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ABSTRACT 
 

 

 

Non-coding RNAs of complex tertiary structure are involved in numerous 

aspects of the replication and processing of genetic information in all organisms; 

however, an understanding of the complex relationship between their structural 

dynamics and function is only slowly emerging. The Neurospora Varkud Satellite 

(VS) ribozyme provides a model system to address this relationship. First, it 

adopts a tertiary structure assembled from common elements, a kissing loop and 

two three-way junctions. Second, catalytic activity of the ribozyme is essential for 

replication of VS RNA in vivo and can be assayed in vitro. Here we utilize single 

molecule fluorescence resonance energy transfer (FRET) microscopy to show 

that the VS ribozyme exhibits previously unobserved dynamic and hierarchical 

folding into an active structure. Readily reversible kissing loop formation 

combined with the slow observed cleavage of the VS RNA lead to the discovery 

of an additional downstream barrier that must be overcome before the VS RNA 

can cleave its immediate upstream substrate. 

 An alternative substrate available to the VS ribozyme is the distal 

downstream substrate that is part of the next monomer of the multimeric 

replication intermediate of VS RNA.  Recent evidence suggests this may actually 

be the preferred substrate in vivo. The role that structural dynamics play in this 

preference was unknown and is investigated here. Single molecule FRET studies 

of an RNA that models this alternate substrate selection show that in contrast to 

the previously observed global dynamics, these VS RNA molecules exhibit 

comparably little global dynamics. These differences in folding characteristics are 

correlated to the large difference in cleavage rates. These observed differences 

in structural dynamics, in turn, are consistent with a proposed pathway in vivo 



that minimizes exposure of the ends of linear VS RNA to the exonucleases of the 

host cell. 

 The VS ribozyme investigated here is but one example of a plethora of 

non-coding RNAs that play a central role in a multitude of essential cellular 

processes. A deeper understanding of how these other RNAs function when in 

their active states requires the design of experiments that accurately replicate 

what those RNA molecules are doing in nature. A prerequisite to these 

experiments is an RNA preparation procedure whose end-product is the target 

RNA in the same structure as found in the cell. To this end, a novel native RNA 

purification procedure has been developed. This protocol yields a pure target 

RNA whose structure more closely resembles what is found in nature than what 

the current standard RNA purification methods achieve. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 ix



CHAPTER 1: 
 
 

EXPLORATION OF HOW RNA FUNCTIONS IN THE CHEMISTRY OF LIFE 
 
 
 

1.1 Introduction 
 
 At the most fundamental level, all biological reactions occur through the 

function of single biomolecules. Our quest to better understand how that function 

is achieved lies at the heart of much of the research carried out over the past 

century. This endeavor started out with the development of ensemble assays 

where the experimental observable arose from the contribution of countless 

numbers of the macromolecule being investigated. Proper interpretation of this 

observable required an assessment of whether or not all of those molecules 

behaved in the same way. This introduces the paradoxical question of how can 

one confidently ascertain the heterogeneity or lack thereof in a sample of interest 

if the motivation for investigation was a lack of understanding it? This conundrum 

is circumvented if the experiment probes the behavior of individual molecules.  

The development of single-molecule spectroscopy techniques has made 

such experiments a reality. Through the time of this writing, a large portion of 

these techniques has centered on the use of fluorescence as the observable to 

report on the behavior of the target. Figure 1-1 illustrates this growth of FRET 

based single-molecule publications. This trend also illustrates how the perceived 

role that RNA plays in the cell has evolved. This role that was postulated for RNA 

in the central dogma of molecular biology was initially limited to that of a passive
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Figure 1-1. The exponential growth of single molecule work. Shown is the 

number of publications that come up each year when the keyword “single-

molecule fluorescence” is searched in PUBMED. Major technical advances are 

marked in red. Reprinted, with permission, from the Annual Review of 

Biochemistry, Volume 77 © 2008 by Annual Reviews www.annualreviews.org 
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intermediary, allowing the information stored in the DNA genome to be converted 

into specific protein sequences. Today this view has completely transformed. It is 

now recognized that non-coding RNA’s play a central role in many aspects of the 

replication, processing, modification, and regulation of genetic information (2-4).  

 

 
1.2 Single Molecule FRET elucidates the structural dynamics of ribozymes 
 

 Ribozymes are RNA enzymes that catalyze the breakage/formation of 

covalent bonds with high specificity (5). Some of these ribozymes catalyze the 

site-specific cleavage of their own phosphodiester backbone (6). Their catalytic 

activity made these fascinating non-coding RNA’s an active area of research 

partly because of the relative ease to assay for function. As with protein 

enzymes, there is strong motivation to develop single molecule methodologies to 

gain further insight into how these ribozymes work (7).  

One of the pioneering single-molecule studies in this area was the 

investigation of the self-splicing Tetrahymena thermophila group I intron 

ribozyme (8). The authors employed total internal reflection fluorescence (TIRF) 

microscopy (9) to monitor the simultaneous emission intensities of a Cy3 and a 

Cy5 fluorophore, each of which was attached to a single Tetrahymena ribozyme 

molecule. These two fluorophores undergo distance-dependent fluorescence 

resonance energy transfer (FRET) (10) and, as a consequence, global distance 

changes between them result in relative changes in their respective emission 

intensities. The individual Tetrahymena ribozyme molecule is immobilized on a 

quartz slide where an evanescent light field generated by total internal reflection 

at the quartz-solution interface excites the Cy3 and both emission intensities are 

measured (8).   

This ability to monitor global changes in structure in real-time led to a 

deeper understanding of how these RNA enzymes actually behave in nature as 

well as what fundamental principles drive such behavior. No other ribozyme is 

more exemplary of this than the hairpin ribozyme (11-16). Its smaller size allowed  
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its synthesis from standard phosphoramidite chemistry techniques. By this 

approach, modified bases can be site-specifically incorporated anywhere in the 

sequence, greatly expanding the types of questions that can be answered by 

single-molecule TIRF microscopy.  Previously hidden from view in ensemble 

fluorescence assays, it was discovered that the hairpin ribozyme adopts four 

distinct structural folds when in the catalytically active docked state (11). These 

four folds revealed themselves through the observation of four distinct rates of 

the hairpin ribozyme’s undocking from its active structure into an extended, 

inactive state that places the cleavage and active site far apart. Surprisingly, 

there was no inter-conversion between these four structures. It turns out that the 

individual hairpin molecules “remember” which docked structure they last 

adopted because it is that same structure that is formed once the next docking 

event happens (17). In addition, the introduction of targeted mutations has led to 

unexpected and insightful results (12). Modifications of essential residues distant 

from the site of catalysis altered the rate constants not only of docking and 

undocking but also of catalytic chemistry. This supported the idea that coupled 

molecular motions connect remote parts of the hairpin ribozyme fold with its 

functional core. Similar observations have been made for protein enzymes (18).  

The inner workings of other ribozymes have begun to be uncovered as 

well through single-molecule fluorescence experiments. This includes a ribozyme 

whose presence is a prerequisite for every single life form on earth, the ribosome 

(19, 20). The complex kinetics of the multitude of conformational rearrangements 

that occur during each round of amino acid incorporation in translation have 

begun to be teased out using similar single molecule experiments as were done 

earlier on the hairpin ribozyme.  

The hairpin ribozyme, along with the hepatitis delta virus (HDV), 

hammerhead, and Varkud Satellite (VS) ribozymes, are categorized as the group 

of “small ribozymes” (21-23). Of these, the hairpin ribozyme is arguable the best 

understood due in part to the significant number of single molecule publications 

devoted to it (11-16). By comparison, the VS ribozyme has posed many 

challenges to the RNA research community. Study of this ribozyme has been 
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hampered because its larger size precludes the possibility of studying it with just 

synthetic RNA. The use of transcription reactions has been the predominant 

means of producing it. This method, however, does limit the options available as 

far as non-natural site specific modifications are concerned.  

Nevertheless, a fair amount is known about the VS ribozyme. The global 

architecture of the naturally occurring VS ribozyme and its relation to catalytic 

activity have so far been studied by ensemble activity and FRET assays, 

mutagenesis, native gel electrophoresis, hydroxyl radical footprinting, and UV-

induced crosslinking (24-28). In combination, these studies have yielded two 

similar, if incomplete models of how the six helical elements self-assemble to 

juxtapose helices I and VI in the catalytic core (26, 28). These models depict the 

global architecture of the active VS ribozyme as built from the II-III-VI and III-IV-V 

three-way junctions and the I-V kissing loop interaction. While it is known that 

ribozymes commonly undergo dynamic structural changes along their reaction 

pathways (8, 29, 30), no study had yet addressed whether alternate global folds 

of the VS ribozyme exist, what their rates of inter-conversion may be, and how 

they may relate to biological function. Single molecule FRET is a particularly 

suitable tool to identify even short-lived conformational isomers and report on 

their exchange kinetics and heterogeneities under equilibrium conditions (31).  

Figure 1-2 illustrates how of total internal reflection (TIRF) single-molecule 

spectroscopy is applied to the VS ribozyme. Its initial use in the study of 

ribozymes began in 2000 (Figure 1-1) (8). As mentioned earlier, those studies 

lead to a fundamentally better understanding of how the dynamics of 

Tetrahymena and hairpin ribozymes are intimately related to their function. The 

single molecule characterization of the VS ribozyme described in chapters 2 and 

3 also tells a revealing story of how its conformational dynamics and folding 

pathway are a key component to its ability to function. 
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Figure 1-2. Single-molecule FRET microscopy diagram of a VS molecule. 
Surface immobilization of a VS RNA occurs when the biotin on the 3’end forms a 

stable complex with a streptavidin that is also bound to biotinylated BSA protein 

that is coated on the quartz surface. An evanescent field is generated to excite 

the Cy3 donor that can undergo FRET with the Cy5. The intensities of both 

emissions are sensitive to distance changes between the Cy3 and Cy5. This 

method of monitoring global structural changes over a time window of minutes 

has shown to be applicable to a diverse array of important macromolecules.  
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1.3 Using denaturing polyacrylamide gel electrophoresis to produce RNA: 
there is a better way 
 
 Despite repeated attempts by different groups, there is no atomic 

resolution structure of the VS ribozyme. This stands in stark contrast to the other 

small ribozymes (32-40), whose crystal structures have led to more penetrating 

and insightful conclusions from the variety of published biochemical studies. 

Several reasons have been proposed for why high-diffraction quality crystals so 

far have not been grown for the VS ribozyme. Perhaps it is too dynamic. 

However, the successfully crystallized hairpin ribozyme was shown to be a very 

dynamic RNA in solution (11), where its catalytically active docked conformation 

readily undocks into the vastly different undocked state. Both the successful HDV 

and hairpin ribozyme crystallization work utilized the binding of the positively 

charged U1A protein (41) to aid in crystal growth. This approach failed with the 

VS ribozyme, even though different U1A binding sites were tested.  

