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Front Matter 

Abstract 

Programmed ribosomal frameshifting (PRF) represents an important mechanism for translational 

genetic recoding, especially in viruses. The components of a PRF stimulator have been well 

characterized, though accounting for the variation in the frameshift stimulating efficiency has thus far 

been elusive. Frameshift efficiencies at known PRF sites vary from a few percent to 70-80%, and several 

studies have been undertaken to determine what distinguishes a high efficiency PRF site from a low 

efficiency PRF site via structural characterization of the stimulatory structure. Observations suggest that 

conformational plasticity, the ability of a certain sequence to adopt multiple conformations, is correlated 

with frameshift efficiency. We examine a very high efficiency (70%) PRF stimulatory structure 

responsible for the NS1′ frameshift in West Nile virus (WNV) to determine its characteristics. We find a 

high degree of structural plasticity and heterogeneity; the PRF signal exhibits multiple different starting 

states and unfolds via two main pathways. Furthermore, we characterize the structures involved in these 

pathways, and find that they correspond to predicted structures using bioinformatic predictions and 

SHAPE analysis. Moreover, we suggest a new operational metric of conformational plasticity, one that 

obviates two existing problems with the previous method for defining conformational plasticity, namely 

the requirement to specify a native state, and the insensitivity to multiple conformations. Additionally, we 

extend this definition to be force dependent, and find that the value of this conformational plasticity 

metric in the force range of ribosomal stalling correlates highly with frameshifting efficiency. These 

results may elucidate the process of frameshifting by illustrating the relationship between conformational 

plasticity within a specific force range and frameshift efficiency.  In addition, the characterization of a 

high efficiency frameshift signal allows for a better understanding of the structural dynamics underlying 

frameshifting. 
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1. Introduction 

Within the framework of the central dogma of molecular biology is the one gene-one enzyme 

hypothesis, proposed by George Beadle and Edward Tatum in a widely-cited 1941 paper, stating that a 

single gene codes for a single enzyme1. In a Kuhnian fashion, this framework was first modified to the 

‘one gene-one polypeptide hypothesis’, and upon mounting contrary evidence, even this modified form 

may be deemed an oversimplification.  

There have been many challenges to this view, emerging from the greater understanding of gene 

regulation in biology. For example, messenger RNAs (mRNAs) transcribed from DNA may be spliced 

differently in order to produce different proteins2. Another way to obtain multiple gene products from a 

single sequence is from the recoding of translation, e.g. via programmed ribosomal frameshifting (PRF)3–

6. It is the concept of PRF that motivates the work in this thesis. 

One consequence of the genetic code being composed of three nucleotide (nt) codons, whereby 

the ribosome translates three mRNA nucleotides (nts) to a single amino acid (aa), is that there exist 

multiple possible reading frames for each given sequence (Figure 1). Programmed ribosomal 

frameshifting (PRF) is a type of non-canonical translation, whereby the mRNA after (3′ of) the frameshift 

is translated in an alternate reading frame (RF) than occurs during normal translation. The amino acid 

sequence prior to (5′ of) the frameshift site is conserved between the normally translated and frameshifted 

protein, but the amino acid sequence of the frameshifted protein following (3′ of) the frameshift may be 

drastically different from the protein produced from zero frame translation.  This coding degeneracy in 

the mRNA sequence may be leveraged by the organism to allow for dual-coding of a given mRNA 

transcript, thereby expanding the coding capacity of a fixed genome. This is highly advantageous for 

viruses, which have energetic7–9 and spatial constraints10–13 on genome length. 
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Figure 1: Three protein sequences are possible from the same mRNA sequence.   

Frameshifting occurs spontaneously at low rates throughout the translated genome, at rates of <3 

x 10-5 per codon 14,15. While most translational mutations are deleterious16,17, some frameshift mutations 

may prove advantageous to the organism18. Certain frameshifts appear to be ‘programmed’, as they occur 

at higher rates (10-1 per codon19–21), appear at specific sites and appear to confer adaptive value to the 

organism. Such rates are high enough to have biological significance, as in the case of the human 

immunodeficiency virus (HIV) gag-pol polyprotein22,23, a protein which plays essential roles in virion 

(viral particle) assembly, including packaging of genomic RNA24. The PRF causes a shift in reading 

frame during translation, such that the protein sequence following the frameshift is different from the 

zero-frame product. In order for proper virion formation, a ratio of 1:10 to 1:20 gag-pol to gag must be 

expressed; achieved via programmed ribosomal frameshifting (Figure 2)25–30. While PRF may shift the 

ribosome into many frames (-231–33, -134, +135–40,+241, +5/+642, and +5043,44), this thesis focuses 

exclusively on -1 PRF.  

Of course reliance on PRF is not restricted to HIV, many viruses have dual coding regions 

achieved via PRF45, and in fact PRF is used by all kingdoms of life18,46–53. The fact that PRF is ubiquitous 

suggests some adaptive value, as it has been suggested that it has emerged independently in multiple 

different lineages 54–60.  
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Figure 2: Replication of HIV is reliant on there being a roughly 1:20 to 1:10 ratio of gag-pol to gag 

proteins in HIV-1. Source: 6 

 The site of frameshifting is a heptanucleotide (7-nt long) slippery sequence of sequence N NNW 

WWH (spaces represent 0 frame)61, where N is any base, W is A or U, and H is A, C or U62. A frameshift 

stimulatory element is located 1-15nt downstream (3′) of the slippery sequence63. While stimulatory 

elements are usually pseudoknots (PKs) 19,21,64,65, they may also be stem-loops (SLs) 66–68. These 

stimulatory elements respond to cellular signals, which alter the frequency of frameshifting, thereby 

altering protein expression. PRF is responsive to a wide variety of elements such as ions69,70, 

polyamines58,71–76, flavones77, antibiotics78,79, other synthetic compounds80–88, cellular proteins 31,89–93, 

RNA interactions 94–98, the co-translationally folding polypeptide chain 76,99, the concentrations of 

canonical transfer RNAs (tRNAs) in the cytoplasm (cellular media)32,100–113, as well as mutant tRNAs114–

116. This ability to change the frequency of frameshifting based on a wide variety of elements suggests a 

possible role for programmed ribosomal frameshifting as a mechanism of gene regulation. Similar cases, 

whereby metabolite-sensitive riboswitches alter gene regulation have been widely studied4,63,89,117–119.  

This role for PRF may be an important mechanism in eukaryotes and bacteria, but the effects of 

frameshifting have been most widely studied in viruses45. Viruses often translate the genome as a single 
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polyprotein gene, which is post-translationally cleaved into multiple distinct proteins120–123. While this 

means that proteins are expressed at equimolar ratios normally, PRF may alter this equimolar ratio to one 

more beneficial for the virus. Cases of PRF has been independently observed in many distinct viruses45, 

for which the disruption of PRF causes an attenuation of the virus in vitro26,28,77,97,98,124–135 and in vivo135–

138, suggesting adaptive value. Given that PRF is tunable, the frequency of frameshifting may change over 

the course of infection to optimize for the present stage of infection139. Given the ubiquity and apparent 

usefulness of PRF for viruses, these findings suggest PRF as a potential anti-viral target, an approach 

explored by several reviews3,140,141. 

The many roles of PRF underscore the potential significance that a better understanding might 

bring. Different models have been proposed for what occurs nanomechanically during -1 PRF; the models 

differ based on what stage in translational elongation the frameshift occurs6. Some studies show a positive 

correlation between pseudoknot unfolding force and frameshift efficiency68,142–148, operationalized as the 

fraction of ribosomes that slip into the -1 frame, measured via dual luciferase reporter149. Meanwhile, 

other studies show no relationship between pseudoknot stability and frameshift efficiency21,65,145,150,151. 

Several studies have proposed a link between pseudoknot conformational plasticity, or the tendency of a 

molecule to form alternate structures, and frameshift efficiency21,83,139,152. This hypothesis motivates our 

study of the West Nile virus (WNV) frameshifting pseudoknot, as it represents both a highly efficient 

frameshifting stimulator139, and has multiple predicted conformations139,153, a potential sign of high 

structural plasticity.  

The second section (introduction being the first) will provide an overview of frameshifting and 

explain several models of frameshifting and its biological implications. The third section will provide 

details regarding the biology and evolution of the PRF signal in WNV. The fourth section will provide an 

overview of force spectroscopy methods and data interpretation.  The fifth section will go over novel 

analysis methods. The sixth section provides the experimental results for the structural characterization of 

WNV. The seventh section will explore the relationship between conformational plasticity and frameshift 
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efficiency for ten pseudoknots total. The final section will discuss the implications of this work, and 

discuss potential future work.
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2. Frameshifting 

2.1 Introduction to translation 

Translation is the process by which the ribosome converts the information encoded in a 

messenger RNA (mRNA) sequence into a protein chain. The codon sequence determines the amino acid 

sequence of the protein (Figure 3). Codons are sets of three consecutive nucleotides, each coding for one 

out of the 22 possible amino acids154.  

 

Figure 3: The genetic code for translating triplet mRNA codons into protein. Source: OpenStax College, 

Biology, accessed via Khan Academy (CC BY 3.0) 

An mRNA transcript is read by the ribosome in the 5′ to 3′ direction, which corresponds to 

synthesizing the protein from its N-terminus to its C-terminus. There are differences in ribosomal binding 

sites (RBSs) between prokaryotes and eukaryotes155–157, owing to different ribosome structures158,159. In 

prokaryotes, the ribosome binds at the Shine-Dalgarno (SD) sequence (5′-AGGAGG-3′)160, whereas in 

eukaryotes, the ribosome binds at either the 5′ end161,162 or rarely an internal ribosome entry site 

(IRES)162,163.  
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The ribosome will actually begin the process of translation when it encounters a start codon 

(AUG)164, which codes for a methionine. Before translation begins, the ribosome is not yet assembled, 

consisting of the initiator tRNA (codon AUG) bound to the small ribosomal subunit. When the initiator 

tRNA encounters the start codon, it binds, and recruits the large ribosomal subunit to attach to the small 

ribosomal subunit so that translation may begin (Figure 4).  

 

Figure 4: Translational initiation. Source: Khan Academy (CC BY 4.0) 

 

Figure 5: The structure of the ribosome. Source: Khan Academy (CC BY 4.0) 

The ribosome contains three sites where tRNAs bind. In 5′ to 3′ order, these are the exit (E), 

peptidyl (P) and aminoacyl (A) sites. Immediately following initiation, the initiator tRNA is located in the 
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P site. With the initiator tRNA in the P site, a new tRNA enters the A site, binding to the codon (Figure 

5). The process of adding amino acids to a growing polypeptide chain is known as elongation and PRF 

occurs during this translational stage (Figure 6). After the A site tRNA is docked, the first methionine 

binds to the amino acid associated with the A site tRNA. When this occurs, the polypeptide chain is now 

attached to the A site tRNA, and the P-site tRNA lacks an amino acid group. Following this, the ribosome 

moves forward by one codon (roughly 1.7nm 165), the tRNA previously in the P-site moves into the E-site, 

where is releases from the mRNA. Likewise, the A-site tRNA moves into the P-site, and the system is 

now ready for another round of elongation which will proceed until a stop codon (UAA,UAG, or UGA) is 

encountered. 

 

Figure 6: The process of elongation. Source: Khan Academy (CC BY 4.0) 
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Stop codons are bound by release factors, as opposed to tRNAs. When the release factor binds to 

the A site, it catalyzes the release of the polypeptide chain from the P-site tRNA, as well as the release of 

the ribosome from the mRNA transcript. Oftentimes, PRF will redirect the ribosome to a different stop 

codon, altering the length of the protein.  

2.2 Translational recoding 

 One consequence of the genetic code is that there exist three possible reading frames for any 

given mRNA sequence, typically producing vastly different protein sequences. Translational frameshifts 

occur when the ribosome undergoes a shift in reading frame (Example shown in Figure 7). This is a 

distinct phenomenon from transcriptional frameshifts, where the actual mRNA transcript is affected. A 

translational frameshift is an alternate way of reading a given RNA sequence, rather than a change in the 

sequence itself.  

 

Figure 7: The frameshift example from the HIV gag-pol gene. The creation of a certain polyprotein 

requires a ratio of approximately 10:1 gag(0 frame) to gag-pol (-1 frame) ratio, which is reflected by the 

experimental frameshift percentage of 5-10% 166. Source: 167
 

Frameshift errors compose a subset of the total errors in translation, accounting for an error rate 

of about 10-5 per codon168–173. While most mutations are deleterious174, some of these frameshift mutations 

may be leveraged towards allowing for the expression of multiple proteins from a single genetic 

sequence. Occasionally, serendipitous frameshifts may produce a beneficial product from a pre-existing 

coding sequence175,176. PRF is ubiquitous, it is estimated that the human genome consists of at least 1% 

dual-coding regions63,177. Additionally, estimations suggest that 10% of genes in all eukaryotic genomes 

contain a -1 programmed ribosomal frameshifting (PRF) signal178.  
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2.2.1 Frameshifting assays 

 Frameshift percentage is measured by comparing the amounts of the proteins in each frame. Since 

the protein product in the alternate frame will differ from those of the normal reading frame, the 

frameshift efficiency is calculated as the ratio of frameshift proteins to total proteins, usually via a dual-

luciferase reporter149,179. Dual-luciferase measurements use luminescent measurements in order to 

measure the gene expression of the proteins which catalyze the luminescent reaction. There is a linear 

relationship between luminescent activity and the concentration of these catalysts, firefly luciferase and 

renilla luciferase 180 (Figure 8).  

