whether the pseudoknot stimulates frameshifting by stability, 

kinetics, or dynamic interactions with the ribosome.  Even though the technique 

of stretching pseudoknots by optical tweezers is relatively new, there is a need for 

advanced technologies to be developed that allow for greater resolution of the 

unfolding events and assays that more closely mimic events involved in 

translation.  We look forward to the future of the field and being able to gain a 

more detailed picture of -1 ribosomal frameshifting by RNA pseudoknots.   
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