 These failed attempts began with the same protocol: carry out a large 

scale transcription reaction, separate by size all of the generated RNAs on a 

denaturing polyacrylamide gel, elute the desired band, and attempt to refold all of 

the eluted RNA back into its pre-denatured structure. The VS ribozyme did not 

evolve with selective pressure to refold back into its native structure once it has 

been denatured into a linear monomer. It is a reasonable proposition that in this 

case the denaturation is a somewhat irreversible process, much in the same 

manner that some proteins are permanently inactive once they are denatured in 

vitro. Compounding this issue is that the T7 RNA Polymerase protein that 

synthesizes the RNA off of the DNA template strand can introduce additional 

bases at the terminal 3’ end (42) of the transcript and occasionally at the 5’ end 

(43). Crystal structures of the hairpin and hammerhead ribozymes circumvented 

this issue through the use of synthetic RNA. This approach is untenable, 

however, for the VS ribozyme. 

 A new attempt at crystallizating the VS ribozyme would have to bypass 

both of these problems. The purified RNA would need to have sequence 
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homogeneity at both the 5’ and 3’ ends. In addition, once it was folded during the 

transcription reaction into its active conformation, it would have to remain that 

way throughout the purification process. At the same time all of the other reaction 

components need to be removed. The strategy to do this was built upon earlier 

published work (44-47) that had the same goal of achieving native RNA 

purification. Because the shortcomings of this published work appeared 

preventable, it was decided that development of a novel approach should be 

attempted. The methodology of native RNA purification that was born out of this 

development is described in chapter 4. It describes a protocol that is transferable 

to many research laboratories and yields an RNA sample in desirable quantities 

that is chemically pure and folded co-transcriptionally. 

 Prior to the completion of this dissertation, the body of knowledge of the 

folding behavior of non-coding RNA’s was weighted towards those of the 

smallest size. The greater structural complexity of the VS ribozyme had so far 

precluded its study at the single molecule level. Nevertheless, such 

characterization of these more complex RNAs remains just as important. The 

body of knowledge accumulated in the prior single molecule studies did not 

contain any fundamental obstacle to studies like that illustrated in Figure 1-2.  

One goal of this dissertation was to gain a deeper understanding of the important 

role of folding and dynamics in the VS ribozyme.  

The other major goal was the development of a purification assay that will 

enable the required preparation of target RNA that many biochemical assays 

demand. This goal evolved from the conclusion that the failed crystallization 

attempts of the VS ribozyme were due to shortcomings in its purification. These 

same shortcomings will continue to prevent other valuable insights from being 

realized as well. This fact was more than enough motivation to develop the 

protocol described in chapter 4.  

 



CHAPTER 2: 
 

SINGLE MOLECULE MICROSCOPY ELUCIDATES THE FUNDAMENTAL 
ROLE DYNAMICS PLAY IN THE FUNCTION OF THE VS RIBOZYMEa 

 
 
2.1 Introduction 
 
 Varkud Satellite (VS) RNA is 881 nucleotide long and is found in the 

mitochondria of genetically and geographically divergent species of the bread 

mold Neurospora (48). It is transcribed from a circular VS plasmid template by 

the host mitochondrial RNA polymerase to yield multimeric VS RNA copies (49). 

Embedded in each monomer of this repeating RNA is the VS ribozyme, minimally 

a 154-nucleotide sequence (50) that catalyzes a site-specific phosphodiester 

bond breakage to yield the 881-nucleotide monomers. These monomers in turn 

act as template for a reverse transcriptase that leads to the eventual 

regeneration of the VS plasmid.  The action of the catalytic VS ribozyme RNA is 

essential to the replication of the VS plasmid in its fungal host.  

 The VS ribozyme is the least understood (6, 51-53) among the class of 

small pathogenic ribozymes that include the Hepatitis Delta Virus (HDV), 

Hammerhead, and Hairpin ribozymes. This lack of knowledge is due to the fact 

that the VS ribozyme is the largest of the small catalytic RNAs and less 

amenable to the application of modified synthetic RNAs in studies of its structure-

function relationships. Site-directed mutagenesis, footprinting, and cross-linking  

studies (24-26) have revealed the secondary structure of the well characterized 

 

                                                 
a Reproduced in part from Pereira, M.J.P., Nikolova, E.N., Hiley, S.L., Jaikaran, D., Collins, R.A., and 
Walter, N.G. Journal of Molecular Biology 382, 496-509. Copyright 2008 Elsevier Ltd.  
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G11 construct (54), featuring the six helices shown in Figure 2-1A. Furthermore, 

A756 has been implicated as a general acid/base during cleavage of the scissile 

phosphate located 3’ of G620 (55).  This requires that substrate stem-loop I and 

the internal bulge in helix VI come into close contact. The essential tertiary 

kissing interaction between the substrate stem-loop I and stem-loop V (56) is 

hypothesized to enable this juxtaposition. NMR-derived atomic resolution 

structures of isolated portions of the VS ribozyme (57-59) have led to reasonable 

hypotheses on how these distal yet crucial tertiary contacts occur sequentially. 

Bulk solution activity assays have shown that G11 has a comparatively slow 

cleavage rate of 0.14 min-1 at 37oC (54).   

The overall global architecture describing the relative orientation of the six 

helices has recently been further refined using hydroxyl radical footprinting (25), 

steady-state FRET measurements of portions of the VS ribozyme (27), and small 

angle X-ray scattering experiments (60). These data have yielded the incomplete 

tertiary structure model shown in Figure 2-1C. Using this available information we 

have developed a new, more representative secondary structure representation 

(Figure 2-1A), which now reflects the juxtaposition of the cleavage and active site 

as well as the stem-loop I-V kissing interaction. Despite repeated attempts in 

other laboratories, there is still no atomic resolution crystal structure of the VS 

ribozyme. Even with a complete static crystal structure, however, there would still 

be a large knowledge gap in our understanding of the role that global dynamics 

play in function of the VS ribozyme. As discussed in chapter 1, single molecule 

FRET microscopy is a suitable tool to probe deeper into RNA chemistry.  

Here we employ single molecule FRET microscopy to measure the global 

folding dynamics of single VS ribozyme molecules and describe how those 

dynamics correlate to function. We combine the quantified heterogeneous 

population distributions and interconversion kinetics with ensemble activity 

assays and single-site as well as second-site revertant mutagenesis to show: (i) 

how the dynamics of the I-V kissing interaction affect catalytic activity; (ii) that a 

slow and hidden degree of freedom must be traversed before the ribozyme  

undergoes self-cleavage; and (iii) that the II-III-VI junction acts as a structural 

 10



scaffold for kissing loop formation.  

 

 
2.2 Materials and Methods 
 

Preparation of topWT, top∆I-V, toprescue 1-V, and top∆II-III-VI. 

QuickChange site-directed mutagenesis (Stratagene) on a plasmid encoding 

G11 (54) was used to introduce a transcription initiation site at G622 (2 

nucleotides downstream of the cleavage site) and a termination site at the 

capping loop of helix VI through insertion of an EcoRI site. Based on this 

plasmid, defined as the WT sequence, further site-directed mutagenesis was 

performed to generate plasmids top∆I-V, toprescue 1-V, and top∆II-III-VI and 

confirmed by DNA sequencing.  

Transcription on EcoRI-linearized plasmids was carried out with 20 mM 

GMP, 1 mM GTP, 4 mM ATP, UTP, CTP, 40 mM Tris-HCl, pH 8.0, 25 mM MgCl2, 

2 mM Spermidine, 5 mM DTT, 0.01% TritonX-100, 1 unit inorganic 

pyrophosphatase, and 0.2 mg T7 RNA Polymerase in a 2-ml reaction at 37 oC for 

6 h. This yielded ~95% 5’-monophosphate initiated transcripts. The 3’ ends of 

these transcripts were biotinylated after periodate oxidation as described (61).  

Each of the 5’-monophosphorylated transcripts was ligated to ligS1 as 

follows. 3.7 µM ligS1, 2.45 µM splintS1 and 1.85 µM transcript (ratios taken from 

ref (62)) in 200 µl of 50 mM Tris-HCl, pH 7.5, 10 mM DTT, 1 mM ATP was 

heated to 90 oC for 2 min, then incubated for 10 min at room temperature. MgCl2 

was then added to 10 mM and recombinant T4 DNA ligase to 6 µM (final 

concentrations) and the reaction incubated at 30 oC for 6 h. The ligation reactions 

were desalted by gel filtration on NAP-10 columns (Pharmacia) and ethanol 

precipitated before purification on denaturing, 8 M urea, 10% (w/v) PAGE. 

Ligated RNA (yield typically ~40%) was detected based on its Cy3 fluorescence, 

cut out, eluted into 1 ml H2O, 1 mM EDTA overnight at 4oC, and ethanol 

precipitated. Typical total yields of ligated RNA were 10-40 pmol per reaction. 

Cleavable versions of topWT, top∆I-V, toprescue 1-V, and top∆II-III-VI were 
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prepared in the same way except that a ligS1 RNA variant was used without the 

2’-O-methyl at G620, and the 3’ ends of the transcripts were not biotinylated.  

 

Preparation of synthetic oligonucleotides. RNA strands LigS1 (5'-Cy3-

AAUUGCmGAA-3') and b1 (5'-NH2-AAGUCAGUAUUGCAGCACAGCACAAGCC 

CGCUUGC-3'), where mG and NH2 represent a 2’-O-methylated G and a 5’-

Amino Modifier C6 (Glen Research), respectively, were purchased from the 

HHMI Keck Foundation Biotechnology Resource Center and deprotected as 

suggested by the manufacturer (http://info.med.yale.edu/wmkeck). The RNA was 

purified by denaturing, 8 M urea, 20% (w/v) polyacrylamide gel electrophoresis 

(PAGE) and C8-reverse-phase HPLC chromatography as described (63). Cy5 

was attached postsynthetically to the 5' end of b1 via the succinimidyl ester of 

Cy5, as described (63) to generate strand Cy5b1. Oligodeoxynucleotide splintS1 

(5'-CGGGGCGACGACG CCCTTCGCAATT-3') was purchased from Invitrogen. 

 

Single-Molecule FRET measurements. A 10 μl solution of 100 nM top 

strand and 200 nM Cy5b1 in 40 mM Tris-HCl, pH 8.0, 50 mM KCl was heated to 

70 oC for 2 min and cooled at room temperature for 10 min to anneal the VS 

ribozyme strands. The annealed ribozyme was diluted to 200 pM in 1× standard 

buffer (64) (40 mM Tris-HCl, pH 8.0, 50 mM KCl and 35 mM MgCl2) and flowed 

into a microfluidic channel on a quartz slide, coated first with biotinylated BSA, 

then streptavidin as described (11, 31), to generate a surface density of ~0.1 

molecules per μm2 for optical resolution. Similar surface tethering has been 

extensively used and characterized as non-perturbing for the hairpin ribozyme 

(11, 13-15). After 2 min, the slide was washed with several volumes of 1× buffer. 