 

Figure 8: Luminescent activity of firefly luciferase (Fluc) and renilla luciferase (Rluc) scales linearly with 

number. Source: 180 

With an easily quantifiable measure of protein copy number known, it is possible to calculate the 

frameshift percentage by placing a frameshift sequence in between the two luciferase genes such that 

thesecond gene, is only expressed in the alternate reading frame (Figure 9). The frameshift percentage is 

calculated then as ratio of the number of ribosomes that respond to the recoding signal to the total number 

of ribosomes that reach the recoding signal149.  Translational frameshift errors occur spontaneously at a 

rate <3 x 10-5 per codon 14,15 168–173. Frameshifting occurs at high frequency at many sites that have been 

characterized181,182, where rates can exceed 10-1 per codon20,21.  
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Figure 9: Plasmid genome for dual-luciferase activity. Ribosomes bind at the T7 promoter and translate 

until the stop at SV40. The frameshift sequence is inserted into the insertion window. The insertion 

window is engineered such that Fluc is only expressed in the alternate reading frame. Source: 149  (CC 

BY-NC 4.0) 

2.2.2 Programmed ribosomal frameshifting (PRF) function 

Initially, frameshift sites were found via the discovery of frameshifted gene products183, being first 

discovered in viruses5, where phage proteins183–185 were shown to be expressed out of frame. These 

products were inessential for the propagation of the virus183,186,187, but frameshift sites essential for viral 

propagation were discovered shortly afterwards188,189. Bioinformatic methods, which search for sequence 

elements common to frameshift signals63,182,190–193, have expanded this repertoire. Additionally, another 

method, ribosomal profiling194, has been applied to find frameshift sites99,195.  These methods have found 

PRF in all kingdoms of life18,196,197, performing important and varied functions198–200. One factor 

contributing to the prevalence of PRF in viruses two main constraints on genome length; a limited capsid 

volume10–13,140, and energetic constraints7–9. The energetic cost of reproduction scales with genome 

length7, and a lower energetic cost per virion (viral particle) is beneficial as it allows the virus to produce 

more virions within a given energy budget. When PRF signals are mutated such that the frameshift is 

ablated; viruses are greatly attenuated. This applies to Venezuelan Equine Encephalitis Virus (VEEV)136, 

West-Nile Virus (WNV)137,138,201, the severe acute respiratory syndrome coronavirus (SARS-CoV)201,202, 

the human immunodeficiency virus (HIV)80,124,125,203, Japanese Encephalitic virus (JEV)135,138, herpes 

simplex (HSV) 204, hepatitis C (hepC) 205 and others. 
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One implication of frameshifting is that the N-terminus of the protein is conserved between the 0-

frame and -1-frame products. C-modular proteins may be produced via PRF, whereby a protein with a 

useful N-terminal domain may be modified into several different proteins by changing the C-terminus. A 

recently described frameshift, producing a copper transporter and chaperone from the same gene (Figure 

10), is an excellent example of this phenomenon, as the N-terminal copper binding domain was conserved 

between the two products99.The -1 frame product (chaperone) terminated almost immediately after the 

copper binding domain, whereas the 0 frame product produced a much longer protein (transporter) 

(Figure 10). 

  

Figure 10: Programmed ribosomal frameshifting allows for the conservation of protein N-termini, with 

modular C-termini. This example is of a copper transporter and chaperone from the same gene, where 

the N-terminal copper binding domain is conserved. The proteins differ from their C-termini; where one 

terminates soon after the N-terminal copper binding domain (-1 frame; chaperone) the other adds a C-

terminus which results in a functional copper transporter. Source:99  

Besides the creation of novel proteins, another advantage of PRF is that it allows for gene 

regulation in cases where the frameshift efficiency varies depending on cellular conditions, suggesting a 

riboswitch-like role117,118 in gene regulation4,63,89,119. Control over gene expression is a mechanism by 

which cells may respond to their environment by changing the expression of certain genes to best suit the 

current environment. In many RNA viruses, a single polyprotein gene is expressed, and then later cleaved 
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into individual proteins with equimolar ratios120,123. PRF allows the relative concentrations to vary to a 

level more optimal for viral replication137,139. Furthermore, the optimal protein ratio may change with 

different stages of the infection cycle, and a PRF signal could potentially respond to cellular signals by 

altering its FS efficiency3.  

PRF signals also respond to protein interactions31,92, bound oligonucleotides206,207, antibiotics78 

and even to interactions with the translational polypeptide chain76,99. These mechanisms allow PRF to 

regulate gene expression, and may be an underappreciated mechanism of gene regulation208. For the case 

of gene regulation by oligonucleotides, it has been found that antisense oligonucleotides may competently 

promote frameshifting with efficiencies up to 40%206, presenting a potential mechanism of gene 

regulation by non-coding RNA (ncRNA)209, in addition to presently known mechanisms210,211. 

PRF may also be a mechanism regulating the level of mRNAs in a cell via the nonsense-mediated 

decay (NMD) pathway3,18,141,178,199,200,212–215. This pathway detects early translational stops by the 

ribosome, termed premature termination codons, and decays the associated mRNA, limiting the 

production of truncated proteins, which may prove deleterious to the organism216–218. Out-of-frame 

products tend to be shorter (99% of predicted -1 PRF products are 30 codons or shorter219), as stop codons 

are highly represented in these alternate opening reading frames (ORFs)220–224.  Additionally, over 95% of 

computationally predicted -1 PRF events direct the ribosome to premature termination codons3,199. As 

short products trigger the NMD pathway, PRF may be a mechanism in down-regulation of certain 

mRNAs and their corresponding gene products200,219. 

Frameshifting efficiency may also be regulated by the presence of ligands225. In SARS-CoV, the 

presence of a novel ligand inhibits frameshifting and is subsequently a possible anti-viral compound81,83. 

Another example exists where transactivation of frameshifting (activation by a host protein) occurs in the 

encephalomyocarditis virus, drastically increasing in vitro PRF efficiencies from 0% to 70% via binding 

to the stimulatory structure89. In porcine reproductive and respiratory syndrome virus (PRRSV), the nsp2 

gene has two alternate products, corresponding to the presence of a -1 PRF (nsp2N) 31, and a -2 PRF 
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(nsp2TF)33, again trans-activated by a host protein90. Additionally, it was discovered that a class of 

antibiotics, the macrolides, induce ribosomal frameshifting, which in turn activate macrolide resistance 

genes79, an intriguing mechanism of antibiotic resistance. One implication of PRF efficiency being 

tunable by cellular conditions is that compounds taken exogenously (i.e. drugs) may influence PRF and 

subsequent gene regulation. A similar example exists in riboswitches, where gene expression is regulated 

by metabolites82,226–246. 

The potential for compounds to alter PRF has been studied in the context of anti-viral agents. 

Since viruses use PRF to maintain optimal stoichiometric ratios between proteins3, drugs that alter PRF 

can attenuate the virus45. Such an approach has been studied in the human immunodeficiency virus 

(HIV)26,27,80,166, the rous sarcoma virus (RSV)247–249, West Nile virus (WNV) 137, Japanese encephalitic 

virus (JEV)138,153, severe acute respiratory coronavirus (SARS CoV)81,83,250, Saccharomyces cerevisiae L-

A totivirus251,252 and many others (reviewed in 45). Many such viruses are attenuated when their PRF site 

is targeted by mutagenesis or binding ligands45. Binding ligand-based attenuation has been studied within 

SARS-CoV81,83 and JEV77, presenting a possible pharmaceutical means of targeting viruses.  

2.2.3 The mechanism of frameshifting 

Minus one frameshifting has been described as a process whereby a mechanical arrest of the 

ribosome by a stimulatory structure produces a backwards (5′) motion of the ribosome by one single 

nucleotide, causing a change in reading frame. Several models have been proposed to explain why this 

occurs and how the components of a frameshift signal (slippery sequence, spacer and stimulatory 

structure work together with the ribosome to induce this process. These models differ on which stage of 

translational elongation the frameshift occurs at (Figure 11). The most notable models are the 

integrated253 and 9Å models254, where frameshifting occurs during accommodation; the simultaneous 

slippage model255, where the frameshift occurs between accommodation and peptidyl transfer; the 

dynamic model256,257, where frameshifting occurs either during the formation of hybrid state 
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intermediates, or during translocation; the mechanical model258,259, occurring during translocation; and the 

three tRNA model260, occurring during the next round of elongation.  

 

Figure 11: Models of -1 ribosomal frameshifting differ based on the translational step the PRF event occurs at. Source:6 

 

Figure 12: Elements of programmed ribosomal frameshifting. PRF requires a heptameric (7nt) slippery 

sequence of the form NNN WWW H, where N is any base, W is A or U, and H is A, C or U. In addition, 

there must also be a stimulatory structure, which tends to be 6-8 nt downstream from the slippery site. 
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The putative role of the stimulatory structure in stimulating frameshifting is to arrest the motions of the 

ribosome. Source:167 

Despite their differences, the models do share fundamental characteristics, namely that the 

downstream structure causes the ribosome to pause during elongation with tRNAs bound to the slippery 

site. The reason that the slippery site is constrained to be in the form N NNW WWH (spaces reflect 0-

frame) is because this sequence pattern allows for re-pairing of the tRNA to the -1 frame. Some slippery 

sequences which stimulate frameshifting do not conform to this motif261. For the -1 frame tRNAs, the 

only base pair mismatches occur at the first tRNA base, so the -1 frame looks like NNN WWW H, where 

red text shows a mismatch. Often, however, due to N being the same as W in many functional slippery 

sequences (4 out of 22 possible)3, and these being over-represented181, there is no mismatch at the first red 

N. Additionally, many frameshifts contain instances whereby H and W are equivalent, thereby removing 

the second mismatch. Mutational studies have revealed that heptameric U repeats (i.e. 7 Us in a row. 

U=N=W=H) can stimulate low levels of frameshifting even without a stimulatory structure61.  

The stimulatory structure provides a barrier to the elongation of the ribosome, pausing it over the 

slippery sequence. This region is located at 3.3-4.3nm from the slippery site, the sum of the spacer length 

(3.3nm 20)and the distance to the barrier of the pseudoknot (~1-2nm 21,145,262). This is an additional reason 

why the possible spacer lengths are usually within a range of 5-8nt263. Such a mechanism has been 

suggested in studies predicting frameshifting based on the free energy difference between 0 and -1 states 

reversing in this region20 (Figure 14). Due to steric constraints, only single stranded RNA (ssRNA) may 

enter the ribosomal entry tunnel264–267. As such, any secondary or tertiary structure ‘roadblocks’ must be 

unwound if the ribosome is to continue elongation67,268–274. This unwinding occurs via two ribosomal 

mechanisms275,276, and the ribosomal dynamics during unwinding has been investigated in many 

studies152,165,277–294. 
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Figure 13: Frameshifting efficiency correlates with conformational plasticity, as defined by the fraction 

of molecules alternatively folded. Source:21
 

 

Figure 14: Energetic predictions suggest ribosomal frameshifting occurs where the energy of the -1 frame becomes less than the 

0 frame energy. This occurs in a window between 3.3 and 4.3nm. Source: 20 
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2.2.3 Ribosomal Mechanics 

The ribosome gains the energy required for motion via the hydrolysis of guanine triphosphate 

(GTP) by elongation factor G (EF-G)295. A ribosome encountering a blockage must first unwind the 

messenger RNA before it may proceed. The ribosome uses two distinct and active mechanisms for 

unfolding messenger RNA (mRNA) during translation275. The first mechanism reflects a common 

mechanism in molecular motors, known as the ‘thermal ratchet’, which leverages thermal fluctuations 

towards motion in a single direction by preventing backwards motion296–298. In the case of unfolding 

mRNA, the ribosome stabilizes the open state, thereby biasing the mRNA towards unfolded275. In the 

second mechanism, the ribosome translocates by actively applying force to the closed state, mechanically 

unfolding it. An analysis of prokaryotic ribosomal translocation speeds found an exponential dependence 

of speed on opposing force, with a zero-force rate of 2.9 codons/s (3 nm/s) and moves in discrete steps 

with characteristic distance of 1.4 nm299 or 1.7nm165, depending on the study; these distances are 

comparable to the distance of 1.48 nm between A- and P- site codons300. The eukaryotic ribosome also 

moves in discrete steps of three codons, with an average elongation rate of 5.6 codons/s 301,302.  

The prokaryotic ribosome has been observed to stall at 13±2 pN‡ 165. Encountering mechanically 

stable structures causes the ribosome to pause, as the structure obstructs the ribosomal entry tunnel268. 

                                                           
‡ Another study has inferred the eukaryotic ribosome stalling force to be 26.5±1 pN303 , though this study is more 

unreliable than the study producing the value of 13±2 pN for the prokaryotic ribosome. The study of the eukaryotic 

value monitors translation of mRNA bound with antisense oligonucleotides of varying binding stabilities. From this, 

the stalling force is inferred, from the exponential dependence of a rate on ΔG. This value is less trustworthy, 

coming from a less direct observation of ribosomal stalling than the 13±2 pN value, which uses an optical tweezers 

setup to directly measure the change in ribosome velocity with increasing force.  

 

Studies of the RNA polymerase motor may be applicable to the stall force of the ribosome, though they would be 

expected to be higher. A 1998 study by Wang et al. produced an RNA polymerase (RNAP) stalling force of 25±2 

pN (mean ± SEM) for solution concentrations of 1mM triphosphate (NTP) and 1 μM pyrophosphate (PPi). For 

alternate solution conditions of 1mM NTP and 1 μM PPi, the stall force was 23±2 pN304. A 2003 study by Neuman 

et al. observed halting of RNAP only in the presence of forces above 27pN305. However, some studies have shown a 

much lower stall force. A 2000 study by Davenport did not observe transcription by RNAP above 15pN306. Another 

previous 1995 study by Yin et al. produced a stall force of 12±1 pN for both reversible and irreversible stalls307.  

 

Presently, our best estimate of the ribosomal stalling force is the 13±2 pN figure, given that the experimental 

methodology involved applying a force to the ribosome and observing the drop in translation with increased 

opposing force165. 



19 

Stall duration does not correlate with frameshift efficiency, though stalling appears to be a feature of 

frameshifting268,269,308 and frameshifted ribosomes pause ten times longer than non-frameshifted 

ribosomes309. Furthermore, the ribosome stalling force of 13±2 pN corresponds to a mechanical work 

value of 19 pN·nm=5 kBT when one takes the product of the stalling force and the step distance (1.48 

nm).  