In parallel, 200 µl oxygen scavenger solution (OSS) was prepared that contained 

~750 µg/ml glucose oxidase, 90 µg/ml catalase, 10% (w/v) glucose, and 1% (v/v) 

β-mercaptoethanol in 1× standard buffer. This solution was then flowed into the 

microfluidic channel or stored under nitrogen for later use. The donor and 

acceptor fluorescence signals of optically resolved single molecules were 

simultaneously monitored in real-time by prism-based total internal reflection 
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fluorescence video microscopy as described (11, 14, 15). There was little 

evidence of β-mercaptoethanol induced blinking of the Cy5 under our illumination 

conditions of 9 W/cm2; we observed few excursions to a low-FRET state, which 

may suggest acceptor blinking, and none of the traces were analyzed after they 

had reached zero signal, as would indicate donor blinking.  Our illumination 

conditions lie well below the excitation intensities used in experiments that 

characterized β-mercaptoethanol induced blinking of Cy5 (65).  The optimal I-

CCD frame rate was found to be two frames per second (fps), and all time traces 

were taken at 2 fps resolution unless otherwise stated.  

 

Single Molecule Data Analysis. The aggregate FRET histograms were 

derived from molecules where both Cy3 and Cy5 were confirmed to be 

fluorescent. This criterion introduces a possible bias into the calculation of 4% H 

state for construct ∆II-III-VI, as the FRET ratio of the L state is indistinguishable 

from molecules with photobleached Cy5 (data not shown), making the terminal 

state ambiguous for traces that end in low FRET. In addition, observed dwell 

times in terminal states are biased towards smaller values due to premature Cy3 

photobleaching and our limited observation window (see also below). The 

average time ∆II-III-VI molecules spend in their longer lived M and L states as 

based on confirmed dwell times is ~30 s each. To correct for the above effects, 

ambiguous terminal states were assigned to be of this length. The H state was 

still found to be 4% abundant, suggesting that our histogram analysis is robust 

against possible bias.  

For dwell-time analysis, noise in time traces was reduced using a 

previously described non-linear filter with m = 3 and p = 20 as parameters (66, 

67). Hidden Markov modeling (HMM) with two to five FRET states was then used 

to determine the most likely traversed path through each well defined trace as 

described, with each result undergoing visual inspection to ensure the best 

possible fit; a two or three-state description sufficed for all traces. The HMM 

algorithm assigns a single-exponentially distributed probability to each transition. 

All individual probabilities for each type of transition (H→M, M→H etc.) were 
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averaged to yield the rate constants reported  in Figures 2-2D and 2-5D. The raw 

dwell-times that arose from the HMM analysis were also used to calculate 

normalized probability densities as described (68), and fit using Marquardt-

Levenberg nonlinear least-squares regression in Origin 7.5. These density plots 

present an independent test for the single-exponential distribution of dwell-times 

that is assumed in the HMM analysis. All rate constants reported here from single 

molecule FRET analysis were corrected for the bias towards smaller values due 

to premature Cy3 photobleaching and our limited observation window by 

subtracting 0.2 min-1 as described (14).  

 

Distance estimates.To obtain fluorophore distance estimates R for the 

various FRET states the apparent FRET efficiency was calculated from 
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, (69)where Φ and η signify the fluorophore quantum 

yields and detector channel efficiencies, respectively, and the donor and 

acceptor intensities ICy3 and ICy5, respectively, were corrected for leakage of 20% 

of donor photons from the donor into the acceptor channel. R was then 

calculated from , where c = 0.69 and R0 = 54 Å were used 

as described (70).  
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Ensemble cleavage assays. Cleavable versions of topWT, top∆I-V, 

toprescue I-V, and top∆II-III-VI were 3’ end labeled with [32P]-pCp using T4 RNA 

ligase. Trace amounts of 3’ end labeled top strand were combined with 500 nM 

Cy5b1 in 40 µl of 40 mM Tris-HCl, pH 8.0, 50 mM KCl, heated to 70 oC for 2 min, 

equilibrated in a 25 oC bath for 10 min, and a 4-µl aliquot taken for a zero time 

point. The reaction was initiated by adding 4 µl of the appropriate stock solution 

of MgCl2. At defined times 4-µl aliquots were taken and quenched by the addition 

of 10 µl 80% (w/v) formamide, 0.025% (w/v) xylene cyanol, 0.025% (w/v) 

bromophenol blue and 50 mM EDTA. The cleaved and uncleaved products were 

separated by denaturing, 8 M urea, 10% (w/v) PAGE. The gel was exposed to a 
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PhosphorImager screen overnight and quantified using ImageQuant software 

(Molecular Dynamics). The fraction cleaved versus time was fit with the single 

exponential first-order rate equation ( ) ( )( )tkobseAyty −−+= 10  to determine the 

observed cleavage rate (kobs) and extent of cleavage (A). The Mg2+-dependence 

of the cleavage rate constant was fit with a hyperbolic, non-cooperative binding 

equation of the form: 

2/1
2

2

max ][
][
MgMg

Mgkkobs +
= +

+

 
where kmax is the cleavage rate under saturating Mg2+  conditions and Mg1/2 is the 

magnesium half-titration point. 

 

 
2.3 Results 
 

Single wild-type VS ribozyme molecules display dynamic and 

heterogeneous three-state folding. Our design for single molecule FRET 

experiments takes advantage of the well-studied construct G11, derived from the 

natural VS RNA sequence from four nucleotides upstream to 163 nucleotides 

downstream of the cleavage site (71). This sequence was only slightly adapted to 

optimize the construct for FRET studies (Figure 2-1A). In particular, we labeled 

the 5’ end of G11 with the FRET donor Cy3 by an enzymatic ligation approach 

that also allowed us to introduce a chemistry-blocking 2’-O-methyl modification at 

G620 for structural studies (Materials and Methods) . In addition, we opened the 

non-essential (72) (data not shown) closing loop of helix VI to attach a 5’-Cy5 

FRET acceptor and a 3’-biotin for surface immobilization to take advantage of 

prism-based total internal reflection excitation (Materials and Methods). Our 

construct is thus designed to specifically report on distance changes between 

helices I and VI that are distal in primary sequence but juxtaposed in the tertiary 

structure models and compose the catalytic core (Figure 2-1A). 

 First, we characterized the catalytic activity of our labeled wild-type (WT) 

construct by standard ensemble assays (Figure 2-1B). The cleavage time course  
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Figure 2-1. The G11 based WT construct that preserves native sequence 
and variants A) Secondary structure depiction of the four VS ribozyme variants 

studied here. Helices are color-coded, the bold open arrow denotes the cleavage 

site, the red dashed line a key interaction in the active site, gray lines denote 

backbone connectivities, and the Cy3, Cy5 and biotin labeling sites are indicated. 

Mutations in the ribozyme variants are shown next to their names. All single 

molecule FRET measurements employed a 2’-O-methyl modification to G620 to 

render the substrate non-cleavable. B) Cleavage time courses (data points) for 

each of the four ribozyme variants, with single exponential fits (lines) yielding the 

observed rate constants reported in the text. C) Tertiary structure model of the 

VS ribozyme (Zamel and Collins, unpublished data) using the same helix color 

code as in panel a. Some strand connectivities are incomplete in the model D) 

Magnesium dependence of the observed cleavage rate constants of WT and 

Rescue I-V.  
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is fit well with a single exponential, yielding an observed rate constant of 0.065 ± 

0.006 min-1 (total cleavage extent of ~75%) under our standard conditions (40 

mM Tris-HCl, pH 8.0, 50 mM KCl, and 35 mM MgCl2 at 25 oC, see Material and 

Methods). The unmodified G11 construct has a very similar cleavage rate 

constant (0.14 min-1 in the same buffer (up to ~95% cleavage extent), but at 37 
oC instead of 25 oC (71), which likely accounts for these differences) suggesting 

that our WT modifications minimally interfere with function. The cleavage rate 

constant saturated at 35 mM Mg2+ (Mg1/2 = 9 mM when fit with a hyperbolic 

binding equation, Figure 2-1D), which was used in all subsequent single 

molecule experiments. 

 Immobilized single VS ribozyme molecules exhibit anticorrelated donor 

and acceptor fluorescence intensities as signature of global conformational 

changes (Figure 2-2A). (For a discussion of our evidence that fluorophore 

blinking is insignificant under our low-illumination conditions, please refer to 

Materials and methods.) Three distinct FRET states and thus distinguishable 

RNA folds are observed for WT. The particular ribozyme molecule in Figure 2-2A 

alternatively populates a high (H) FRET state with a FRET ratio (defined as 

IA/(IA+ID), where ID and IA are the donor and acceptor fluorescence intensities, 

respectively) of ~0.76, a mid (M) FRET state at ~0.50, and a low (L) FRET state 

at ~0.22. All analyzed time traces end with single-step donor photobleaching, 

confirming a single molecule as the source of the signal. A histogram of the 

FRET ratios of 94 WT molecules is well-described by a triple Gaussian that 

yields the relative population distributions of the three FRET states (Figure 2-2B). 

Donor-acceptor distances of 35 Å, 55 Å, and 96 Å (each ± 5 Å) were estimated 

for the H, M, and L states, respectively, after corrections for donor leakage into 

the acceptor channel, fluorophore photobleaching, and differential detector 

efficiencies for the donor and acceptor emissions (Materials and Methods) (69, 

70).  

Shot noise in the raw data was reduced by employing a non-linear filter as 

described (66). Hidden Markov modeling (HMM) was then used to determine for 

each molecule the most probable path traversed between the three FRET states  
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Figure 2-2. Single molecule FRET analysis of the WT VS ribozyme.  
A) Representative FRET time trace of a WT molecule. The raw Cy3 donor and 

Cy5 acceptor fluorescence signals are green and red, respectively. 

Superimposed in gray are the data after applying a non-linear filter as described 

(66). The FRET ratio (black trace below) is calculated from the filtered data as 

IA/(IA + ID) and reveals three distinct states in Hidden Markov modeling (HMM, red 

line). B) An aggregate FRET histogram of 94 WT molecules shows Gaussian 

distributions for three states with FRET values of ~0.76 (H), ~0.50 (M) and ~0.22 

(L) and the indicated abundances. C) Transition density contour map from HMM 

analysis (73) of all transitions for 77 well-defined WT molecules. D) Relative 

contributions and mean rate constants of the transitions illustrated in panel c. 