 Other studies of ribosomal dynamics have been undertaken. One recent study used Förster 

resonance energy transfer (FRET)310, which is capable of accurately measuring the distance between two 

dyes311. These dyes can be attached at different locations of molecules of interest in order to determine the 

conformational dynamics of a system312,313. With the knowledge that PRF efficiencies are correlated with 

conformational plasticity21,83, a 2018 study by Wu et al. used FRET to uncover the translocation kinetics 

of ribosomes undergoing ribosomal frameshifting152. They classify different conformations of the 

ribosome-mRNA-tRNA complex and assign them to different FRET levels, finding a significant 

association between the durations of certain conformations and -1 PRF efficiency. 

 Another approach is to examine the structural characteristics of PRF stimulatory structures absent 

ribosomes. Several studies have studied the role of mRNA tension in frameshifting, by mutational studies 

of known frameshift stimulatory structures. These studies suggest a correlation between the unfolding 

force of mRNA pseudoknots and frameshift efficiency142,143. Another computational study found a strong 

positive correlation between the average unfolding force in a range of spacer extension from 3.3 to 4.3 nm 

20. Another study suggests that frameshift efficiency bears little correlation to mechanical parameters, 

though a correlation was found between unfolding rates around 24pN with frameshift efficiency145.  

 Other studies find no such relationship between stimulatory structure mechanical stability and 

frameshifting efficiency21,65,150,314. A strong relationship between the conformational plasticity of 

pseudoknots and their frameshift efficiency has been suggested through several studies21,83,152 (Figure 13). 

While a clear mechanism eludes current understanding, several studies have closely examined the 

translocational dynamics of the ribosome at a frameshift site152,315, revealing back and forth motions 
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(Figure 15). It has been hypothesized that conformational heterogeneity induces fluctuations in mRNA 

tension when the stimulatory structure (Figure 12) switches conformation; thereby causing the ribosome 

to shift reading frame21. This relationship motivates the study of the structural characteristics of high 

efficiency frameshifting pseudoknots.   

 

Figure 15: The ribosome moves in discrete sized movements, given by the length of a codon (1.7nm). At 

the slippery site, excursions on the order of 0.5s occur before resolution into the -1 frame. Source:315. 

3. Biology and evolution of the WNV frameshift signal 

 We will examine the WNV frameshift signal in greater detail in this chapter, providing details 

regarding its potential utility from a biological and evolutionary standpoint, as well as an overview of the 

epidemiology of WNV and related flaviviruses, providing a potential motivation for studying PRF in 

WNV.  

3.1 Structure of the WNV frameshift signal 
 The apparent relationship between conformational plasticity and frameshift efficiency motivates 

the study of the West Nile virus (WNV) frameshift signal (NY strain, accession number NC_009942316), 
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which features a very high frameshifting efficiency of ~70%139, one of the highest observed (Figure 16). 

Likewise, the WNV frameshift signal’s wild type (WT) sequence is highly structurally plastic, with 

structural predictions producing three distinct structures: a 61 nt H-type pseudoknot153, a set of dual 

hairpins (38nt and 71nt)139, and a 109nt pseudoknot139 (Figure 16). 

 

Figure 16: West Nile virus exhibits high structural plasticity and has a high frameshift efficiency. Main 

figure. Predicted structures from Atkins 2009 (PKS)153 and Moomau 2016 (SLL and PKL)139. Inset shows 

frameshift percentage for 129 nt WNV NY long sequence and a 75 nt short sequence. Source: Adapted 

from 139,153 

The methods used for determining the structure of the WNV PRF stimulatory structure have been 

Selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE)317 and bioinformatic 

predictions153. The former method is an experimental technique designed to study local backbone 

flexibility in RNA. The fundamental principle of SHAPE is that flexible RNA bases are more reactive to 

hydroxyl-selective electrophilic reagents such as N-Methylisatoic Anhydride (NMIA)318 or 1-methyl-7-

nitroisatoic anhydride (1M7)319, forming an adduct on the 2’ hydroxyl group of RNA (2’-O-adducts)320. 

Once the RNA has been exposed to NMIA or 1M7 and adducts have formed, a 5′ radio-labelled 

complementary DNA primer is annealed to the RNA, and the primer is extended via reverse 

transcriptase317. The 2’-O-adducts disrupt the process of primer extension by reverse transcriptase321, 

making a primer extension stop more likely near regions of high adduct formation (i.e. higher RNA local 

flexibility). This creates a range of DNA lengths which can then be separated based on length by high-
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resolution gel electrophoresis or deep sequencing322–325 and compared to a control that is reverse 

transcribed in the absence of NMIA. The distribution of stops will reflect the local flexibility of the RNA 

structure. This information may then be used by secondary structure prediction software to constrain the 

possible structures326. 

The second method involved the use of the RNA secondary structure predictors RNAfold327, 

pknots328, and manual inspection of possible base pairs329. Structural homology between conserved 

sequences of the JEV serogroup, found via alidot330,331 was also used to inform predictions, as differences 

in nucleotide sequence retained secondary structure153 and the frameshift products are found within 

studied members (JEV332–335,MVEV334,336,337 and WNV334). 

3.2 Frameshift in WNV: Biological implications 
  

 West Nile virus is a positive sense RNA virus338–340 with an 11kb long viral genome341–344, coding 

for a single polyprotein which is cleaved120,123,345–349 into three structural (capsid, C350; precursor 

membrane and membrane, prM/M351; envelope, E352) and seven non-structural353 (NS1354, NS2A355, 

NS2B356, NS3349, NS4A357, NS4B358, NS5359) proteins 360,361. The cleavage of a single polyprotein by host 

and viral proteases is common in flaviviruses345,362,363, and consequently produces near equimolar 

concentrations for all proteins363. Alterations from this ratio can weaken a virus; for example, the 

introduction of an internal ribosome entry site (IRES) between the C and prM genes of Murray Valley 

Encephalitic Virus, a close relative to WNV, changes the molar ratio of C to all other proteins, resulting 

in greatly reduced virulence363. This approach has been applied in vaccines for the Chikungunya virus 

(CHIKV)364 and the Venezuelan equine encephalitis virus (VEEV)365–367. 

There is a wide body of evidence supporting the notion of PRF as a function having utility in 

viruses368. This rise in utility may be due to effects on gene expression27,252, or through the expression of 

novel proteins99, or some combination of the two.  For a PRF site, any proteins prior to the frameshift 

have their proportions increased. In the case of West Nile Virus, the frameshift increases the ratios of the 
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three structural proteins (capsid, C; envelope, E; premembrane, prM) as well as the mutant NS1', to the 

last six non-structural proteins (NS2A, NS2B, NS3, NS4A, NS4B and NS5) (Figure 17). Additionally, it 

is thought that the optimal ratio of proteins may change with stage of virus infection, with the envelope 

protein in particular having a great impact on viral effectiveness at early stages of infection369. The impact 

of solution, i.e. cellular, conditions on frameshift efficiency has not been well studied, but could present a 

mechanism by which protein ratios are tuned for a particular stage of infection3 

 

Figure 17: Depiction of the WNV polyprotein in the 0 frame (top) and -1 frame (bottom). The –1 frame 

polyprotein extends the C-terminus of the NS1 protein, and avoids expressing the proteins after NS1. This 

increases the ratio of structural proteins and NS1' relative to other non-structural proteins. Source:137 

(CC BY) 

For the case of the NS1' frameshift in WNV, the structural proteins and NS1' (which is a C-

terminal extension of NS1) have their ratios increased by this frameshift. The presence of the NS1` 

frameshift has utility for the virus, evidenced by the reduced pathogenicity of WNV138 and 

JEV135,370when NS1' is removed. It is unsure how PRF achieves this increase, though we discuss the 

changes it produces at the biological level. 

The role of the NS1 protein in flaviviruses has been the subject of much research138,354,371,371–373, 

and its structure has been characterized through X-ray crystallography371. Further research on the role of 
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NS1 suggests that it is necessary for the formation of the WNV replication complex374. The replication 

complex is the machinery required to reproduce the components of a virus and package them within the 

viral capsid375,376.  

The mutant NS1' is a 52 amino acid (aa) C-terminally extended form of the NS1 protein, meaning 

that it is merely an ‘extension’ of an already existing protein138,153,332,333. Furthermore, studies show that 

the NS1' protein is localised to the same cellular compartment as NS1, and appears to have the same role 

in replication as NS1354,374. NS1' has, in addition, been shown to have a higher cellular retention than 

NS1377, meaning it is secreted less often. 

Additionally, NS1' seems to create heat-stable dimers, unique to WNV. JEV377,378 and MVEV377, 

lack these dimers, although NS1/NS1' heterodimers have been observed in WNV377, JEV378,379 and 

MVEV334. Additionally, NS1' dimers appear to have greater stability at low pH than NS1 dimers, which 

possess high stability at pH 3.5 380, and even maintained partial stability at pH 2.2 377. 

This increased stability and cellular retention appears to be a sequence-dependent property of the 

first 10 aa of the last 20 aa of NS1'. Mutant sequences were formed, truncating the last 20 aa of NS1’, and 

subsequently, tests showed decreased stability and loss of cellular retention. This is likely to be a 

sequence dependent effect, rather than an effect merely depending on the length of the protein377, 

suggesting that the frameshift achieves these greater stabilities for the NS1' protein by accessing the 

codons ‘hidden’ in the -1 frame at the 5′ (N-terminal) end of NS2A.  

 These properties may not be important for viral pathogenesis however, as 20 aa truncation does 

not appear to have a large effect on virus pathogenicity, suggesting that the increased neuroinvasiveness 

in PRF sequences is a property of the frameshift itself, and not of the novel gene product (at least not the 

last 20 aa). Additionally, NS1' expression in JEV does not appear to enhance virulence in mice381. This 

provides support for the hypothesis that the positive effect of frameshifting emerges from the ability to 

alter the ratios of expressed proteins, particularly by increasing the ratio of structural proteins and NS1 to 
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the other non-structural proteins137. Accompanying this discussion about the possible effects of the NS1’ 

frameshift at the molecular level, we will also discuss the evolution of the NS1' frameshift.  

3.3 Flaviviral evolution 
 Multiple reconstructions of the phylogenetic tree of flaviviruses have been created55,382–386 using 

bioinformatic approaches387–389, which infer an evolutionary history from known present genomic data. 

Often, mutation rates are used to predict divergence times390–394; additionally, geographic and historical 

data may be used to clarify and calibrate certain evolutionary divergences, as in reconstructing ancient 

human migrations395,396, or more recent viral outbreaks397–399.  

In the case of flaviviruses, yellow fever virus55,400,401 (YFV) and dengue virus55,401,402 (DENV) are 

thought to have come to the Americas via the slave trade, and historical records of slave voyages are used 

to clarify the viral phylogenies55. Additionally, more recent outbreaks also present data points in 

constructing a picture of flaviviral evolution, such as the introduction of WNV to New York in 1999403, 

likely coming from infected birds and mosquitos on international flights401,404,405. 

From this historical and genetic data, the phylogenetic tree of flaviviruses was constructed most 

recently by Mooreau et al. in 201555. Intriguingly, there are distinct nodes on the evolutionary tree 

whereby the presence of functional PRF is dichotomous, allowing one to observe the attributes separating 

functional PRF from lack of PRF. Node C of Figure 18 represents such a juncture, as SLEV, which has 

69% identity with WNV341,406, does not possess a computationally predicted frameshift stimulatory 

element55,153. It remains somewhat ambiguous whether or not cacipacore virus (CPCV) induces 

frameshifting or not, as it possesses a slippery sequence; but no predicted stimulatory structure55. All of 

the clade having node B1 as an ancestor appears to have frameshifting, with the possible exception of the 

Yaoundé virus55 (YAOV), which possesses a slippery sequence and has a predicted stem-loop structure 

that could potentially stimulate frameshifting, as one does in the HIV frameshift signal27,66,166. For Usutu 

virus (USUV), Koutango virus (KOUV), Murray Valley encephalitic virus (MVEV), and the closely 

related Murray Valley encephalitic virus-Alfuy (ALFV), the only evidence for frameshifting comes from 
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bioinformatic predictions 19,138,153. For JEV135,138 and WNV137,139 (including Kunjin strain (KUNV)), 

frameshifting has been both shown to occur, through the production of NS1', as well as shown to be 

associated with neuroinvasiveness. 

 

Figure 18: Phylogenetic reconstruction of family flaviviridae. Blue lines show error in node 

position, red names represent New World (NW) origin, whereas black names represent old world (OW) 

origin. Source: 55 (CC BY) 
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3.4 Epidemiology of WNV 
West Nile virus was discovered in 1937 in Uganda from a case of fever407. Early outbreaks of 

WNV were characterized only by a mild fever408–415; neuroinvasive disease associated with WNV was not 

discovered until a case among elderly Israelis in 1957415. Subsequent outbreaks of the more serious West 

Nile neuroinvasive disease (WNND) have occurred in multiple locations since then416–419. The frequency, 

severity and range of WNV greatly increased in the mid 1990s407. West Nile virus came to North America 

in 1999, making landfall in New York420–424, thought to have come via infected birds or mosquitos on an 

international flight404,420,425,426. Within three years of the original New York outbreak, the virus had spread 

to neighboring Mexico and Canada407. Between 1999 and 2017 in the USA, WNV has been reported in 

48,183 cases, of which 22,999 have been neuroinvasive (Figure 19), and has resulted in 2,163 deaths 

(Figure 20)427.  

 

Figure 19: Cases of WNV from 1999 to 2017 (total, blue; neurodegenerative, red). Source: Adapted 

from427 
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Figure 20: Deaths from West Nile Virus in the USA from 1999 to 2017. Source: Adapted from 427 

The spread of WNV to Canada began in the summer of 2001, when WNV was detected in dead 

birds and mosquito pools in Ontario428–430. Clinical cases emerged in 2002 in Quebec and Ontario430, and 

spread to Manitoba, Saskatchewan and Alberta in the subsequent year, finally making landfall in British 

Columbia in 2009431. There have been approximately 5700 human cases in Canada since 2002407,432, and it 

has resulted in 48 deaths in Canada since 2013, including 26 deaths in 2018 (Figure 21)432. West Nile 

virus currently covers a wide geographic area407, and is considered one of the most important causative 

agents of viral encephalitis worldwide407, along with Japanese encephalitic virus433–436. 
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Figure 21: Cases of WNV in Canada from 2002 to 2017. Source: Adapted from 407,432
 

 

 West Nile Virus is likely to remain an endemic virus within Canada as birds, horses and other 

wildlife serve as a reservoir for the disease437–444. Human infection occurs most frequently via bites from 

infected mosquitos that fed on infected birds445–449. Birds and other animals are capable of infecting 

mosquitos because they produce sufficient viremia, whereas humans do not produce sufficient viremia to 

infect mosquitos450,451. While rarely transmitting from human to human, it may be transmitted via blood 

transfusion452–455, organ transplant456, from mother-to-child during pregnancy457,458 and via 

breastfeeding459–463. 