E,F) The normalized probability densities (68) of all dwell times preceding an 

H→M (E) and M→H (F) transition are fit with single exponential decay function 

(red lines) and are compared to decay functions (black lines) using the rate 

constant from the HMM analysis in panel d.  
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(Figure 2-2A) (67). The transition density contour map in 2-2C, 2-2D summarizes 

all six possible observed transitions between initial and final FRET states for the 

analyzed WT molecules. Single-exponential transition rate constants for the H to 

the M state of 4.2 min-1 and for the M to the H state of 9.0 min-1 were derived 

from the hidden Markov fitting procedure (67) (see Materials and methods) 

(Figure 2-2D). Together, these two conformational changes account for 84% of 

all observed transitions. Despite the overall predominance of these transitions, 

10% of the analyzed molecules never sample the H state. These molecules are 

instead characterized by long dwell times in the M and L states (Figure 2-3). This 

small subset of molecules and the generally low transition rate constants for 

leaving the L state (Figure 2-2D) lead to the observation of 33% L state in the 

aggregate histogram (Figure 2-2B). These findings provide evidence for 

heterogeneity at the single molecule level, as previously noticed for other RNAs 

such as the hairpin ribozyme (11, 14, 15, 74), and suggest that the L state is a 

less relevant (rarer) structural state of the VS ribozyme.  

Markov processes as assumed in HMM consist of a combination of state-

to-state transitions with single-exponential decay kinetics (67), which may not 

always reflect the full complexity of single molecule behavior. To further 

characterize the nature of the kinetics of the H→M and M→H transitions, we 

therefore plotted the normalized probability densities of the corresponding dwell 

times obtained from the HMM path analysis for all WT molecules that accessed 

the H state at least once (Figure 2-2E, 2-2F). A single-exponential decay fit yields 

a rate constant of 6.5 min-1 for the H→M transition, which is significantly faster 

than the previously described, averaged Markov rate constant of 4.2 min-1 

(compare red and black lines in Figure 2-2E). By contrast, both analysis methods 

yield similar rate constants (10.1 min-1 and 9.0 min-1, respectively) for the M→H 

transition (Figure 2-2F). The discrepancy observed for the H→M transition is due 

to a higher occurrence of long dwell times than is predicted for a single-

exponential distribution, providing evidence for heterogeneity also in the kinetic 

behavior of the H→M transition.  

What is the structural nature of the H state and what role, if any, does it 
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Figure 2-3: A misfolded WT VS molecule. Raw fluorescence and FRET signals 

of a misfolded wild-type VS ribozyme molecule; the catalytically competent H 

state of FRET ≈ 0.76 is never occupied. 10% of all WT time traces show this 

behavior, at least partially explaining the typically ~30% of inactive ribozyme in 

our ensemble cleavage assays (Figure 2-1B). 

 

 

 

 

 

 

 

 

 

 

 20



play in function? The previously established essential I-V kissing loop interaction 

has been shown to help dock the cleavage site in helix I with the residues in helix 

VI that are involved in catalysis (25, 28, 56, 72, 75). Given that our FRET probes 

are located in helices I and VI, we are able to test the hypothesis that the 

observed high FRET state reports on the catalytically active docked structure.  

 

Mutation of the kissing loop links the H state to the active docked structure 

To ask whether the I-V kissing loop interaction is present in our H state, we 

designed a ΔI-V construct with a C632→G mutation (Figure 2-1A) that is 

predicted to weaken the interaction by eliminating one of three base pairs. This 

mutant was previously shown to lack self-cleavage activity (56) and accordingly 

our construct yields no detectable product (Figure 2-1B). Significantly, the folding 

behavior of ΔI-V is markedly different from that of WT (Figure 2-4A). ΔI-V 

molecules spend long periods of time in global folds characterized by FRET 

ratios of ~0.48 (M) and ~0.27 (L) (the M state is typically interrupted by brief 

excursions into the L state, Figure 2-4A). A FRET histogram obtained from 25 

molecules shows that the H state was not detected (Figure 2-4B). Due to the 

long lifetime of the L state (the molecule in Figure 2-4A, for example, dwells in it 

for ~8 min), its dwell times were ill-defined due to either premature donor 

photobleaching or the fact that the molecule already inhabits the L state at the 

beginning of the measurement. Separate measurements were therefore 

conducted over one hour where the laser was intermittently shuttered for an 

overall exposure time of only 9 min to limit photobleaching. The normalized 

probability densities of all observed M→L and L→M transition dwell times for ΔI-

V (Figure 2-4E, 2-4F) show a clear distinction between short- and long-lived M 

and L states. The short lived dwell times were fit to single exponential decay 

functions yielding rate constants of 5.0 min-1 for M→L and 40 min-1 for L→M. The 

average values for the long dwell times are 17 min and 14 min for the M and the 

L state, respectively, which must be viewed as lower bounds given the natural 

limitation of our observation window.  
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Figure 2-4. Single molecule FRET analysis of the ∆I-V and ∆II-III-VI variants. 
A) Representative FRET time trace of a ∆I-V molecule. Compared to WT, the H 

state is not observed in ∆I-V and is replaced by long lived L and M states. The M 

state shows brief excursions to the L state. B) An aggregate FRET histogram of 

the raw data for the 25 ∆I-V molecules is well described by Gaussian 

distributions for only two states with FRET ratios of ~0.48 (M) and ~0.27 (L), but 

no H state. C) Representative FRET time trace of a ∆II-III-VI molecule, showing 

brief excursions into the H state, as well as an early excursion into the L state. D) 

An aggregate FRET histogram of the raw data for 55 ∆II-III-VI molecules reports 

a ~0.69 (H) state that is populated ~4% of the time in addition to the ~0.49 (M) 

and ~0.25 (L) states (see inset). Please note that not all molecules visit all three 

states due to molecular heterogeneity so that these aggregate histograms do not 

reflect equilibrium distributions. E,F) The short dwell times of the normalized 

dwell time probability densities preceding an M→L (E) and L→M (F) transition in 

the ∆I-V and ∆II-III-VI variants are fit with single exponential decay functions 

(lines), revealing discrepancies from homogeneous kinetics. Please note that the 

signal-to-noise ratio in the M state due to shot noise did not allow for reliable 

HMM analysis of the short-lived H state of the ∆II-III-VI ribozyme.  
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The failure to observe the H state upon weakening of the kissing loop 

interaction suggests that adoption of the H state requires an intact kissing loop. 

The accompanying loss of cleavage activity links the H state with biological 

function of the VS ribozyme. Consistent with these observations, previous 

hydroxyl radical footprinting studies have observed a decrease in solvent 

protection of the riboses of several nucleotides involved in the kissing loop 

interaction when all three interacting bases of either loop I or V were mutated 

(25). An NMR study of stem-loop V predicts that the three kissing base pairs can 

form a short A-type helix (76), which we find to be disrupted by the single G-G 

mismatch in ΔI-V (Figure 2-1A). The time resolution of our data collection (500 

ms) allows the possibility that stems I and V may transiently (for <1 s) come into 

close contact, but their interaction is not sufficiently stabilized to be observed by 

either single molecule FRET or catalytic activity. 

 

The II-III-VI junction plays the role of an architectural scaffold. Correct 

juxtaposition of helices II, III, and VI has been implicated in playing an important 

role in VS ribozyme function. In particular, an A656C mutation at this junction has 

been shown to substantially reduce the cleavage rate constant in a trans-

cleaving variant of the VS ribozyme, presumably by forming a structurally 

detrimental Watson-Crick base pair with G768 (27). To further explore the 

structural basis for this large reduction in activity we introduced the same 

mutation, generating construct ΔII-III-VI (Figure 2-1A), and assayed its cleavage 

activity (Figure 2-1B). The ΔII-III-VI mutant cleaves with a substantially reduced 

rate constant of 0.002 min-1, as expected (27), further validating the relevance of 

our single molecule FRET construct.  

Figure 2-4C shows a representative section of a time trace of a single ΔII-

III-VI molecule. It predominates in the M state but also shows brief excursions 

into a high-FRET state similar to the H state of WT. These transient excursions 

are also evident from the aggregate FRET histogram, which includes a 4% 

contribution of the H state (Figure 2-4D). By contrast, the H state is never 

observed to be accessed by the ΔI-V construct (Figure 2-4B).  
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In conjunction with our earlier observation that the H state reports on 

formation of the kissing loop, our single molecule studies of the A656C mutant 

provide evidence that a correct architecture of the II-III-VI junction is also a 

prerequisite for kissing loop formation. This finding implies that the A656C 

mutation induces local changes in the II-III-VI junction that have a cascading, 

distal effect preventing loops I and V from docking. Previous steady-state FRET 

measurements on the isolated II-III-VI junction have posited a change in the tilt 

angle between helix II and the III/VI helical stack as a consequence of the local 

change in sequence (27). Such a rearrangement in three-way junction 

architecture may then disfavor kissing loop formation as observed here.  

 Disruption of the II-III-VI junction also has a profound effect on the 

transition kinetics between the M and L states. While many single ΔI-V molecules 

with an unaltered II-III-VI junction exhibit very long dwell times in the M state (~17 

min, see above and Figure 2-4E, black symbols), the normalized probability 

density plot for the M→L transition of ΔII-III-VI instead is well described by a 

single rate constant of 3.6 min-1 with few, if any molecules exhibiting long dwell 

times in the M state (Figure 2-4E, red symbols). The normalized probability 

distribution of L→M transition dwell times for ΔII-III-VI, by contrast, remains multi-

exponential including relatively long dwell times (Figure 2-4F). Fitting the dwell 

times of the rapid L→M transition yields a rate constant of 26 min-1 (Figure 2-4F), 

while the average of all longer dwell times is 3.2 min, somewhat shorter than the 

14 min observed for ΔI-V.  

Taken together, these observations are consistent with the notion that a 

properly folded II-III-VI junction, in the absence of the I-V kissing loop interaction, 

is associated with a very stable M state that forms an architectural scaffold for 

the long-range kissing loop interaction to build on. This stable scaffold is 

disrupted in the A656C mutant, consistent with the general lack of long M dwell 

times for ΔII-III-VI in Fig. 3e. By contrast, the long fluorophore distance in the L 

state (96 Å) together with the fact that both the ΔI-V and ΔII-III-VI constructs 

similarly show long L dwell times leads us to propose that L states generally do 

not have a properly folded II-III-VI junction, thus unraveling the central 
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architectural scaffold of the VS ribozyme in a way that dramatically increases the 

fluorophore distance. This model thus associates the L state with a misfolded II-

III-VI junction. 

 

Second-site reversion mutagenesis rescues both H state and ribozyme 

activity. Our ∆I-V construct completely loses its H state, presumably because of 

an inability to form a stable kissing loop interaction. If so, recovery of this 

interaction should restore the structural dynamics observed for WT. To test this 

hypothesis we designed a Rescue I-V construct with a second-site reversion 

mutation that flips the WT C:G to a G:C base pair (Figure 2-1A). The 

representative time trace in Figure 2-5A shows that the H state is indeed 

recovered, further providing evidence that the H state reports on the formation of 

the catalytically essential kissing loop interaction. Rescue I-V molecules spend 

36% of their time in the H state (Figure 2-5B) versus 38% for WT (Figure 2-2B), 

suggesting that kissing loop rescue is nearly complete. This notion is further 

supported by the very similar transition density contour maps of Rescue I-V and 

WT (Figure 2-5D versus Figure 2-2D). 

 The transition density contour map of Rescue I-V is also similar to 

that of WT with the predominant transitions occurring between the H and M 

states. Comparison of the averaged transition rate constants from the contour 

map with those derived from analysis of the normalized dwell time probability 

densities shows good agreement (Figure 2-5E, 2-5F). This homogeneity of the 

transition kinetics contrasts with the significant heterogeneity observed for the 

H→M transition of WT (Figure 2-2E), thus illustrating how the simple reversal of a 

G:C basepair leads to subtle differences in dynamic behavior detectable by 

single molecule probing.  

Rescue of the kissing loop interaction and reemergence of the H state 

coincide with substantial recovery of catalytic activity in Rescue I-V (Figure 2-1B). 

The Mg2+ dependence curve of Rescue I-V is predicted to saturate at 0.065 min-1 

with a Mg2+ half-titration point of 14 mM, just slightly below and above the WT 

values of 0.084 min-1 and 9 mM, respectively (Figure 2-1D). These  
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Figure 2-5. Single molecule FRET analysis of the Rescue I-V ribozyme.  
A) Representative FRET time trace of a Rescue I-V molecule. The raw Cy3 

donor and Cy5 acceptor fluorescence signals are green and red, respectively. 

Superimposed in gray are the data after applying a non-linear filter as described. 

The FRET ratio (black trace below) is calculated from the filtered data as IA/(IA + 

ID) and reveals three distinct states in Hidden Markov modeling (HMM, red line). 

B) An aggregate FRET histogram of 66 Rescue I-V molecules shows Gaussian 

distributions for three states with FRET values of ~0.80 (H), ~0.51 (M) and ~0.19 

(L) and the indicated abundances. C) Transition density contour map from HMM 

analysis of all transitions for 62 well defined Rescue I-V molecules. D) Relative 

contributions and mean rate constants of the transitions illustrated in panel c. 

E,F) The normalized probability densities of all dwell times preceding an H→M 

(E) and M→H (F) transition are fit with single exponential decay functions (red 

lines) that are compared to decay functions (black lines) using the rate constant 

from the HMM analysis in panel d. 

 

 

 

 26



findings provide additional strong evidence that link the H state observed in 

single molecule FRET experiments to on-pathway folding of the kissing loop 

interaction and to catalytic activity. Consequently, the fact that a lower estimate 

of 10% of WT molecules never sample the active H state but instead dwell in the 

M and L states (Figure 2-3) at least partially explains why a significant fraction of 

ribozymes remain inactive in ensemble cleavage assays (Figure 2-1B), a 

common observation for the VS ribozyme independent of fluorophore labeling 

(54, 75), as well as for ribozymes in general (11, 14).  

 

 
2.4 Discussion 
 
 The structural dynamics of tertiary structured RNA and their links to 

biological function are still not well understood, despite recent advances in our 

appreciation of the breadth of non-coding RNA function (2-4). Here we have 

exploited single molecule FRET to dissect the global structural dynamics of the 

VS ribozyme. This complex non-coding RNA contains combinations of tertiary 

structure elements commonly found in large RNAs, such as three-way junctions 

and a kissing loop, and is endowed with catalytic activity that reports on the 

biologically relevant fold.  
Our findings support the notion that complex RNAs often fold into their 

active states by traversing discrete structural intermediates, similar to recent 

observations on other complex ribozymes such as group I (8, 77) and group II 

introns (78). Each newly formed intermediate acquires additional tertiary 

interactions whose formation is contingent upon the proper folding of the 

previous state. In the case of the VS ribozyme, the correctly folded II-III-VI 

junction serves as the structural scaffold upon which the kissing loop interaction 

builds. In turn, the kissing loop serves as a scaffold to juxtapose the internal 

loops of helices I and VI for cleavage of the former. We also observe evidence  
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Figure 2-6. Structural and kinetic model of the reaction pathway of the WT 
VS ribozyme. The helix colors match those in Figure 2-1A. The reported H to M 

transition rate constant is the mean value obtained from the HMM analysis; the 

dual arrows represent heterogeneity (either static, i.e., never-changing or 

possibly dynamic, i.e., time-dependent in nature) in this transition as illustrated in 

Figure 2-2E. The fluorophore distances and relative abundances of the H, M and 

L states were obtained from single molecule FRET, while kcommit was modeled. L 

states, while often long-lived, are only infrequently accessed by a sub-population 

of molecules (static heterogeneity, thinner arrows). 
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for static (never-changing) and possibly dynamic (time-dependent) heterogeneity 

between individual molecules of the VS ribozyme, suggestive of a deeply 

furrowed folding free energy landscape with independent pathways separated by 

barriers too high for crossing by thermal motion, consistent with observations for 

other ribozymes such as group I introns (8, 77, 79) and the hairpin ribozyme (11, 

14, 15, 74, 80). 

The minimal mechanistic model in Figure 2-6 summarizes the structural 

dynamics of the full-length G11 VS ribozyme as directly observed and quantified 

here. We observe for WT altogether three states of distinct FRET values and 

thus fluorophore distances that are likely to lie on the folding pathway towards 

catalysis: L, M, and H states, which are about equally populated in the time and 

molecule average, although transitions into the long-lived L state are relatively 

rare (thin arrows in Figure 2-6). Our data support a model wherein population of 

the H state, attainable from both the L and M states, is necessary but not 

sufficient for catalysis. This on-pathway H state requires a properly folded II-III-VI 

junction, whose disruption in ∆II-III-VI greatly reduces both the probability of 

kissing loop formation (compare Figure 2-2B and Figure 2-4D) and catalytic 

activity (Figure 2-1B). The correctly folded II-III-VI junction thus serves as a 

structural scaffold for the formation the kissing loop interaction which we observe 

as the H state.  

 Our mechanistic model allows us to further evaluate the catalytic 

relevance of the H state. All observed transition rate constants between the three 

FRET states are at least an order of magnitude faster than the cleavage rate 

constant of 0.065 min-1 under the same conditions; the M→H and mean H→M 

conformational transitions are 138- and 65-fold faster, respectively (Figure 2-6). 

This rate difference indicates that the downstream pathway towards 

phosphodiester cleavage and product release minimally perturbs the equilibrium 

distribution between the L, M, and H states. We therefore define kcommit as the 

rate constant that describes the probability of cleavage and product dissociation 

from the H state (5’-product binds only weakly and is thus assumed to be 

irreversibly released under our conditions (J. Olive and R.A.C, unpublished)). 
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Straightforward analytical modeling of the reaction scheme in Figure 2-6 predicts 

that the rate constant observed in our cleavage assays is simply the product of 

kcommit and the fraction of time the RNA spends in the H state as reported in our 

FRET histograms. This simplest possible model assumes that the 2’-O-methyl 

modification does not disrupt the ground state interaction formed by the natural 

2’-OH. kcommit is then calculated to be (0.065 min-1)/(0.38) = 0.17 min-1 for WT, 

(0.002 min-1)/(0.04) = 0.05 min-1 for ∆II-III-VI, and (0.05 min-1)/(0.36) = 0.14 min-1 

for Rescue I-V. The reasonable agreement among the three kcommit values as 

calculated from our experimental results lends further support to the minimal 

reaction scheme in Figure 2-6. It also suggests that WT and mutants must 

traverse similar local energy barriers for catalysis to occur after formation of the 

catalytically competent H FRET state.  

 What is the nature of this barrier: conformation or chemical? In our G11 

based ribozyme the substrate stem-loop I is connected via its 3’ end to the 5’ end 

of helix 2 by just 3 unpaired bases. This barrier is apparently alleviated when a 

>25 nucleotide linker is instead used. VS ribozyme constructs that have such 

linkers that connect the substrate instead to the 3’ end of the ribozyme have 

observed cleavage rates that are several hundred fold faster (81) than that of 

G11. We speculate that this alternate connectivity affords the substrate additional 

conformational flexibility that bypasses the energetic barrier(s) responsible for 

our observed kcommit value. This additional conformational flexibility optimizes the 

catalytic core concomitantly with kissing loop formation, leading to rapid 

cleavage. Further experimental work that explores such an alternate connectivity 

is presented in chapter 3. 

 



CHAPTER 3 
 

AN ALTERNATE CONNECTIVITY OF THE VS RIBOZYME EXHIBITS 
SIGNIFICANT DIFFERENCES IN FOLDING DYNAMICS AND CATALYSISb 

 
 
3.1 Introduction 
 
 The minimal contiguous sequence of natural VS RNA that carries its self-

cleavage activity consists of 154 nucleotides (50), commonly referred to as the 

VS ribozyme. This small catalytic RNA minimally contains a single nucleotide 

immediately upstream (5’) followed by 153 nucleotides downstream (3’) of the 

cleavage site. Many studies of the VS ribozyme have revolved around a similar 

construct, G11, which is extended to 9 nucleotides upstream (54). The single 

molecule characterization described in chapter 2 was performed on such a 

construct. Later experiments discovered, however, alternate constructs that gave 

several hundred-fold higher cleavage rates (81). The fundamental property of 

these new VS ribozymes is an alternate connectivity between the ribozyme and 

the substrate stem-loop with the cleavage site. The cleavage site is now located 

at the 3’ end of the ribozyme, connected via a longer, for example, 23-nucleotide 

linker. One of these constructs, RS19∆L, has an observed rate constant for 

producing cleaved RNA of 1.9 s-1, several orders of magnitude greater than for 

G11 (0.002 s-1) (54). This rate consists of the sum of the forward cleavage rate 

constant (0.21 s-1) and the reverse ligation rate constant (1.7 s-1), so RS19∆L 

exists ~90% of the time in its ligated form (81). 
                                                 
b Alex Buck-Johnson was a major contributor to the results shown in figures 3-2, 3-3, and 3-4.   
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The question arises as to the biological relevance of these fast rates. In its 

natural context, VS RNA is transcribed from the VS plasmid inside the 

mitochondrion of Neurospora to yield a multimeric series of head-to-tail tandem 

repeats (48, 82). This gives the VS ribozyme motif access to the 3’ distal 

downstream cleavage site that is hundreds of nucleotides away. This access is 

expected to result in the ribozyme motif preferentially cleaving this 3’ distal 

cleavage site (kcleav ~ 0.2 s-1) (81) instead of its neighboring upstream site (kcleav 

~0.002 s-1) (54), as evidenced by comparison of the cleavage rate constants of 

RS19∆L (0.2 s-1) and G11 (0.002 s-1). The subsequent finding that in vitro assays 

of multimeric VS RNA show preferential cleavage of downstream substrate (83) 

further supports this hypothesis. 