Thus far, a vaccine does not exist for WNV in humans, though four vaccines are available for 

horses464–468 which have been effective in previous outbreaks and trials469–473. So far, some therapeutics, 

such as human immunoglobulin474 and interferon-alpha475–479 have been applied with limited success. 

While the human cost of West Nile virus and other highly related flaviviruses provides suitable 

motivation for an understanding of  its PRF mechanism, other viruses possess high relatedness with 
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WNV55 and have a very similar PRF motif153. It is possible that a study of this PRF motif may provide 

insights into means of disrupting other highly similar viruses of the JEV serogroup (e.g. Murray Valley 

Encephalitis virus, MVEV; Kunjin virus, KUNV; St. Louis Encephalitic virus, SLEV; Alfuy virus, 

ALFV; Usutu virus, USUV; Koutango virus, KOUV)55. Furthermore, more general insights into 

frameshifting may be discovered, and allow for therapeutic targeting of PRF in viruses480. 
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4. Methods 

This thesis uses optical tweezers to perform single molecule force spectroscopy (SMFS) on the West 

Nile Virus frameshift signal. This section describes the physical principles behind optical tweezers, how 

samples are prepared and measured, and how subsequent analysis of the data works.  

4.1 Single-molecule force spectroscopy 

 Prior to the advent of experimental technology and methods allowing one to study single 

molecules, information about biomolecules typically came from measurements performed on large 

ensembles of biomolecules. While useful for determining some properties of nucleic acids, such as 

thermal stability, more information could be garnered by examining individual biomolecules. Single-

molecule approaches allow one to examine transient states, rare conformations and dynamic behaviour of 

single molecules. Additionally, single-molecule approaches can examine sub-populations, which are lost 

in ensemble studies by averaging over many molecules.  

 Single-molecule force spectroscopy (SMFS) encompasses a variety of methods, including optical 

tweezers (OT, Figure 24), magnetic tweezers (MT, Figure 23), and atomic force microscopy (AFM, 

Figure 22). Molecular conformational changes may also be probed through other methods such as single-

molecule Forster resonant energy transfer (smFRET), which are used standalone, or in conjunction with 

SMFS for additional detail. 
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Figure 22: Atomic force microscopy of single biomolecules. Fluctuations in the cantilever with a known 

stiffness result in movements reflected by the reflection of a laser onto a position sensitive device (PSD). 

Source:481 

 

 

Figure 23: Force/torque spectroscopy by magnetic tweezers. Source:481 

 

 

Figure 24: Single-molecule force spectroscopy of nucleic acid construct. Increasing force causes the 

construct to unfold, often through a series of intermediates. Source: 482 
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4.1.1 Sample Preparation 

  SMFS measures the extension of a single biomolecule under an applied force. The nucleic acid 

construct, typically a biomolecule on the order of ~10-100nm, is annealed to kb long handles which may 

then be attached to the probe. For optical and magnetic tweezers, the probe is a dielectric bead or super-

paramagnetic bead respectively, whereas for AFM, it is a cantilever. Attachments of handles to beads are 

made via molecular interactions; streptavidin, a protein purified from Streptomyces avidinii, binds with 

high affinity to biotin with a dissociation constant of roughly 10-15 M 483. It is possible to synthesize 

biotin-labelled (d)UTP to create biotinylated nucleic acids484, which will attach to streptavidin coated 

beads. Digoxigenin, a protein found in the flowers and leaves of digitalis plants, binds with anti-

digoxigenin with an affinity of approximately 10-9 M 485. Additionally, digoxigenin-labelled (d) UTP can 

be synthesized into handles, binding to anti-digoxigenin labelled beads.  

Before attachment to handles, beads are sonicated (agitated with sound waves) to break up any 

aggregates. Beads are attached to the full molecular construct via incubation at room temperature. The 

experimental solution consists of 50 mM 3-(N-morpholino) propanesulfonic acid (MOPS), pH 7.0, 130 

mM KCl, 4 mM MgCl2. The purpose of MOPS buffer is to prevent changes in pH over the course of the 

experiment. Solution conditions are chosen to be permissive to RNA folding in terms of pH486 and ionic 

strength487. While our experiment is not looking to replicate in vivo conditions, typical mammalian cells 

have comparable values. A mammalian cell has a monovalent salt concentration of 150mM and a divalent 

salt concentration of approximately 1mM488,489, while our experiments take place at concentrations of 

130mM for monovalent and 4mM for divalent. Additionally, the pH is similar, as human cells have a 

slightly basic pH of 7.4 490, and experiments take place at pH 7.0.  

One issue with optical trapping experiments is the gradual accumulation of reactive oxygen 

species in solution via photodissociation of O2 by laser light491,492. An oxygen scavenging system is added 

to reduce oxidative damage to the construct via removal of molecular O2 by oxidizing glucose. The 

oxygen scavenging system consists of glucose oxidase, glucose and catalase (Figure 25). Two glucose 
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molecules react with two water and two O2 (catalyzed by glucose oxidase) to form two molecules of 

gluconic acid and two molecules of hydrogen peroxide (H2O2). The two molecules of hydrogen peroxide 

are converted to two water molecules and an O2 molecule via catalase. The net effect of these two 

processes is two molecules of glucose and one molecule of O2 being converted into two molecules of 

gluconic acid (Figure 25). 

 

Figure 25: Oxygen scavenging reactions. Top. In the first reaction, catalyzed by glucose oxidase, two 

glucose molecules react with two O2 ,molecules and two molecules of water to form two molecules of 

gluconic acid and two molecules of H2O2. The lower reaction converts two molecules of H2O2 to two 

molecules of water and one molecule of diatomic oxygen. Bottom. The net reaction is going from two 

molecules of glucose and  one molecule O2 to two molecules of gluconic acid.493 

 Additionally, ribonuclease (RNAse) inhibitor is included, to prevent ribonucleases from 

degrading the construct494. RNAses exist on skin, in dust suspended in the air, and on bench surfaces. As 

such, their ubiquity motivates anti-contamination measures such as storing pipette tips in a sealed 

container, cleaning work surfaces judiciously with RNAse inactivating agents, and having dedicated 

pipettes for RNA work to avoid nuclease contamination495.  
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4.1.2 Slide Preparation 

 A sample slide is prepared, consisting of a narrow channel formed between two glass cover slides 

held together with two-sided tape. The glass is cleaned with dilute ethanol and plasma-cleaned to remove 

any contamination, prior to forming the channel. Sample solution is injected into the gap between cover 

slides and sealed with vacuum grease (Figure 26). At the optical tweezers apparatus, immersion oil is 

used on the objective lens, and the microscope is focused visually. Dumbbells are found by searching 

manually, usually in a raster fashion, over the microscope slide. Position is calibrated before every set of 

pulls. For measurements, position is changed linearly until a maximum force is reached, position is then 

linearly decreased until force is zero, producing the associated force-extension curve. This cycle may be 

repeated up to hundreds of times before a given molecule breaks.  

 

Figure 26: Flow cell schematic. Source496
 

4.1.3 Optical Tweezers Measurements 

 Optical tweezers, developed in the late 1980s497, allow for the trapping of small particles in a 

beam of laser light. The trapped particle is held in an approximately quadratic potential, experiencing a 

Hookean restoring force when perturbed. Additionally, the bead experiences a scattering force in the 

direction of light propagation.498 
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 The scattering force on a spherical, isotropic particle of comparable wavelength to the incident 

light was first derived by Gustav Mie in 1908499. Rayleigh had previously developed equations for 

scattering by small particles of radius a<<λ 500. In the Rayleigh regime, scattering forces are given by 

Equation 1 below, where I0 is the intensity of the incident light, σ the scattering cross section, nm the index 

of refraction of the medium (water nm=1.33), c the speed of light in a vacuum, λ the wavelength of the 

trapping beam and m the ratio of the index of refraction of the particle to that of the medium (m=np/nm) 

498.  

Equation 1: Scattering force of a particle in Rayleigh regime 

�⃑�𝑠𝑐𝑎𝑡𝑡 =
𝐼0𝜎𝑛𝑚

𝑐
�̂� 

𝜎 =
128𝜋5𝑎6

3𝜆4 (
𝑚2 − 1

𝑚2 + 2
)

2

 

 The trapping beam used is in the infrared regime, with a wavelength of 1064nm. The radii of the 

polystyrene beads used in the experiment were 300 and 410nm for the avidin DN (Vector Labs) and anti-

digoxigenin (Roche) labelled beads respectively. The beads’ radii are of the same order of magnitude as 

the trapping beam, so the Rayleigh approximation breaks down, though it is still informative. 

The other important force is the gradient force. For a particle within an electric field �⃑⃑�(𝑟, 𝑡) with 

intensity profile 𝐼(𝑟), the gradient force for a dipole with polarizability 𝑝(𝑟, 𝑡) is given by: 

Equation 2: Gradient force on a particle 

�⃑�grad(𝑟) = [𝑝(𝑟, 𝑡) ∙ 𝛻]�⃑⃑�(𝑟, 𝑡) = (
2𝜋𝑛𝑚𝑎3

𝑐
)(

𝑚2−1

𝑚2+2
)𝛻𝐼(𝑟). 

The total force is given by �⃑�(𝑟) = �⃑�𝑠𝑐𝑎𝑡𝑡(𝑟) + �⃑�𝑔𝑟𝑎𝑑(𝑟) , and in order for trapping to occur, the 

minimum force along the z-axis must be negative501. Another condition is that the trapping potential, 

given by 𝑉(𝑟) = −
2𝜋𝑛𝑚𝑎3

𝑐
(

𝑚2−1

𝑚2+2
)∇𝐼(𝑟), must have a much larger (~10x) well depth than the average 
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kinetic energy of the nanosphere, which is 
1

2
𝑘𝐵𝑇 in each direction, where kB is the Boltzmann constant 

and T is the temperature501.  

 4.1.3.1 Position calibration 

Bead position is measured via the deflection of the trapping beam onto a position-sensitive 

detector (PSD). The PSD consists of two layers of laminar semiconductor. When a photon of light 

encounters a PIN photodiode, it creates and electron hole pair and a concomitant current (Figure 27). The 

resistance of the photodiode is constant throughout the layer, so light incident closer to a given side will 

have a larger current on that side. The position is proportional to the difference signal divided by the sum 

signal. The proportionality constants kx, y are determined via corroborating a known displacement of the 

piezoelectric stage to the ratio of the difference signal to the sum signal. The location of the light’s 

incidence on the PIN photodiode is calculated via  

Equation 3: Position of incidence of light on a PSD. 

𝑥 = 𝑘𝑥 ∗
𝐼𝑥1 − 𝐼𝑥2

𝐼𝑥1 + 𝐼𝑥2
 

𝑦 = 𝑘𝑦 ∗
𝐼𝑦1 − 𝐼𝑦2

𝐼𝑦1 + 𝐼𝑦2
 

where I is the current or voltage measured. 

 

Figure 27: Schematic of position sensitive device (PSD). Source: Revised from Wikipedia, author 

Andycui1 (CC BY-SA 3.0) 
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Furthermore, one also needs to align the trapping beam with the PSD center, and be able to 

determine the proportionality between given deflections of the trapping beam using an acoustic-optical 

device (AOD). AODs respond within microseconds of a signal change, offering better response times 

than other deflection methods such as tilt-capable mirrors502. 

 4.1.3.2 AODs    

 Acoustic-Optical Devices (AODs) act by transducing an AC electrical signal into a sound wave 

via a piezo-electric transducer. The sound wave propagates through a crystal, tellurium dioxide (TeO2) in 

our experiment, creating evenly-spaced regions of high and low density503. The index of refraction n is 

related to the density by the following relations: 

Gladstone-Dale Law 

𝑛 − 1

𝜌
= 𝐶𝑀−𝑢 

Lorentz-Lorenz Law 

𝑛2 − 1

(𝑛2 + 2)𝜌
= 𝐾𝑀−𝑣 

Drude Law 

𝑛2 − 1

𝜌
= 𝐶𝑑𝑟𝑢𝑑𝑒 

 

where ρ is the density, C and K are material constants, u and v are empirical constants approximately 

equal to 0.4, and M is the average atomic mass504. In the relevant regimes for TeO2 crystal, refractive 

index increases monotonically with ρ. Importantly, an incident sound wave on a TeO2 crystal creates 

periodic regions of low and high density, behaving similar to a diffraction grating for incident light.  
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For light incident normal (Debye-Sears regime) to an AOD surface, the deflection angles are given by 

𝜃𝐷 = 𝑛𝜆/Ʌ, where n is the deflection order, λ is the wavelength of the incident light, and Ʌ is the acoustic 

wavelength. Deflection efficiencies increase with greater sound wave amplitude, which makes the 

differentials in density larger. This subsequently increases the magnitude of refractive index differences. 

Modification of the sound wave frequency changes the spacing between regions of higher density, 

allowing for modification of the deflection angle. For a diffraction grating, the deflection angle for 

normally incident light is sin (
𝜃

2
) = 𝜆/2Ʌ, where Ʌ is the period of the diffraction grating and λ is the 

wavelength of the incident light. This reduces to 𝜃 ≈ 𝜆/Ʌ in the small angle regime. One can then 

modulate the deflection angle by changing the driving frequency of the piezoelectric device (Figure 28).  