 There are many questions pertaining to RS19∆L function that remain 

unanswered. How does its alternate connectivity confer such enhanced 

catalysis? What role do its structural states and the dynamics between them play 

in its function? Single molecule FRET microscopy and ensemble activity assays 

of a variant of RS19∆L, termed FR3 (Figure 3-1A) were performed to gain insight 

into these questions. We show here that FR3 does not exhibit significant 

structural dynamics. This observation stands in sharp contrast to the dynamic 

behavior of the WT construct described in chapter 2. The FRET ratio associated 

with the observed stable FR3 states increases with higher magnesium 

concentrations. A parallel enhancement of the cleavage rate is also observed as 

the magnesium concentration is increased. Validation of these results was 

achieved by probing for and comparing FR3’s catalytic activity both in bulk 

solution and during single molecule FRET measurements. The cleavage/ligation 

equilibrium of FR3 directly observed on the microscope slide is consistent with 

standard pre-steady-state cleavage assays performed on FR3, as well as the 

data previously reported for the biologically relevant, related RS19∆L construct. 
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3.2 Materials and Methods 
 

Preparation of FR3. FR3 is derived from the RS19 family of VS ribozymes 

(81), in which stem-loop I, which contains the site of cleavage, is attached via a 

linker of arbitrary sequence to the 3’ end of the ribozyme core (Figure 3-1A). The 

sequence of stem-loop I was altered to introduce a 5-amino-allyl uridine at a 

position predicted from molecular modeling (not shown) to be on the exterior face 

of helix Ia for Cy3 labeling. Synthesis of FR3 was accomplished by VS ribozyme-

mediated ligation using a strategy similar to that used previously to incorporate a 

site-specific 4-thio-uridine nucleotide into stem-loop I (26). The ribozyme portion 

was obtained by in vitro transcription by T7 RNA polymerase of a linearized 

plasmid template, followed by self-cleavage and gel-purification of the upstream 

cleavage product which ends at G620 and contains a 2’3’ cyclic phosphate 

terminus; the transcription mixture included 4 mM ApG dinucleotide in which the 

adenosine contained an amino group at the end of a six-carbon linker attached to 

the 5’ phosphate (Dharmacon, Inc) to allow for subsequent labeling of the 5’ end 

of the RNA with Cy5 mono-reactive dye (GE Healthcare). A second RNA 

beginning at position 621 (with a 5’ hydroxyl) was chemically-synthesized 

(Dharmacon, Inc.) and contains a 5-amino-allyl-uridine for subsequent labeling 

with Cy3 mono-reactive dye (GE Healthcare) at the position indicated in Figure 3-

1A and a 3’ terminal biotin. Incubation of these two Cy-labeled RNAs in the 

presence of 200 mM Mg2+ results in ligation to form the full-length FR3 RNA, 

which was gel-purified and ethanol-precipitated. 

 

FR3 Histograms of the Magnesium Titration: A solution of 3.3 µl 3 nM FR3 

+ 97 µl of 1X (20 mM HEPES pH 7.4 + 100 mM KCl) was heated in the dark for 2 

min at 70oC and cooled to room temperature. This 100 pM FR3 solution was 

flowed onto a clean quartz slide that was first coated with biotinylated BSA, then 

streptavidin as described (11, 31). After 2 min the microfluidic channel was 

flushed with scavenging 1X (1X + 1mM Trolox (65) + 2.5 mM protocatechuic acid 

+ 25 nM protocatechuate-3,4-dioxygenase + appropriate concentration of Mg2+) 
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to efficiently consume the dissolved oxygen (84).  The donor Cy3 was excited 

with a 532nm laser using total internal reflection microscopy as described at a 

frame rate of 2 frames per second. Around 50 frames prior to the end of each 

movie, a 640nm laser was used (except for 5mM Mg2+) to probe for the presence 

of an active Cy5. This unambiguously determined whether a low FRET ratio is 

due to low FRET efficiency or the absence of an active Cy5 acceptor. Noise in 

the time traces was reduced using a previously reported (66) non-linear filter with 

the parameters m = 3 and p = 20 prior to the appropriate binning and Gaussian 

fitting using Origin 7.5. Sample preparation for Figure 3-1B was similar except 

the background buffer used was 40 mM Tris pH 8.0 + 50 mM KCl and the 

glucose oxidase/catalase oxygen scavenging solution (31) was employed.  

 

Single Molecule Probing of FR3 catalysis: A solution of 1.65 µl 3 nM FR3 

+ 97 µl of 1X (20 mM HEPES pH 7.4 + 100 mM KCl + 10 mM Mg2+) was heated 

in the dark for 2 min at 70oC and cooled to room temperature. This 50 pM FR3 

solution was flowed onto a clean quartz slide that was first coated with 

biotinylated BSA, then streptavidin as described (11, 31). After 2 min the 

microfluidic channel was flushed with scavenging 1X.  The donor Cy3 was 

excited with a 532nm laser using total internal reflection microscopy as described 

(9) at 2 frames per second. Approximately 30 frames into the trace, the 640nm 

red laser was also activated to probe for the presence of photoactive Cy5. The 

shutter was then closed, 6M urea was flowed into the microfluidic channel at 1 

ml/min for 20 seconds using the Harvard Apparatus Pump-33 dual syringe pump, 

followed by the 1 ml/min flow of scavenging 1X and subsequent incubation for 5 

min. The shutter was opened with both lasers still on to report on the presence 

(no dissociation) or absence (dissociation) of the already confirmed photoactive 

Cy5.  

 

Bulk Solution Activity Assay of FR3: A 150 μl solution containing 45 

picomoles of FR3 in 20 mM HEPES pH 7.4 + 100 mM KCl was heated to 70oC 

for 2 min, then cooled to room temperature for 5 min. Then removed 25 μl of it 
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into 25 μl stop mix (formamide + 200 mM EDTA), added 25 μl Mg2+ solution to 

achieve either a 10mM or 200mM final Mg2+ concentration. At time points of 15 

sec, 30 sec, 1 min, 2 min, 5 min, 10 min removed 25 μl into 25 μl of stop mix. 

The cleaved and uncleaved material were separated on a 10% denaturing PAGE 

gel and the intensity of Cy5 fluorescence on the gel was quantified for each band 

and analyzed using the Amersham Biosciences Typhoon 9410 Variable Mode 

Imager instrument and Image Quant 5.2 analysis software. 

 

 

3.3 Results 
 
 The FR3 RNA (Figure 3-1A) is a single-stranded, catalytically active 

molecule that has the substrate portion linked to the downstream 3’ end of the 

ribozyme motif by a 26-nucleotide linker (highlighted in bold in Materials and 

Methods). This connectivity is markedly different from that of the WT described in 

chapter 2 (Figure 2-1A), which instead has only a 3-nucleotide linker attaching 

the 5’ upstream end of the ribozyme to the substrate stem-loop. The dynamic 

conformational behavior of FR3 differs greatly from that of WT described in 

chapter 2. Addition of 35 mM Mg2+ to immobilized FR3 molecules results in a 

non-dynamic, long-lived high FRET state (Figure 3-1B). The underlying structure 

is hypothesized to entail the catalytically essential kissing interaction since 

current models (25, 28) of the global structure predict that docking of the 

cleavage site into the active site brings the Cy3 and Cy5 fluorophores into close 

proximity.  Histogram analysis of the trajectories shows that the FR3 molecules 

spend 94% of their time in the high FRET state. The globally static behavior in 

the example trace (Figure 3-1B) is representative of the molecules analyzed. 

These data reveal that the nature of the connectivity between the ribozyme and 

substrate has a profound effect on the presence/absence of global structural 

dynamics on the second timescale.   
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Figure 3-1. Connectivity of FR3 and its behavior upon addition of 
magnesium. A) The primary sequence and secondary structure of FR3. The 

substrate (green) is linked to the 3’end of the ribozyme by the nucleotides shown 

in bold. A cleavage (arrow) and denaturant induced dissociation event leaves 

behind the 3’ biotin and Cy3 containing portion of the RNA. B) Addition of 35 mM 

Mg2+ induces a conformational state from a low to a high FRET state that is very 

stable and non-dynamic. C) Histogram analysis of multiple molecules shows a 

strong tendency of FR3 in 35 mM Mg2+ to populate a high FRET state.  
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Figure 3-2. The effect of magnesium on the observed mean high FRET 
value. The predominant FRET ratio of FR3 molecules shifts upwards as the 

concentration of magnesium increases. A Hill analysis of the mean high FRET 

value versus [Mg2+] yields an apparent magnesium half-titration point of Mg1/2 = 

10 mM. 
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The concentration of magnesium ions is known to play an important role in 

the dynamics or absence thereof in RNA (85). The effect of Mg2+ on the behavior 

of single FR3 molecules was investigated by conducting similar studies over a 

range of smaller magnesium concentrations. The background buffer consisted of 

20 mM HEPES-KOH, pH 7.4, 100 mM KCl to more closely represent the pH and 

ionic strength conditions present in vivo. Figure 3-2 shows a histogram analysis 

of the resulting FR3 FRET ratios. These data reveal a gradual shift in 

predominant FRET ratio towards higher values as more Mg2+ is added. Visual 

inspection of these traces shows a consistent profile of single molecule 

trajectories with predominantly a single state. Fitting the data to a Hill equation 

with n=1 yields an approximate half maximal saturation point of  ~10 mM Mg2+ 

(Figure 3-2). The quality of this fit with n = 1 argues against the existence of 

cooperative behavior with respect to the association of Mg2+ with FR3.   

There is no chemical modification in FR3 that prevents cleavage and re-

ligation of the scissile phosphate bond. The same construct used in the FRET 

histogram analysis can therefore be tested for its catalytic properties as well. The 

expanded length of the single molecule time trajectories is achieved in part 

because product dissociation, which would lead to disappearance of the donor 

fluorophore, is expected to only occasionally occur. There are 11 base pairs that 

connect the 5’ product with the ribozyme even after bond breakage (Figure 3-

1A), and dissociation of these base pairs is necessary for a characterization of 

FR3 catalysis.   

Bulk solution activity assays were performed at the half-maximal 

saturation point of 10 mM Mg2+ as well as at 200 mM Mg2+ (Figure 3-3). This 

latter high concentration was previously used in the characterization of RS19∆L, 

the VS construct from which FR3 was derived. The accumulation of cleaved FR3 

after addition of magnesium to a final concentration of 200 mM Mg2+ is 

inadequately described by a single-exponential fit due to the biphasic nature of 

the data. Fits with a double-exponential, however, failed to converge because 

there are only two data points to describe the fast phase. A single-exponential fit 

at the lower 10 mM Mg2+ concentration does reasonably describe the data with a  
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Figure 3-3. Accumulation of cleaved FR3. Ensemble activity assays done at 

10 mM and 200 mM Mg2+ show differential rates of accumulation of cleaved FR3 

over time. The slope between the 0 and 15 seconds time points for both assays 

are compared and a single-exponential fit to the 10 mM Mg2+ data shown. 
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kobs = 1.1 min-1 (Figure 3-3). The total extent of cleaved material reached 8%. 