 

Figure 28: Deflection of incident light by a sound wave. Source: 503 

 In order to find a proportion between the frequency change of an AOD and the actual position of 

a trap, we reposition the trap a known distance away by changing the input frequency to the AOD, from 

this we may determine the scaling between change in AOD driving frequency and distance in the sample 

plane. Furthermore, with a calibrated position detector, one can trap a bead, move it by varying the AOD 

input frequency, and measure its subsequent position using the detection laser and PSD.  
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 4.1.3.3 Force Calibration 

In order to calculate the force, it is necessary to calculate the stiffness constant α of the system. 

Stiffness may be calculated in several different ways; these are by power spectrum, Stokes drag, and 

variance505. 

 4.1.3.4 Power spectrum 

 The thermal motion of beads within an optical trap can be used to calculate the trap stiffness. The 

power spectral density for Brownian motion of a spherical particle in a harmonic potential is 

Equation 4: Power spectrum 

𝑆𝑥𝑥(𝑓) =
𝑘𝐵𝑇

𝜋2 𝛽(𝑓0
2 + 𝑓2)

 

𝛽 = 6𝜋𝜂𝑎, 

where kB is Boltzmann’s constant, T is the absolute temperature, f0 is the roll off frequency, β is the 

hydrodynamic drag coefficient, η is the viscosity of the medium, and a is the bead radius. This is shown 

in Figure 29. For cases where the bead’s center is a distance z from a surface, the value of β must be 

corrected with Faxen’s law. 

Equation 5: Faxen's law correction for motion near a surface 

𝛽 =
6𝜋𝜂𝑎

[1 −
9

16 (
𝑎
𝑧) +

1
8 (

𝑎
𝑧)

3
−

45
256

(
𝑎
𝑧)

4
−

1
16 (

𝑎
𝑧)

5
]
 

The trap stiffness is related to these parameters by 𝛼 = 2𝜋𝛽𝑓0.  
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Figure 29: Power spectral density plot for bead trapped in x (pulling axis) and y (perpendicular to 

pulling axis).  

 Stokes Drag 

Another complementary method for determining the trap stiffness is via observing the motions of 

a bead being driven by a triangular driving force of amplitude A0 and frequency f. This results in a square 

wave of force being applied to the bead, with bead motion given by 

Equation 6: Bead motion under triangular driving force in viscous medium 

𝑥(𝑡) =
𝛽𝐴0𝑓

2𝛼
[1 − 𝑒

−(
𝛼

𝛽
)𝑡 

] , 

where β is the drag coefficient of the bead and α is the trap stiffness. The value for β  requires Faxen’s 

correction, given by Equation 5. Typically, only the asymptotic value 
𝛽𝐴0𝑓

2𝛼
 is used to estimate the trap 

stiffness, as this is easiest to fit.  

 Variance 

The variance method uses the equipartition theorem for an object in a harmonic potential to 

determine the stiffness. For any object in a harmonic potential with stiffness α, the equipartition theorem 

states that 
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Equation 7: Equipartition theorem 

1

2
𝑘𝐵𝑇 =

1

2
𝛼⟨𝑥2⟩, 

where x is the displacement from equilibrium. By measuring the variance in position, one can determine 

the stiffness without any prior knowledge of the bead’s drag coefficient.  

4.2 Analysis 

The basic data structure for force-ramp experiments is the force-extension curve (FEC), a plot 

which yields much information. This section will explore what information may be garnered from a 

collection of FECs. First we will have a brief overview of the interpretation of FECs, showing how states 

and transitions can be determined. Secondly we will examine properties of conformational states that may 

be determined from FECs; these will demonstrate assignment of structural conformation and illustrate 

how to determine the properties of individual structures (contour length, unfolding force and free energy). 

Thirdly we will examine the properties of individual transitions, examining kinetic parameters.  

4.2.1 Properties of biopolymers 

We will begin, prior to the discussion of given structural states, by first defining the mechanical 

properties of biomolecules. As previously described, the assay consists of a molecular construct annealed 

to handles, which are attached to polystyrene beads via protein linkages. A common model used to 

describe the force-response of biomolecular chains is the Extensible Worm-Like Chain (EWLC hereby 

referred to as WLC) model, which consists of a continuously flexible rod506,507 (Figure 30).  
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Figure 30: Worm-like chain model 

This rod is defined by several key parameters:  

 The contour length Lc: the total length along the backbone of the rod 

 The persistence length Lp: the characteristic decay length for correlations between tangent 

segments 〈�̂�(𝑠) ∙ �̂�(0)〉 = 〈cos(𝜃(𝑠))〉 = 𝑒−𝑠/𝑃   

 The stretch modulus K 

The Hamiltonian of the system can be decomposed into three distinct terms: the entropic, enthalpic 

and external (from the applied force). The entropic term favors a short extension, owing to the greater 

number of conformations where segments are unaligned, additionally, the enthalpic term also favors a 

shorter extension, owing to the increase in energy concomitant with stretching. These terms compete with 

the external term, which favours extension. The Hamiltonian of the system for a given extension 𝒙 is: 

Equation 8: Hamiltonian for biomolecule under constant pulling force 

𝐻 = 𝐻𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 + 𝐻𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑖𝑐 + 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 =
1

2
𝑘𝐵𝑇 ∫ 𝐿𝑝 (

𝜕2𝑟(𝑠)

𝜕𝑠2 )

2

  
𝐿𝑐

0

𝑑𝑠 +
1

2

𝐾

𝐿𝑐
 𝑥2 − 𝑥𝐹 

 Computing a partition function and finding the most probable force produces the following 

interpolation formula at low force (<10pN) 506: 
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Equation 9: Worm-like chain fitting function 

𝐹𝐿𝑝

𝑘𝐵𝑇
=

1

4
(1 −

𝑥

𝐿𝑐
+

𝐹

𝐾
)

−2
−

1

4
+

𝑥

𝐿𝑐
−

𝐹

𝐾
. 

 Additionally, at higher forces, the relation is well approximated by the following formula: 

Equation 10: WLC in high force limit 

𝑥 = 𝐿𝑐 (1 −
1

2
(

𝑘𝐵𝑇

𝐹𝐿𝑝
)

1
2

+
𝐹

𝐾
) 

 At low forces (<10 pN), the greatest contributions to the increase in length are due to the 

increasing alignment in the polymer backbone (entropic component), this is shown in Figure 31. Between 

10 pN and 40-50pN, the greatest contribution to the Hamiltonian becomes the enthalpic component, the 

stretching of the individual bonds. At approximately 60pN, the overstretching transition occurs, where 

extension changes by a factor of 1.7 without a significant increase in force508. This regime is characterized 

by strand unpeeling, melting bubble formation, and the conversion of the NA from B-form (helical) to S-

form (ladder-like), i.e. the double helix untwists509,510. This turning over limits the range of useful data to 

below 50pN in our experiment. 
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Figure 31: Unfolding of a single molecule511. The unfolding proceeds via (A), the entropic regime, where 

alignment of the polymer backbone causes an increase in extension. (B) The enthalpic regime, where 

increases in extension are largely due to bond stretching. (C) The overstretchign regime, whereby B-DNA 

within the double helix converts to ladder like S-DNA. Additionally, this regime is characterized by strand 

melting and bubble formation, whch are represented by the multiple rips observed in this regime. 

Source:482 

These values are dependent on solution conditions (temperature512, pH486, ionic 

concentration487,513–518 and presence of neutral ‘crowding’ cosolutes519). However, our experiments are all 

taken under constant conditions, and values are close to the literature values for ssRNA (Lp~1nm, 

K~1600pN/nm )487,520 and dsDNA (Lp~50nm, K~1100pN/nm) 511,521–524. 

4.2.2 Properties of states 

 Nucleic acids fold into secondary structure from the formation of intra-molecular base pairs. One 

typical component of secondary structure is the stem-loop or hairpin, which refers to a double helix of 



46 

Watson Crick (canonical base pairing A: T/G: C) base pairs, topped by a loop, typically of four 

nucleotides or more. An example of a stem is shown in Figure 32, consisting of a 13 bp stem with a bulge 

and a 5nt loop.  

 

Figure 32: DNA hairpin consisting of a 20 bp stem with 4 nt loop. Source:525
 

Secondary structures form prior to tertiary structures, such as pseudoknots (example shown in a) 

or other structures such as kissing stem loops, which consist of two stem loops interacting by inter-loop 

contacts. This hierarchical folding is necessary, as tertiary structures contain the secondary contacts, as in 

a, where the pseudoknot consists of two stem loops.  

When a structure is formed, nucleotides are sequestered away from contributing to the contour 

length. Single molecule studies apply force to these structures, thereby rupturing them and causing a 

concomitant increase in contour length (Figure 33 ). The difference in contour length will be equivalent to 

the length of the sequestered nucleotides (0.59nm/nt for ssRNA, 0.62 nm/nt for ssDNA)526,527 minus the 

width of the structure dT (typically 2nm for a hairpin, 2-6 nm for a pseudoknot, though our data suggests 

larger dT values)21,528. For pseudoknots, one can occasionally find the crystal structure of a homologous 

pseudoknot structure, and calculate the dT directly using molecular visualization software such as Visual 

Molecular Dynamics (VMD)529.  
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Figure 33: Fit to multiple branches of the WNV frameshift signal using the worm-like chain (WLC) model 

proposed by Marko and Siggia506. Unfolding forces are shown with arrows. The uppermost arrow 

corresponds to the unfolding of a pseudoknot, and as such has a much higher unfolding force than the 

other states.  

For example, the closest crystal structure for the WNV NC_00942 pseudoknot (b) is the murine 

leukemia virus (MLV), which has a width of 5.6nm530, and has 54nt sequestered in structure (Figure 34), 

as opposed to the WNV pseudoknot with 61nt (36.0 nm unfolded). Assuming a similar dT, this gives a 

contour length change prediction of 30.4nm. 
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Figure 34: The Murine Leukemia Virus (MLV) read-through pseudoknot. Panel A. A visualization in 

VMD529 of the MLV read-through pseudoknot (RCSB ID: 2LC8)530, with a dT of 56 angstroms. Panel B. A 

diagram of the MLV pseudoknot showing base parings. Source: 530 

 Other pseudoknots lacking homologous structures are more difficult to calculate dT, though the 

problem may still be approached. A DNA double helix rises approximately 0.33-0.34 nm/bp531–533, 

whereas an RNA double helix rises 0.27-0.28 nm/bp531,534,535. For the MLV virus, it consists of two 

stacked stems, with 11 and 7 bp respectively, for a total contribution to height of 5.0 nm. Additionally, 

Stem 1 contains 4 unpaired nts (0.59 nm/nt for ssRNA)526, which contribute to the height. It is unclear 

how an asymmetric unpaired nucleotide contributes to height, though we may discount them for now. 

There exists at least one set of unpaired nucleotides in the bulge at residues 8 and 34-35, contributing 0.6 

nm to dT, for a total of 5.6 nm, close to the calculated value.  
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This technique may be used to assign states to certain branches of the force extension curve with 

a computed contour length. Additionally, force determinations can be made by finding the point at which 

the rip occurs. This can present another data point in assigning a state. Tertiary structures, such as 

pseudoknots, tend to have a higher rupture force (20-50 pN)21,151 than mere secondary structures (5-15 

pN)528 , owing to the stabilizing influences of the extra contacts (Figure 35), in addition to increases in 

energetic barrier rigidity536,537. As such, the unfolding force of a state may provide an additional means of 

classifying it.  

 

Figure 35: A classic experiment showcasing the higher unfolding forces of tertiary structure as opposed 

to secondary structure536. Panel A: Stems P5abc of the tetrahymena ribozyme have a higher unfolding 

force in the presence of Mg2+, which facilitates the formation of tertiary contacts (black, unfolding; red, 

refolding). Panel B: Sequence of P5abc with Mg2+ and without (lower). Panel C: Unfolding process 

starting at tertiary contacts in presence of Mg2+. Source:482
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5. Novel Analysis Methods 

5.1 State Assignment 

Assigning states is a challenge in interpreting single-molecule force spectroscopy data. Here we 

present some techniques making this challenge easier. Examining a multi-state FEC, it consists of several 

branches separated by rips. Structurally, branches correspond to states whereas rips correspond to 

transitions between states. Detecting rips allows one to calculate unfolding force distributions, as well as 

determine the boundaries of branches. 

5.1.1 Rip detection 

One technique involves fitting branches in a semi-automated fashion; a program suggests the 

cursor location based on a rip detection schema. The rip detection schema finds outliers from the 

distribution of normalized 𝑟�̅� = √(∆�̅�𝑖)2 + (∆𝐹𝑖)̅̅̅̅ 2, where ∆𝑧�̅� =
∆𝑧𝑖

max(𝑧𝑖)−min(𝑧𝑖)
 and ∆𝑧𝑖 is the forward 

difference of z at i. The additional criterion of the line segment angle φi may be used for additional 

clarification, defined as φi = atan (
∆Fi

∆xi
) (Figure 36). One issue that arises is that rips can often travel 

through multiple points, resulting in multiple shorter-length values of 𝑟�̅�. To obviate this issue, subsequent 

line segments ri⃑⃑⃑ and  ri+1⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  are joined if they are sufficiently aligned, such that |cosθi,i+1| > α, where α is a 

threshold (usually 0.99), where cosθ{i,i+1} =
ri⃑⃑⃑ ⃑ ∙ ri+1  ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑

‖ri⃑⃑⃑ ⃑‖∗‖ri+1⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑‖
 . For each criterion (𝑟�̅�, φi), there is an associated 

distribution which may be thresholded to determine whether or not it is sufficiently anomalous to be 

classified as a rip. For 𝑟�̅�, the threshold is a positive z-score of at least 3, for φi, the upper threshold is the 

first percentile (Figure 37).  