The slope of the burst phase for 200 mM Mg2+ is 7-fold greater than that at 10 

mM Mg2+. This gives an extreme lower estimate of kobs for the burst phase at 200 

mM Mg2+ of (1.1 min-1) × (7) = 8 min-1. Concomitantly with the increase in kobs, the 

total extent of observed cleavage reached is 16% at 200 mM Mg2+ compared to 

8% at 10 mM Mg2+. The observed 8% extent of cleavage for FR3 in 10 mM Mg2+ 

implies that klig is about 10-fold faster than kcleav in the bulk solution experiment 

(assuming that most molecules are active), consistent with earlier observations 

(81). To validate our single molecule FRET approach the next questions we 

sought to address was: Are the same cleavage kinetics and cleavage extent 

observed for FR3 molecules that are immobilized on a streptavidin coated quartz 

slide? 

Experimental conditions were optimized to allow for the direct 

determination of whether a single immobilized FR3 molecule existed in the 

cleaved or ligated format at a given time point. The magnesium half-titration point 

Mg1/2 of 10 mM was chosen along with the same background buffer conditions 

(20 mM HEPES-KOH, pH 7.4, 100 mM KCl) used for the bulk solution activity 

assays (Figure 3-3) and the single molecule FRET histograms (Figure 3-2). 

Excitation of both Cy3 and Cy5 was used to confirm their presence, followed by 

closing of the excitation shutter and flowing of 6 M urea onto the slide. This 

secondary structure denaturant is expected to dissociate and flush away the non-

biotin containing Cy5 portion of FR3 if that molecule exists in its cleaved form. In 

the ligated form the FR3 RNA will still denature, but the Cy5 remains covalently 

attached. As the 6 M urea is washed away, the original buffer with oxygen 

scavenger system is reintroduced and the presence or absence of Cy3 and Cy5 

is again determined by direct excitation. Figure 3-4 shows the fingerprints of 

single FR3 molecules that upon injection of 6 M urea were either in the cleaved 

or ligated form. This process can be repeatedly applied to the same molecule, as 

is illustrated in Figure 3-4C and 3-4D. 

Out of a total of 72 single molecule observations, 7 cleaved molecules 

were observed. This value of ~10% cleaved molecules is consistent with the  
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Figure 3-4. Direct single molecule detection of FR3 catalysis.  Cy3 emission 

is shown in blue, Cy5 emission in red. Cy3 is initially excited, then both are 

excited when a red laser directly excites the Cy5. The shutter is closed and 6 M 

urea is flowed in, then removed by the original oxygen-free buffer and the single 

FR3 molecule is once again exposed to both lasers. This process was repeated. 

A) An FR3 molecule in its cleaved form loses its Cy5 as the 6 M urea dissociates 

it away. B) Another FR3 molecule is instead in its ligated form, not allowing the 

Cy5 to leave. C) The first 6 M urea flow reveals the ligated form, the second time 

the cleaved form. D) Both times reveal the ligated form. 
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amplitude of 8% obtained for the FR3 bulk solution activity assay at 10 mM Mg2+ 

shown in Figure 3-3. This consistency indicates that the underlying behavior of 

FR3 is both independent of and accurately probed by these different 

experimental methodologies. It also validates the relevance of the histogram 

results from Figure 3-2. 
 
 
3.4 Discussion 

 

 We here show that changing the connectivity between the VS substrate 

stem-loop and the ribozyme motif has a profound effect on large-scale distance 

changes between the cleavage and active sites. Chapter 2 described large-scale 

and frequent structural changes between those two sites when the substrate is 

connected to the 5 ‘end of the ribozyme through a 3-nucleotide linker. Here we 

find that when the substrate is instead connected to the 3’ end by a 26-nucleotide 

linker the VS ribozyme predominates in a stable global fold characterized by a 

FRET ratio that gradually shifts from 0.52 to 0.90 (Figure 3-2) upon increasing 

the magnesium concentration.  

This upward shifting of the high FRET peak with increasing Mg2+ 

concentration is consistent with a gradual structural compaction of a stable fold of 

FR3. An alternate interpretation is that there are two rapidly inter-converting 

structures with constant fluorophore distance that are shifted towards the shorter 

distance species upon magnesium titration. The timescale of these dynamics 

would need to be faster than 0.5 s-1 so that our 2 frames per second data 

collection frequency would report only on the equilibrium distribution of these two 

structures. This possibility would require either the rapid inter-conversion of two 

globally disparate structures that both contain the stem-loop IV kissing 

interaction, or the breaking/reformation of this well-characterized triple base-pair 

tertiary contact on a time scale of more than twice a second. For the well 

characterized WT construct from chapter 2 it took on average 14 seconds for this 

tertiary contact to break. The longer FR3 connectivity would then somehow lead 
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to a destabilization of the kissing-loop interaction that would then confer much 

faster cleavage rates. While both scenarios cannot be ruled out, a magnesium 

induced overall structural compaction is more plausible.  The compaction of RNA 

structure through stabilization by diffuse ions has been proposed for other large 

RNAs such as the Tetrahymena ribozyme (86) 

How catalytically competent are these globally static folds of FR3? They 

are expected to have much faster observed cleavage rate constants than the 

reported 0.065 min-1 values for WT described in chapter 2, because fast rates for 

variants of FR3 have been reported previously (81). The high FRET values 

observed in Figure 3-2 are consistent with the idea that the essential loop I-V 

kissing interaction is maintained throughout the time traces. The FR3 construct 

that was used to generate the data in Figure 3-2 was also characterized 

kinetically to corroborate the relevance of the histogram data. The rate of 

reaching the ligation/cleavage equilibrium and the equilibrium position were 

experimentally measured using both bulk solution and single molecule 

techniques. The 8% amplitude of the 10 mM Mg2+ bulk solution cleavage assay 

in Figure 3-3 is in good agreement with the 10% of single FR3 molecules that 

were observed to exist in the cleaved form. This implies that the distinct 

conditions of FR3 molecules during single molecule versus bulk solution 

experiments do not impact their function. The histogram results can thus be 

confidently interpreted as data collected on single FR3 molecules whose catalytic 

ability is unperturbed relative to those in bulk solution. As has been described 

above, the bulk solution FR3 molecules that exhibit proficient catalytic activity 

also spend a large majority of their time in the high FRET state. This proficient 

catalytic activity also requires the formation of the loop I-V kissing interaction, 

which implies that our observed high FRET state structure contain the kissing 

interaction. 

The FR3 bulk solution results are also consistent with the previously 

characterized RS19∆L construct which FR3 was designed to model.  RS19∆L 

yielded a kobs = 120 min-1 and a total fraction cleaved of 11% when measured 

using rapid quenched-flow instrumentation at 200 mM Mg2+ (81). The manual 
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mixing data (due to limited sample amount) shown in Figure 3-3 for FR3 at 200 

mM Mg2+ are consistent with the published RS19∆L data. In particular, the extent 

of cleavage is in good agreement with 11% for RS19∆L after 5 s (no data were 

collected over a longer time frame) versus 9.5% for FR3 after 15 s. Visual 

inspection of the longer FR3 time points at 200 mM Mg2+ suggests biphasic 

behavior: 9.5% of the molecules had already reached their ligation/cleavage 

equilibrium within 15 seconds, as expected from the reported RS19∆L rate 

constant of 120 min-1. There is also a smaller subpopulation that shows much 

slower kinetics.  

The data reported here for FR3 lead to further insights into how VS RNA 

functions in its biological context. The discovery of VS variants with greatly 

enhanced cleavage rates led to the hypothesis that the downstream substrate is 

preferentially cleaved, which was confirmed when multimeric VS RNA was 

shown to preferentially cleave downstream (83). These findings, however, shed 

little light on how the 881-nucleotide VS RNA selects against the upstream site. A 

comparison of the single molecule characterization of WT in chapter 2 with the 

results from the RS19∆L-related FR3 construct described here offers new insight 

into this question. The readily reversible formation of the I-V kissing-loop 

interaction with high FRET in WT stands in sharp contrast to the much more 

stably formed high FRET conformer observed for FR3. This difference in docking 

stability is expected to partially contribute to the difference in cleavage rate 

constants between the WT (kobs = 0.04 min-1 at 10 mM Mg2+) and FR3 (kobs = 1.1 

min-1 at 10 mM Mg2+), where now the essential kissing-loop interaction is formed 

a vast majority of the time, thus enhancing the rate at which downstream steps 

can occur that lead to catalysis.  

Is there an evolutionary rationale for the lack of observed dynamics in our 

biologically relevant FR3 construct? Inside the mitochondria of the fungus 

Neurospora, one expects selective pressure on the replication cycle of VS RNA 

to minimize the population of vulnerable linear monomer. By contrast, the circular 

monomeric VS RNA is exonuclease resistant while still serving as a suitable 

substrate for the accompanying reverse transcriptase (49). Multimeric VS RNA 

 44



 45

may have adapted to such selective pressures by fine-tuning its ribozyme motif 

to minimize the lifetime of the exonuclease vulnerable 2’,3’-cyclic phosphate and 

5’-OH termini required for the ligation into the circular VS RNA. Such self-

protection of the RNA first requires slow cleavage of the proximal stem-loop I 

substrate upstream of the ribozyme motif to allow for transcription of the distal 

downstream substrate. What follows is dynamic docking and undocking of the 

proximal (upstream) stem-loop substrate with the ribozyme motif and a distal 

(downstream) substrate that now not only has access but also high affinity to that 

same ribozyme motif. The formation of this globally stable structure now leads to 

eventual dissociation of the cleaved distal (downstream) stem-loop I product. 

This event leaves a 5’-OH in the immediate vicinity of the corresponding proximal 

(upstream 2’,3’-cyclic phosphate) product that was generated by its distal VS 

ribozyme partner, thus allowing for ligation of the VS RNA with minimal exposure 

of both ends to the exonucleases in the mitochondria of Neurospora. The FR3 

data presented are consistent with this model of how the VS ribozyme may 

function in nature.



 CHAPTER 4 
 

A NOVEL APPROACH FOR THE NATIVE PURIFICATION OF RNAc 
 

 
4.1 Introduction 
 
 Over the past few years a broad consensus has emerged that the typical 

cell contains a multitude of diverse and essential non-coding RNA’s. These RNA 

molecules play a central role in the chemistry of life and as a consequence a 

large body of research is aimed at gaining a fundamental understanding of how 

they function. This research involves the design of in vitro experiments whose 

results are then argued to be biologically relevant. The purification of the RNA 

being studied for these experiments, however, has a variety of shortcomings 

(87). The predominant method of generating RNA molecules that are too long to 

be made synthetically utilizes T7 RNA polymerase and a DNA template strand 

(42, 88). This generates shorter aborted transcripts, transcripts to which a few 

extra nucleotides have been added by the polymerase (42), and a plethora of 

salts and unused nucleotide triphosphates alongside the RNA of interest. The 

predominant purification procedure for the desired RNA involves a desalting step 

prior to the separation by size using denaturing polyacrylamide gel 

electrophoresis (PAGE) and elution from the gel. This requires a subsequent 

step aimed at homogeneously folding the RNA into its functional structure.  