With rips found, branches can be found between rips. The first branch is fit from the user-set start 

point of the FEC to the beginning of the first rip. Subsequent branches are fit from the end of the previous 

rip (point after start of previous rip) to the beginning of the next rip. The final branch is fit between the 

end of the last rip to the last point of the FEC, as specified by the user. With branches found spanning 
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point i to j, relevant information is recorded in a table by an automatic procedure: i, j, xi, xj, Fi, Fj, 𝑊𝑖 =

∫ 𝐹(𝑥)𝑑𝑥
𝑥𝑖

𝑥0
, 𝑊𝑗 = ∫ 𝐹(𝑥)𝑑𝑥

𝑥𝑗

𝑥0
, as well as all of the fitting parameters from a WLC fit to the branch. With 

state properties calculated, assignments can be made via finding the most likely state that this branch 

corresponds to. Classification may occur by a simple means, if we have N Gaussian populations 𝑃𝑖(𝑥 ) =

𝐴𝑖exp [−
(𝑥 −𝜇𝑖)2

2𝜎𝑖
2 ], with parameters Ai, μi, and σi representing the amplitude, mean and standard deviation 

of state i respectively, then the point xj belongs to the population 𝑘𝑗 = 𝑎𝑟𝑔𝑚𝑎𝑥 𝑖∈{1,𝑁} 𝑃𝑖(𝑥𝑗). This 

technique may be used classify multiple observables, though we use it for contour length.  

 

Figure 36: Rip detection schema. Rips are detected by finding anomalous values for feature scaled 

Euclidean distance of a rip (top) using a z-score cut-off of 3. An additional criterion is that the angle is 
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downward sufficiently, the upper cut-off being the 1st percentile for the distribution of angles 𝝋𝒊 =

𝑎𝑡𝑎𝑛 (
𝑑𝑦𝑖

𝑑𝑥𝑖
) (middle). Shown below is the corresponding FEC, with dotted lines covering the rips. Care is 

taken to include the entire rip; for vectors 𝑟𝑖⃑⃑⃑ = (𝑑𝑥𝑖)𝑥 + (𝑑𝑦𝑖)�̂�, subsequent segments  𝑟𝑖⃑⃑⃑  and  𝑟𝑖+1⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  are 

joined if |𝑐𝑜𝑠𝜃𝑖,𝑖+1| > 𝛼, where α is a threshold (usually α=0.99) and  𝑐𝑜𝑠𝜃{𝑖,𝑖+1} =
𝑟𝑖⃑⃑⃑ ⃑ ∙ 𝑟𝑖+1  ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑

‖𝑟𝑖⃑⃑⃑ ⃑‖∗‖𝑟𝑖+1⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑‖
 . 

 

Figure 37: Decision boundary for rip detection. Angle values are shown on the x axis and �̅� values are 

shown on the y axis. The red points at the top left represent the rips detected using a z-score cut-off of 3 

for the value of 𝑧̅ and a first percentile cutoff for the value of 𝜃.  

5.1.2 Moving window contour length fits 

Another method involves taking a sliding window over the curve and computing the contour 

length in every window. This creates a subsequent curve of the contour length, which one can plot against 

force (Figure 39) or extension (Figure 38). For either, one sees a similar structure, plateaus with sudden 

steps. The plateaus correspond to motions within a state, whereas the steps, or, motions in contour length, 

correspond to transitions. This provides a picture of the transitions between states, and the collection of 

possible trajectories through distinct sequences of states. The contour length vs force graph provides 



53 

additional value in determining force ranges of high structural plasticity, by looking for forces where 

many distinct states (i.e. contour lengths) are possible.  

 

Figure 38: Trace of contour length vs extension for a collection of 20 FECs. The color scale shows the 

force at a given point. Multiple starting states are observed (note error in contour length increases 

precipitously at low force). Plateaus correspond to states. The kink character of the trajectories results 

from the sliding window fit to contour length responding slowly to a sudden force rip, whereas the 

extension changes immediately.  

 

Figure 39: Trace of contour length vs force for a collection of 20 FECs. Horizontal motions correspond 

to motions within a state, whereas vertical motions correspond to transitions between states. Again, kinks 
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are due to the force changing more abruptly than the contour length, as the contour length is taken as a 

fit over multiple (N=7) points.  

5.1.3 Whole trajectory categorization 

Additionally, one may take a more holistic approach and consider the entire trajectory. For a 

given curve occupying ns states, it undergoes nt=ns-1 transitions. As such, it is possible to calculate the 

probability of a given trajectory by multiplying the branch probabilities by the transition probabilities for 

a given trajectory through states. This approach allows one to use information about allowed transitions in 

order to make classifications, information that is otherwise discounted in other classification schemes. 

Furthermore, this classifies the entire trajectory, and is more robust than classifying individual states. The 

assigned sequence of states is given as the highest probability trajectory through ns states. Probabilities for 

an individual state may be calculated in a model independent manner by examining the density of a 

particular state. This relies on previous state assignments. 

For a state i consisting of N concatenated FEC coordinates (xj, fj), j=1, 2,…,N, pixel densities can 

be calculated by determining the number of points within a given pixel, thereby creating a density map of 

state i. Doing this for all Ns states creates a corresponding density matrix Di(x, f) for each state. When 

classifying a new curve, it is pre-divided into branches using the semi-automated method mentioned 

above. For a branch k with Nb coordinates (xl, fl), its density score for a given state hi, k is calculated as 

ℎ(𝑖,𝑘) = ∑ 𝐷(𝑥𝑙 , 𝑓𝑙)
𝑁𝑏
𝑗=1 . From this information alone, the probability Ps that a branch k is in a given state i 

is 𝑃𝑠(𝑖, 𝑘) = ℎ𝑖,𝑘/ ∑ ℎ𝑚,𝑘
𝑁𝑠
𝑚=1 . Transition probabilities Pt (i1, i2) are taken as normalized transition 

frequencies. For a transition matrix Ti1, i2, where Ti1, i2 represents the number of transitions from state i1 to 

i2, the transition probability Pt (i1, i2) is given by 𝑃𝑡(𝑖1, 𝑖2)  = 𝑇𝑖1,𝑖2
/ ∑ 𝑇𝑖1,𝑚

𝑁𝑠
𝑚=1 . For a trajectory 𝐵 =

{𝑘1, 𝑘2, … , 𝑘𝑡, … , 𝑘𝑛𝑏
} consisting of nb branches total, the probability of a given assignment of states A= 

{i1,i2,…,it,…,int} is  
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Equation 11: Pathway likelihood 

𝑃(𝐴|𝐵) = [∏ 𝑃𝑠(𝑖𝑡 , 𝑘𝑡)

𝑛𝑏

𝑡=1

] ∏ 𝑃𝑡(𝑖𝑡, 𝑖𝑡+1)  

𝑛𝑏−1

𝑡=1

. 

This can be used to find the maximum-likelihood pathway; an example is shown below (Figure 

40). 

 

Figure 40: A maximum likelihood trajectory assignment of a force extension curve with three branches. 

This technique works when adding data to an already populated dataset; it is especially useful in 

cases where there are disallowed transitions such that certain transition probabilities are zero.   
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6. Single Molecule Force Spectroscopy measurements of a high-efficiency frameshift stimulatory 

structure from West Nile virus 

6.1 Introduction 

In this chapter I describe measurements of the frameshift signal found in West Nile Virus (WNV) 

using optical tweezers. The results of this experiment are a structural assignment of the WNV frameshift 

signal, revealing high conformational heterogeneity and two distinct unfolding pathways. 

6.2 Results 
RNA containing the 111 nt downstream of the WNV slippery sequence, flanked on each side by kilobase-

long “handle” sequences, was transcribed in vitro, annealed to ssDNA complementary to the handle 

regions, and attached to beads held in optical traps (Figure 41) as described previously21. The RNA was 

held near zero force for 3 s to permit folding, then the traps were separated at constant velocity to ramp up 

the force while measuring molecular extension, thereby generating force-extension curves (FECs). 

Unfolding FECs (Figure 42) typically displayed regions where the force rose nonlinearly with extension, 

representing the parts of the unfolding trajectory where the structure remained constant and the handles 

were stretched under tension, separated by “rips” in the curve where the extension increased abruptly 

concomitant with a drop in the force, indicating the unfolding of some part of the RNA structure. Notably, 

repeated unfolding of the same molecule revealed several different patterns of rips of different length in 

the FECs (Table 1), indicating the presence of a heterogeneous mixture of different conformational states 

in the mRNA.   
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Figure 41: Single molecule force spectroscopy of the West Nile Virus frameshift signal. RNA construct is 

annealed to kb long DNA handles and attached to polystyrene beads via digoxigenin/anti-digoxigenin and 

streptavidin/biotin linkages. The construct adopts distinct starting conformations and goes through 

multiple intermediates while unfolding. 

We characterized the structural transitions occurring in these FECs by fitting the curves to worm-like 

chain (WLC) polymer elasticity models before and after each rip (Equation 9 in Methods), using one 

WLC for the handles in series with a second WLC for the variable amount of unfolded RNA present in 

each conformation, in order to determine the contour length of unfolded RNA, Lc, before and after each 

transition (Figure 42 

Figure 42). From this analysis, we identified at 7 conformational states having different lengths of 

unfolded RNA (Table 1), which would necessarily correspond to a minimum of 7 different structures in 

the frameshift signal. Some of these states (e.g. Figure 42 

Figure 42, orange, dark blue) unfolded at the high forces characteristic of tertiary structures like 

pseudoknots145 ,  whereas the others unfolded in the range 10–20 pN more characteristic of simple 
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duplexes525,528 , suggesting the presence of two distinct kinds of pseudoknots as well as various helix 

and/or hairpin structures.  
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Figure 42: Representative force-extension curves (FECs) of the full-length West Nile Virus (WNV) NS1' 

frameshift signal (unfolding, black; refolding, grey). Worm-like chain fits show assigned structures139,153 

(insets). Green. Stem-loop long (SLL/ state 1). Violet. Stem-Loop long partially unfolded (SLL-/ state 2). 

Cyan. Pseudoknot long (PKL/ state 3). Dark blue. Pseudoknot long, partially unfolded (PKL-/ state 4). 

Light Green. Pseudoknot short and residual hairpin (PKS+RHP/ state 5). Orange. Pseudoknot short 

(PKS/ state 6). Grey. Stem 1 (S1/ state 7). Black. Unfolded (U). 

Observed 

state 

Observed 

Lc (nm) 

Proposed 

state 

Expected 

Lc (nm) 

1 60.7 ± 0.4 SLL 61.3 

2 52 ± 1 SLL- 51.3 

3 51 ± 1 PKL 51.5 

4 48.6 ± 0.8 PKL− 48.9 

5 40.3 ± 0.6 PKS+RHP 40.8 

6 30 ± 1 PKS 29.8 

7 21 ± 1 S1 20.4 

Table 1: Observed and proposed states in wild-type data  
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To identify the structures corresponding to each state in the FECs, we matched the observed Lc 

values to the expectations for the pseudoknot structures proposed in the literature as well as the stem-loop 

structures predicted by mfold538. Seven structures were found to match the observed Lc values within 

experimental error (Table 1): the pseudoknots proposed by both Atkins et al.153 and Dinman et al. 139 

(respectively PKS and PKL), a partially folded version of PKL (PKL−), fully and partially folded 

versions of the double-hairpin proposed by Dinman et al. (respectively SLL and SLL−), a combination of 

short hairpin and PKS (PKS+RHP), and an extended version of stem 1 from PKS (S1) that is the same as 

one of the hairpins in SLL. With these preliminary assessments made, it is possible to define the transition 

map of the system, the set of transitions which occur between states, shown in Figure 43. 

 

Figure 43: Transition map of WNV states during force ramp. Line thickness is proportional to number of 

transitions. Convex lines represent unfolding whereas concave lines are refolding events. Pie charts show 

proportion of curves starting in that state. Structure position shows predicted contour length whereas pie 

chart position shows observed contour length.   
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To confirm these assignments, we re-measured the FECs in the presence of anti-sense oligomers that 

bound to specific regions of the mRNA sequence (Figure 44). Binding of the anti-sense oligos to the 

mRNA would be expected to block the formation of the base pairs indicated by the shaded regions in 

Figure 44. Considering first the oligo that blocked formation of stem 2 in both PKS and PKL (Figure 44, 

green), we found that all unfolding events had forces in the range 10–20 pN (Figure 46), consistent with 

secondary structure only, confirming that the oligomer blocked formation of the pseudoknots. Indeed, not 

only were the pseudoknot structures PKS, PKL, and PKL- prevented from forming, but based on the Lc 

values from WLC fits to the different states in these FECs (Table 4), so were all the other states with the 

exception of S1. In their stead, various combinations of S1 with non-native helices that are energetically 

disfavored in the absence of anti-sense oligomer binding were observed, matching predictions from 

secondary-structure prediction tools538–540 (Table 2, Figure 45). A second anti-sense oligomer was used to 

block base-pairing at the 3′ end of the RNA sequence, disrupting the SLL, SLL−, and PKL structures 

while permitting the formation of PKS, PKS+RHP, and PKL− structures (Figure 42 

Figure 42, Figure 47).  
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Figure 44: Disruption of structures by oligonucleotides. Shown are the proposed structures with the 

oligonucleotide binding locations shown in green (oligo 1) and orange (oligo 2). Structures disrupted by a 

given oligo have that oligo number crossed out with a red line. Oligo 1 was designed to disrupt the 

formation of the short pseudoknot153, whereas oligo 2 was designed to interfere with the formation of the 

long pseudoknot139. SLL is not disrupted by oligo 1, whereas SLL- is disrupted by both oligonucleotides. 

PKS is only disrupted by oligo 1. PKL is disrupted by both oligos, while PKL- is maintained in the 

presence of oligo 2, albeit in a slightly modified form, owing to the binding of the oligonucleotide to the 

5′ end. Structures in the top left correspond to predicted structures from literature (PKL is modified); 

while other structures are predicted from states in our experiment.  
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 Oligo Type  

  WT  O1  O2  Predicted 

Structure 

SLL 60.7 0.4 61.3 0.2   61.3  

SLL- 52 1     51.3  

PKL 51 1     51.5  

PKL- 48.6 0.8   47.1 0.3 48.9 47.6 

S1-4   49 1   49.5  

S1-3   42 1   43.2  

PKS+RHP 40.3 0.6   40.3 0.7 40.8  

PKS 30 1   29.7 0.6 29.8  

S1S2   32 1   31.4  

S1 21 1 19.5 0.5 20 1 20.4  

 U 0  0  0  0  
Table 2: Table of all calculated contour lengths. Note: two values exist for predicted PKL-, corresponding 

to the WT and oligo 2 predictions respectively. 

 

Figure 45: Novel Structures formed in presence of oligo 1  
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Figure 46: Force-extension curves in the presence of oligo 1. State 7/ S1 from the WT data is preserved. 

 

Figure 47: Force-extension curves in the presence of oligo 2. Oligo 2 maintains most of the structures in 

the wild-type sample, eliminating the three most folded WT states (SLL, SLL-, and PKL). States 4,5,6 

and 7 (PKL-,PKS+RHP,PKS,S1 respectively) are preserved.   
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6.2.1 The WNV PRF signal forms the short pseudoknot predicted by Atkins and Firth 

Examining the contour length data (Table 1), we see a strong correspondence between the 

predicted values for the short pseudoknot structure (PKS) to state 6, as well as the isolated 3′ stem (S1) of 

that structure to state 7. Additionally, the unfolding force of PKS is high with large variance (mean ± 

standard deviation: 24±10 pN), as is expected for a pseudoknot, whereas the unfolding force for stem 1 is 

significantly lower with lower variance (17±3 pN) (Table 4).  

 

Figure 48: Oligo 1 abolishes PKS and maintains S1. Left. WT data, showing states 1,2,5,6 and 7 

(SLL,SLL-,PKS+RHP,PKS and S1 respectively). Right. Oligo 1 abolishes PKS, maintaining S1/ state 7. 

This pseudoknot also shows up in minimal energy predictions as the third and fourth optimal 

structures (-16.84 kcal/mol and -16.30 kcal/mol vs -18.05 kcal/mol minimum free energy; MFE) using 

Dirks and Pierce (DP09) parameters541. Using Cao and Chen parameters541 (CC06), this pseudoknot 

represents the two most optimal structures, suggesting it is energetically favored to form. Stem 1 is also 

robust in predictions and shows up in the majority of predicted structures for the whole sequence and 

becomes even more common when one restricts the sequence to the 5′ end containing S1.  

Further support for the assignment of state 6 to the short pseudoknot comes from examining 

transitions from state 6 (putative PKS state). The fact that state 6/PKS only transitions into state 7/S1 

(Funfold: 13 pN) or U (Funfold: 29 pN) is what we would expect given this assignment (Figure 43,Table 3). 
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Additionally, oligo 1 data shows that oligo 1 abolishes state 6/PKS and maintains state 7/S1 (Table 4, 

Figure 48). This is consistent with our structural predictions whereby oligo 1 binds to the 3′ stem of PKS, 

thereby disrupting it without disrupting S1 (Figure 44).   

6.2.2 A short hairpin forms at the 3′ end of the short pseudoknot 

The residual hairpin structure (RHP) was postulated to solve a problem of a slightly more folded 

state (5 in Figure 43) than PKS often transitioning to PKS (6 in Figure 43) at low force (mean ± SEM: 

13.0±0.4 pN). Structural predictions were made based on the contour length difference of 10 nm between 

state 6 (PKS) and state 5 (PKS+RHP) (Table 2). In addition, since this state persists in the presence of 

oligo 2, it cannot include the nucleotides bound by that oligo. MFOLD predictions produce it when the 

sequence is limited to between the 3′ end of PKS and the 5′ end of the oligo 2 binding site. Additionally, 

observance of back and forth transitions between state 5 and state 6 (PKS+RHP and PKS, respectively) in 

slow unfolding data (Figure 49, middle) suggests this. Furthermore, when pulled to low force (~20pN) in 

order to maintain state 6/PKS for many pulls, the state 5 (PKS+RHP) forms consistently (Figure 49, 

right). This supports the notion that state 5 includes PKS, in addition to a short hairpin (RHP).  

 

Figure 49: Support for the existence of a hairpin at the 3′ end of PKS. Left. Proposed structure with oligo 

2 shown in orange. State exists in presence of oligo 2 and consequently must be formed from bases at 3′ 

end of PKS and 5′ of oligo 2. Middle. Slow pulling data taken at 20nm/s reveals hairpin switching when 

PKS is formed. Arrows show switching events. Right. Pulling to lower force maintains PKS over many 
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pulls, and RHP forms consistently as other more folded structures along that pathway (SLL, SLL-) are 

disrupted. 

Table 3: Average unfolding force for specific transitions in WT data. 

 Unfolding force (pN) 

To state 

SLL- PKL PKL- PKS+RHP PKS S1 U 

F
ro

m
 s

ta
te

 

SLL 7±1   8±1 9±1 12±1 15±1 

SLL-    11±1 11±1 12±1 17±2 

PKL   12±1     

PKL-      12±1 21±1 

PKS+RHP     11±1 15±2 19±3 

PKS      13±1 29±3 

S1       17±1 
 

6.2.3 A set of double hairpins forms 

Initial contour length measurements suggest that the set of dual stem-loops (stem-loop long; SLL) 

forms, as experimental measurements for state 1 are close (60.7±0.4 nm) to the predicted 61.3 nm. This 

set of stem-loops consists of stem 1 (S1) as well as a weaker 3′ stem loop. Stem 1 is slightly different in 

SLL vs in PKS, owing to Stem 2 of PKS base pairing with the loop of stem 1 to form the pseudoknot 

(Figure 44).  

State 2 is predicted to be a slightly unfolded version of SLL, termed SLL-. This structure was 

predicted using MFOLD by using the measured contour length change (9 nm between SLL and SLL-) to 

determine the number of unfolded bases (~15-17 nt). SLL and SLL- both form in the WT data and are 

unfold at low force (SLL, 10.8±0.3 pN; SLL-, 11.4±0.2 pN) owing to the low stability of the 3′ hairpin. 

Furthermore, when Oligo 2 is bound, states 1 and 2 (SLL and SLL-, respectively) are disrupted, as 

predicted, as oligo 2 binds the 3′ end of the RNA construct disrupting the base pairs forming the 3′ stem 

(Figure 44).  

There exists transitions from state 1 and 2 (SLL and SLL-) to either state 5 or state 6 (PKS+RHP 

or PKS), a phenomenon that requires bases unpairing and repairing quickly (Figure 41 left inset, Figure 
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44). Stem 1 is preserved between the stem-loop and short pseudoknot structures, so all that is required is a 

pairing of the bases formerly sequestered in the 3′ stem of SLL to pair with the loop of S1, thereby 

forming PKS (Figure 41). Other research has found a precedent for this phenomenon; a pseudoknot 

capable of spontaneous interchange with a set of double hairpins542. We propose that RHP is a residual 

hairpin left from the conversion of SLL to PKS. While the literature structure for SLL does not include 

RHP, it is still quite likely to form within the structure and be maintained during conversion from SLL or 

SLL- to the Atkin’s pseudoknot. Forcing RHP to form in the SLL structure entails a 4% sub optimality 

using MFOLD predictions (-39.1 vs -40.4 kcal/mol), compared with unconstrained; these predictions are 

shown in Figure 50. Taking the SLL structure with RHP and forcing bases at the stem origin to be 

unfolded, one gets the identity of an SLL- state (contour length difference of 8.9 nm from SLL) which is 

both disrupted by oligo 1 and oligo 2 (Figure 50). 

 

Figure 50: Potential modifications of SLL structures such that RHP is formed. 
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6.2.4 Evidence for the long pseudoknot (PKL) assignment 

Going by contour length data, it appears that state 3 corresponds to the long pseudoknot (PKL). 

State 3 has an obligate transition into state 4 (putatively PKL-), a structure similar to PKL but with some 

3′ bases unfolded (Figure 44 PKL-). State 4 unfolds at high force into the unfolded state, or sometimes 

through S1 at low force, where S1 can form (Figure 51E). The presence of state 4/PKL- is unexpected in 

oligo 2 data (Figure 51F) given the literature structure (Figure 51A), though modifications to the 3′ stem 

of the long pseudoknot (Figure 51B, predicted with MFOLD538) allow for a slightly 3′ unfolded long 

pseudoknot state (PKL-) to form (Figure 51C). The binding of oligo 2 is expected to maintain the PKL- 

state, with the slight change that some 3′ bases of PKL- are unpaired (Figure 51D). The unfolding of state 

3 into state 4 (PKL into PKL-) occurs at low force (12±1 pN, Table 3).  The low stability of these contacts 

is consistent with the raw SHAPE data from Moomau et al. 2016139,543. In this SHAPE data, the base pairs 

at the 3′ end of the long pseudoknot are quite transient, as the bases remain relatively flexible, i.e. 

unpaired. Additionally, state 3 (PKL-) in the presence of oligo 2 is slightly (1.5nm) shorter than the PKL- 

WT state (Table 4). This is likely due to the binding of additional bases at the 3′ end of PKL- (Figure 

44D), thereby resulting in a lesser contour length change to unfolded (1.3 nm predicted).   
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Figure 51: Some modifications to originally proposed structure. A. Original structure proposed by 

Moomau with oligo 2 binding site shown in orange. The binding of oligo 2 should disrupt the formation 

of the long pseudoknot, but a modified form (PKL-) is maintained (panel F). (B) Modified structure 

maintaining 5′ stem of PKL, but with additional base pairing predicted via MFOLD. (C) Diagram of 

PKL- state, which forms as the 3′ bases unpeel from the pseudoknot. (D). Structural prediction of PKL- 

state in the presence of oligo 2. (E) Force extension curves of the PKL pathway in WT data. (F). Force 

extension curves of the PKL- pathway in the presence of oligo 2.   
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Contour Length Oligo Type     

    WT O1 O2 MFOLD 

Structure 

SLL 60.7 0.4 61.3 0.2     61.3   

SLL- 52 1         51.3   

PKL 51 1         51.5   

PKL- 48.6 0.8     47.1 0.3 48.9 47.6 

PKS+RHP 40.3 0.6     40.3 0.7 40.8   

PKS 30 1     29.7 0.6 29.8   

S1 21 1 19.5 0.5 19.5 0.6 20.4   

U 0   0   0   0   

Forces   WT O1 O2 MFOLD(kcal/mol) 

Structure 

SLL 10.8 0.3 10 1     -39.8   

SLL- 11.4 0.2         -32.1   

PKL 12 0.3             

PKL- 21 1     19 2     

PKS+RHP 13 0.4     12 1 -26.5   

PKS 24 1     23 1 -22.2   

S1 16.7 0.2 16.3 0.3 17 1 -19.9   

U                 

Table 4: Comparison of structure predictions and experimental measurements. Top.  Experimental and 

predicted contour length changes. Bottom. Experimental average unfolding forces with energies 

calculated using MFOLD. Note, these should not be interpreted as correlated with unfolding force. 
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To conclude, we include in Table 4 the assigned structures, their experimental measurements and 

the corresponding predictions. WNV appears to form multiple distinct structures and adopt multiple 

distinct pathways. The stem-loop pathway (starts in SLL,SLL-,PKS+RHP,PKS,S1; Figure 52) is adopted 

80±2% of the time, whereas the long pseudoknot pathway (starts in PKL,PKL-; Figure 53) is adopted the 

other 20±2% of the time.  

 

Figure 52: The stem loop pathway. Unfolding FECs for the SLL pathway of the WT construct with WLC 

fits. Inset. Unfolding pathway for the SLL pathway, with contour lengths shown as positions on the x-

axis. States included: 1,2,5,6 and 7, corresponding to SLL, SLL-,PKS+RHP,PKS and S1 respectively. 
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Figure 53: The long pseudoknot pathway. Unfolding FECs for the PKL pathway of the WT construct with 

WLC fits included. Inset shows unfolding pathway, diagrams show structures and match colour of 

corresponding WLC fits. States included: 3,4 and 7, corresponding to PKL, PKL- and S1 respectively.  
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6.2.5 The West Nile Virus frameshifting pseudoknot exhibits high heterogeneity in the force range of 

ribosomal stalling.   
 

The WNV PRF signal exhibits multiple starting conformations (Figure 54) and exhibits high 

diversity of occupied states below 15 pN (Figure 55). Figure 55 shows the proportion of FECs in a given 

state at a given force, showing high state diversity below 20 pN. For comparison, the stalling force for the 

prokaryotic ribosome is 13 pN 165, a potentially relevant force, given that PRF requires ribosomal 

pausing269. 

 

Figure 54: The West Nile virus frameshift signal is highly structurally plastic, exhibiting multiple starting 

conformations.  
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Figure 55: State occupancy for the WNV PRF signal. Shown is the state occupancy as a function of force. 

State colours are the same as in Figure 54..   
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6.3 Discussion 

We provide a structural characterization of the West Nile Virus frameshift signal. The West-Nile 

virus frameshifting pseudoknot adopts multiple starting conformations and multiple different pathways, 

presenting a strong example of functional heterogeneity. This study represents the first full 

characterization of the unfolding pathways of a very high efficiency frameshifting pseudoknot, exhibiting 

two distinct pathways and multiple distinct structures. The high conformational heterogeneity of the 

structure is likely related to its ability to induce frameshifting; it has been hypothesized that frameshifting 

emerges from variance in mRNA tension during ribosomal stalling21. Differences in mRNA tension, 

which can cause the ribosome to switch reading frame can emerge during ribosomal stalling by the 

stimulatory structure switching between different conformations. If there are multiple distinct structures 

that may form in the force range of ribosomal stalling (~13 pN, Figure 55)165, and these structures are 

demonstrated to transition into one another (Figure 43), it is highly possible that conformational switching 

occurs under applied tension by the ribosome. This switching may cause fluctuations in mRNA tension 

which are great enough to switch the ribosomal reading frame. One strong consideration would be if 

ribosomal unfolding differs from unfolding by optical tweezers. Ribosomal unfolding would involve 

interactions between the 5′ end of the stimulatory structure and the ribosomal entry tunnel275, and this may 

bias the formation of certain states. 

A natural avenue for future work would be to look at other high efficiency frameshifting 

pseudoknots; if they too exhibit high conformational heterogeneity, it would provide support for the 

hypothesis that frameshifting is driven by conformational heterogeneity via fluctuations in mRNA tension 

during attempted translocation by the ribosome. 
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7. An improved metric for correlating structural heterogeneity of 

frameshift signals with PRF efficiency 

7.1 Introduction 
Few attempts have been made to operationalize a quantitative measure of the conformational 

plasticity of a molecular system. One way, from Ritchie’s 2012 study of frameshifting pseudoknots, put 

forth the percent alternately folded as a measure21. This ad hoc definition, while capturing the 

relationship between conformational plasticity and frameshift efficiency well for the data21, still 

presents challenges. The first main challenge is the fact that the basis for choosing one structure as the 

native structure may not be well founded; one gets radically different values depending on one’s choice 

of native state. In the study mentioned, the native state was defined as the state with the greatest 

contour length change from unfolded, i.e. the most folded state. This is somewhat arbitrary, and this ad 

hoc definition does not correspond well to factors explaining frameshifting. One proposed explanation 

for the link between conformational plasticity and frameshifting is that the stimulatory structure is able 

to adopt multiple different conformations when partially unfolded during ribosomal stalling, thereby 

causing fluctuations in the tension of the mRNA being translated. These fluctuations may cause the 

ribosome to switch reading frame, such that subsequent translation proceeds in the -1 frame.  

The other main challenge emerges when one studies more complex systems, where more than 

two starting states are present. The current definition does not capture the extra conformational 

plasticity reflected in having multiple alternate starting states, nor does it capture the competition 

between multiple structures, it merely reports the percent alternately folded.  

Another issue arises from the use of the percent alternatively folded as a metric of 

conformational plasticity. Predicting frameshift efficiency using this metric brings one to a maximum 

predicted frameshift efficiency of approximately 30% (Figure 13), at which the percent alternatively 

folded nears 100% and cannot go any higher. There is not a physical basis to this maximum value, and 

some pseudoknots frameshift at levels beyond that139. 
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7.2 Results 
Borrowing the concept of Shannon entropy544 from information theory, we use this to create a 

quantitative metric for the diversity of states of a system. The Shannon entropy is defined as 

Equation 13: Shannon entropy 

𝐻′(𝐹) = − ∑ 𝑝𝑖(𝐹) ln 𝑝𝑖(𝐹)

𝑁

𝑖=1

, 

where pi(F) is the proportion of the total population in subpopulation i at force F. This definition obviates 

the need to assign a native state and is also robust to the presence of multiple states. Additionally, metrics 

of conformational plasticity have not previously looked at force dependence. With the state proportions 

known for each force, we may calculate the Shannon entropy at each force level. This definition is 

applied to West Nile virus data in Figure 56. 
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Figure 56: Force-dependent conformational plasticity for WNV PRF signal. (Top) Shannon entropy as a function of force derived 

from state occupancy as a function of force (Bottom). The dotted line represents the Shannon entropy in the case that PKS and 

PKS+RHP are joined, as both states may be functionally similar as their 5′ ends (end closest to the ribosome) are identical. 

This study includes PRF stimulating pseudoknots from West-Nile virus, with measurements 

taken in the previous chapter. Additionally, data from other pseudoknots taken from Ritchie et al.21 is 

used: bacteriophage T2 gene 32 (PT2G32)545, sugar cane yellow leaf (Sc YLV) and a mutated version 

(C27A)146,147, pea enation mosaic virus (PEMV1)546, simian retrovirus (SRV1)547, severe acute respiratory 

syndrome coronavirus (SARS CoV)250, human endogenous retrovirus (HERV)545, mouse mammary tumor 

virus (MMTV)548,549, and Visna–Maedi retrovirus (VMV)550. 
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Figure 57: Force dependent entropy for 10 frameshifting pseudoknots. 

The force-dependent Shannon entropy for 10 frameshifting pseudoknots is calculated and 

shown in Figure 57. We demonstrate moderate correlation (R2=0.81) between the Shannon entropy 

observed at zero force and frameshift efficiency (Figure 58) . This value is slightly better than the R2 

value of 0.77 calculated from the Ritchie 2012 paper using their method of quantifying conformational 

plasticity (Figure 13), which also uses the proportion of starting states (i.e. zero force).  The more 
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physically relevant force range is the average between 11 and 15 pN, as the ribosomal stalling force is 

13 pN165. The Shannon entropy value averaged in this region produces a better correlation (R2=0.86, 

Figure 59).  

 

Figure 58: Relationship between zero force SE and FSE. Pearson’s R2=0.81. Errors in in SE are 

calculated as 𝛿𝐻 = − ∑ 𝛿𝑝𝑖(𝑙𝑛 (𝑝𝑖) + 1)𝑁
𝑖=1 , where 𝛿𝑝𝑖 = √𝑝𝑖(1 − 𝑝𝑖)/√𝑁𝐶, where Nc is the number of 

FECs. Error in frameshift efficiency (FSE) are put as 4%, as in 21
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Figure 59: Relationship between SE averaged in the range of 11-15 pN and FSE. Errors in SE show 

standard error of mean for values for SE in force range 11-15 pN, the stalling force range of the 

ribosome165. Pearson’s R2=0.86 

7.3 Discussion 

We propose a novel measure of conformational plasticity which may obviate some of the 

problems associated with the prior metric of percent alternately folded. These problems are the 

dependence on the choice of native state and the inability to account for multiple possible starting states. 

The use of the Shannon entropy as a metric for conformational plasticity obviates these problems, with 

the additional benefit of allowing a force-dependent metric of conformational plasticity, allowing one to 

look at force ranges relevant to models of frameshifting, such as the ribosomal stalling force of 13 

pN165. Hypotheses suggest that PRF emerges from fluctuations in mRNA tension during ribosomal 

stalling due to the stimulatory structure adopting multiple different structures21. The entropy-based 

metric may capture competition between states better; it reflects the diversity of states available (for the 

molecule to form) at a given force range.   
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We observe a correlation between the value of Shannon entropy in the force range of 11-15pN 

and the frameshifting efficiency, accounting for 86% of the variance in FS efficiency. The zero-force 

value for Shannon entropy correlates with frameshift efficiency with an R2 value of 0.81. Together, 

these results support the hypothesis that frameshifting efficiency is a phenomenon associated with 

conformational plasticity, a hypothesis with growing empirical support. 

A possible concern is that these state assignments are based off of single molecule 

measurements in solution, and not unfolding by the ribosome. It is possible that unfolding by the 

ribosome biases the adoption of certain states and thus changes both the state occupancies and the 

Shannon entropy in that force range. One possible approach to this would be to simulate ribosomal 

unfolding using nanopores, which can mimic the tension on the mRNA in the ribosomal entry tunnel. 

This approach of using nanopores may better approximate the actual diversity of structures encountered 

during ribosomal stalling. 

It may be possible to use structural assignments to predict the distribution of tension in the 

mRNA during ribosomal stalling. The level of tension for a given structure may possibly be predicted 

by the distance from the bound tRNA in the slippery sequence to the part of the stimulatory structure 

blocking the ribosomal entry tunnel (Figure 12, ribosome not shown). This, along with the known state 

proportions, can produce a distribution of tension in the mRNA. This may be a better predictor of 

frameshift efficiency if the cause of PRF is tension fluctuations in mRNA. With this analysis, it is 

possible that the few bases at the 5′ end of the stimulatory structure are most important for 

frameshifting.  One issue with the analysis presented in this chapter is that all states are treated as equal, 

and some states may not be functionally different from others. For example, in the WNV PRF signal, 

the PKS state differs from another state (PKS+RHP) only by the formation of a hairpin at the 3′ end of 

the pseudoknot (Figure 44). While these are counted as distinct states, they likely do not have largely 

different effects on mRNA tension. Regardless, the effect of merging these two states is minor, shown 

as a dotted line in Figure 56.
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8. Conclusion 

We present the mechanical characterization of a high conformational plasticity pseudoknot within 

West Nile virus (WNV). Structures observed from single molecule force spectroscopy measurements 

match structures previously predicted using selective 2'-hydroxyl acylation analyzed by primer extension 

(SHAPE) analysis as well as bioinformatic predictions. The pseudoknot exhibits high structural plasticity, 

unfolding along distinct pathways, and occupying many distinct states.  

Furthermore, we present a new measure of conformational plasticity, which corrects some of the 

previously held weaknesses of prior definitions. West Nile virus is highly structurally plastic by this 

definition, and the new definition allows its structural plasticity to be easily quantified, skirting the earlier 

issues of the prior definition. Furthermore, there exists a correlation between the conformational plasticity 

of frameshifting pseudoknots at this peak and the pseudoknot frameshift efficiency.  

The analysis of WNV presents a structural assignment for a high efficiency frameshifting 

pseudoknot, which can be useful for determining the structural basis of PRF. Several frameshifting 

pseudoknots have been previously been characterized in the literature, but in WNV we see an even 

greater variety of states. Merely from a structural perspective, WNV presents an interesting case study, 

highlighting potential transitions and characterizing another highly plastic pseudoknot.  

The analysis clarifying the link between conformational plasticity and frameshift efficiency 

presents a new method of quantifying structural plasticity, borrowing concepts from information theory. 

Furthermore, it produces a metric which can possibly be used to predict frameshifting efficiency (though 

this would be difficult from sequence information alone). Additionally, it suggests a mechanism relating 

the conformational plasticity at the ribosomal stalling force (13pN) to the frameshift efficiency, 

suggesting a role for structural transitions within this force range.   
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8.1 Future Work 

Further study would include the characterization of more high efficiency frameshifting 

pseudoknots, seeing if they exhibit structural heterogeneity. If this is in fact a commonality between high 

efficiency frameshift stimulatory structures, this knowledge could potentially feed back into 

bioinformatics techniques to predict frameshifting given sequence or structural data. This could 

potentially expand the repertoire of known frameshift stimulators. 

Examining the motions of ribosomes during PRF is a promising approach 152,315. It is highly 

likely that the dynamics of the single molecule are inadequate at describing the mechanism of PRF, as 

unfolding via optical tweezers is likely different than unfolding by the ribosome. Unfolding the RNA 

construct through a nanopore, may provide a better simulation of ribosomal unfolding, while providing a 

simpler assay than ribosomal translocation work, as in 315. 

Phylogenetic analysis may be a novel approach to studying frameshifting. It may be possible to 

reconstruct the time evolution of a given PRF signal via phylogenetic tree reconstruction551–553 and 

ancestral sequence reconstruction (ASR)554,555. Additionally, for the case of insect-borne flaviviruses of 

the JEV serogroup (of which WNV is a member), there appears to be distinct divergence events between 

functional PRF and non-functional PRF55. Such events can be studied using phylogenetic software556 to 

determine a minimal change of sequence which deactivates a given PRF site and yield insights into the 

structural and sequence signature of PRF.  

Furthermore, one may examine the impact of binding ligands on the conformational plasticity of 

the frameshift stimulatory structure. This has been applied in the case of the SARS coronavirus, where an 

anti-frameshifting ligand81 lowers the conformational plasticity and subsequently the frameshift 

efficiency83. An example highly related to WNV is the application of flavonol and isoflavonoid 

compounds to treat Japanese encephalitic virus in cells77, which achieve their action through binding the 

frameshift site, a sequence highly conserved between JEV and WNV153. These compounds may 

potentially produce similar anti-viral effects for the highly related members of the JEV serogroup, of 
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which WNV is a member55. The WNV PRF signal possesses high sequence similarity (56/61=92% 557) to 

JEV. This similarity may be useful as there exist two natural compounds, Kaempferol and Daidzin which 

have been shown to inhibit JEV pathology, likely via binding to the frameshift site77. Kaempferol is a 

flavonol present in high levels in black and green tea, and low-to-moderate levels in broccoli, apples, 

leeks and kale558–560. Some preliminary experiments have shown anti-viral activity in cell culture against 

influenza561 and hepatitis B viruses562. Daidzin is an isoflavonoid found in soy foods and kudzu vines563 , 

commonly used for its effect at blunting blood alcohol spikes564. In addition, both have antioxidant 

effects560,565–567. Both compounds have been observed to inhibit JEV infectivity in vitro77. Similar 

compounds baicalein and quercetin also display anti-JEV activity568 (Figure 60), though their mechanism 

has not been studied, unlike daidzin and kaempferol77. 

 

 

Figure 60: Flavonoid compounds exhibiting anti-Japanese encephalitic virus effects. Source: PubChem 

(https://pubchem.ncbi.nlm.nih.gov) 

Additionally, both compounds were shown to bind to the frameshift site using electrospray 

ionization mass spectrometry (ESI-MS)569, isothermal titration calorimetry (ITC)570, and docking 

simulations571. Due to the similarity of the frameshift signals of JEV and WNV, it is possible that the 

same compounds bind to the WNV frameshift signal and disrupts frameshifting, much as a novel ligand 

binds to the SARS pseudoknot81, reducing the conformational plasticity of the pseudoknot83. In fact, the 

computationally predicted binding site for JEV (Figure 61) is completely conserved between JEV and 

WNV, along with the 11 nt 5′ of the site and the 12 nt 3′ of the site (Figure 62). Therefore, given the anti-

JEV properties of Kaempferol and Daidzin, and the target being similar between JEV and WNV, it is 

https://pubchem.ncbi.nlm.nih.gov/
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possible that these compounds could potentially work as anti-viral drugs for WNV. Additionally, they 

may have effects on the wider related JEV serogroup, consisting of flaviviruses closely related to JEV 

(including WNV) possessing homologous PRF sites55,153.  

 

 

Figure 61: Binding site of JEV shown with daidzin bound. Source:77 (CC BY)  
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Figure 62: Frameshift stimulatory sequence in the Japanese Encephalitic virus (JEV) serogroup, which 

includes West Nile virus (WNV). Note that the sequences shown consist of the slippery site (orange), a 

five nucleotide spacer region (sequence CAGYU, note Y={C,U} in IUPAC notation572), and a 61nt 

stimulatory structure. Stem 1 is highlighted in blue and Stem 2 is highlighted in red. Light blue and 

orange bases show substitutions that preserve base pairing. The orange rectangle shows the JEV binding 

site for Kaempferol and Daidzin. Source: 55(CC BY)
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