                                                 
c The final portion of this work was done with significant assistance from Vivek Behera, an undergraduate 
student.  
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 The drawbacks of this methodology are well known (87). Separation by 

size on a denaturing PAGE gel is unreliable at removing the transcripts that 

contain few additional bases on the 3’ end when the overall transcript is quite 

long. The refolding protocol can result in the generation of non-trivial amounts of 

misfolded species. This diversity in populated structures can be difficult to detect 

yet can give adverse results if structure probing is pursued, for example, by 

NMR, or can lead to the inability to grow crystals that are amenable to high-

resolution X-ray diffraction and subsequent structure determination (88).  

 Several different methods and protocols have been previously developed 

to overcome these challenges (44-47). They aim to purify the desired RNA as 

folded during the transcription reaction, while avoiding denaturation and/or 

sequence heterogeneity in the final sample. This motivation comes from the fact 

that RNA sequences in nature have evolved to fold into their functional structure 

in the context of the transcription process (89). Size-exclusion chromatographic 

RNA purification has shown some promise, however, this technique does not 

yield RNA’s with homogeneous 3’ ends (45). The use of an immobilized DNA 

oligonucleotide and a DNAzyme has been shown to generate homogeneous 3’ 

ends and bypass the need for denaturing gel electrophoresis. This protocol does, 

however, involve heating the RNA to 95oC for 3 min (44) which re-introduces the 

problem of denaturing the desired RNA structure folded during transcription. The 

use of an MS2 coat protein to achieve immobilization combined with the glmS 

catalytic riboswitch as a means of removing the target RNA off a commercially 

available nickel-affinity resin has been shown to achieve native RNA purification 

with homogeneous 3’ ends. Implementation does, however, require the user to 

purify large amounts of the HMM (His-tagged MBP-MS2 coat fusion) protein. 

This involves IPTG-induced expression, purification on a Nickel affinity column, 

and the use of Fast Protein Liquid Chromatography (FPLC) instrumentation to 

apply a gradient of 0-1 M NaCl to a Hi-Prep 16/10 SP-Sepharose column binding 

the protein (46). This can limit its applicability if the laboratory has limited 

expertise in protein purification and/or proper equipment available.  
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 We present here a novel protocol that does not require protein purification 

and is expected to extend the ability of researchers to carry out native RNA 

purification with minimal difficulty. The purchase of commercially available 

streptavidin-coated magnetic beads, a 30-mer biotinylated DNA oligo, and the 

cloning of the user-specific double-stranded DNA template into our available 

plasmid is all that is required to implement the straightforward procedure 

described here and attain homogeneous, co-transcriptionally folded RNA . 

 

 
4.2 Materials and Methods 
 

Cloning of pVS1, pHDV1, pMCGL. The topWT plasmid (see materials and 

methods in chapter 2) was as the parental plasmid that lead to the eventual 

generation of pVS1. This involved minimal sequence modification to the 5’ end of 

G620 to include a HindIII site and the addition of 250 bases 3’ of C740 to 

introduce sequence that would encode the glmS ribozyme (90), followed by the 

helix motif that terminated with a EcoRI site. This was accomplished through 

multiple rounds of PCR whereby dangling 5’ ends of the primers (5’ – 3’: 

CGCGCGCGCG CCCCTTTTTTAAAAAAAAAACGATCGATCGATCGATCGATA 

AAAAACTTG; CCTTACGGCTGTGATCTGCACACTCAGCCGGGAG GCATCC 

GCCGAAAAT TCGGTAACCTC;  CAAGGAGTCACCCCCTTGGTTTGAAGAAA 

TCCTTACGGC TGTGATCTGCACACTCAGCCG;  GCGTTGAATTCAGATCA 

TGTGATTTCTCT TTGTTCAAGGAGTCACCCCCTTGGTTTGAAGAAAT) served 

to add in the desired sequence. In each round the completed PCR reaction was 

separated by non-denaturing 10% (w/v) PAGE and the larger desired product 

was cut out and eluted into 1 ml of H2O overnight at 4oC. This eluant was used to 

seed the next round of PCR that added on more of the desired sequence. This 

was repeated until a PCR product was generated with HindIII and EcoRI sites on 

each end. Both sites were simultaneously digested with HindIII and EcoRI. The 

commercially available pGEM4Z plasmid was simultaneously digested and 

dephosphorylated with HindIII, EcoRI, and alkaline phosphatase. Both reactions 
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were passed through two microcon-EZ (Millipore) columns to remove the 

enzymes. The insert was then ligated into the plasmid using the standard 

conditions as recommended by the manufacturer of the T4 DNA Ligase 

(Invitrogen # 15224-017).  

 The pVS1 plasmid served as the parental plasmid to make pHDV1. The 

pVS1 plasmid was simultaneously digested with HindIII and AflII, heat inactivated 

at 70oC for 20 min, phenol chloroform extracted, and run on a 1% (w/v) agarose 

gel. The doubly digested plasmid band was cut out and extracted using a 

commercial extraction kit (Qiagen #28706). The insert containing the HDV 

ribozyme sequence flanked by HindIII and AflII restriction sites was generated by 

primer extension PCR from two partially overlapping DNA oligonucleotides (5’-3’: 

GCGAGCAAGCTTCCACTCCTTTTCGGGTCGGCATGGCTCTCCACCTCCTCG

CGGTCCGACCTGGGCACCATT;  CGCCTCTCTTAAGTTCGGCTCTCTGGCTC 

TCCCTTAGCCACGGGAGTGCAATGGTGCCCAGGTCGGACCGCGA). This 

PCR product was simultaneously digested by both enzymes and as with pVS1, 

heat inactivated at 70oC for 20 min and phenol chloroform extracted to 

unambiguously remove all protein prior to ligation. Standard T4 DNA ligase 

reaction conditions (Invitrogen) were used to generate the pHDV1 plasmid.   

 The same doubly digested pVS1 plasmid used to make pHDV1 was also 

used to make pMCGL. The insert consisted of two synthetic DNA 

oligonucleotides with 5’ phosphates whose ends when annealed together mimic 

the product of the HindIII and AflII digestions. A 20 μl reaction containing 33 

fmols of this insert, 11 fmols of doubly digested pVS1, and 4 U of T4 DNA ligase 

(Invitrogen # 15224-017) was incubated at 16oC overnight. An aliquot was then 

transformed into XL10-Gold Ultracompetent cells as suggested by the 

manufacturer (Stratagene # 200315) to yield ~50 colonies on a single LB-amp 

plate. DNA sequencing confirmed all plasmid sequences described above. All 

synthetic DNA oligonucleotides used in this study were purchased from 

Invitrogen.    
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 Capture1 binding assay. Ten transcription reactions were run, each 

containing 4 mM NTP, 40 mM HEPES-KOH ph 8.0, 5 mM DTT, 25 mM MgCl2, 

200 mM NaCl , 50 nM EcoRI-linearized pHDV1 plasmid, 0.008U/μl inorganic 

pyrophosphatase, 0.1 mg/ml T7 RNA Polymerase, and variable (0, 25, 50, 75, 

100, 125, 150, 175, 200, 250) pmols of capture1 in a 50 μl reaction volume for 2 

hrs at 37oC. Control reactions (shown on each end in Figure 4-2A) consisted of 

transcriptions with 100 or 250 pmols capture1 prepared identically as above 

except for the absence of the linearized pHDV1 transcription template. An equal 

volume of non-denaturing loading buffer was added and 5 μl samples were run 

on 6% ND-PAGE at 5W for 4 hrs. The gel was stained using a 1:100,000 dilution 

of Cybr-Gold (Invitrogen # S11494) in 1X TBE for 5 min. Fluorescence intensity 

of the gel was measured using a fluorimager (Amersham Biosciences Typhoon 

Variable Mode Imager 9410) with an excitation of 488 nm, an emission bandpass 

of  500 – 540 nm, and a PMT of 500V. The results were quantified using 

ImageQuant software (Molecular Dynamics).  

The fluorescence intensities indicated in Figure 4-2A that arise from free 

capture1 were converted into pmol amounts using the control standards at both 

ends of the gel. These calculated free picomoles of capture1 were subtracted 

from the known amounts included at the beginning of the transcription to give the 

bound pmols of capture1 shown in Figure 4-2B. The numbers reported in 4-2 

were scaled by a factor of 2 to correctly report the results for total transcription 

volumes of 100 μl. 

 

Activity Assay of the glmS Catalytic Riboswitch. This assay began with a 

150 μl transcription containing using the same standard conditions as for the 

capture1 binding assay: 4 mM NTP, 40 mM HEPES-KOH, pH 8.0, 5 mM DTT, 25 

mM MgCl2, 200 mM NaCl, 50 nM EcoRI-linearized pHDV1 plasmid, 0.008 U/μl 

inorganic pyrophosphatase, 0.1 mg/ml T7 RNA Polymerase, 350 pmol capture1, 

and a trace amount of 32Pα-GTP. An incubation at 37oC for 2 h followed by a  

phenol/chloroform extraction gave a final volume of 100 μl. Then 25 μl of 5 M 

NaCl was added to bring the final Na+ concentration in the transcription mixture 
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to ~1 M. The transcription reaction was then combined with 100 μl (1 mg) of 

Streptavidin C1 Dynabeads (Invitrogen # 650.01) that had been equilibrated in 40 

mM HEPES-KOH pH 7.4, 1 M NaCl. The streptavidin-coated magnetic beads 

form a complex with the biotinylated-capture1●RNA transcript hybrid as the 

sample is rotated at room temperature for 30 min. First the supernatant was 

removed using a magnetic particle concentrator (Invitrogen # 120.20D), then the 

beads were washed 3 times with 100 μl of WB (wash buffer: 40 mM HEPES-

KOH, pH 7.4, 1 M NaCl). A wash step entails the resuspension of concentrated 

beads with a buffer, followed by removal of buffer through the use of the 

magnetic particle concentrator. The buffer in this removal stage is referred to as 

the supernatant. After the third wash the beads were once more resuspended in 

100 μl of WB. A 10 μl aliquot is collected to represent the overnight time point 

and added to 30 μl of SM (stop mix: 90% formamide in 1X TBE). The remaining 

supernatant was removed and 100 μl of WB supplemented with 10 mM MgCl2 

and 5, 50, 100, 200 or 500 μM glucosamine-6-phosphate (GlcN6P) was added to 

initiate the glmS ribozyme reaction. Progression of the reaction was monitored by 

taking out 10 μl aliquots into 30 μl of SM after 0.25, 0.5, 0.75, 1, 2, 5, and 10 min. 

The different populations present in the time points were separated on a 10% D-

PAGE gel run for 2 h at 20 W. This gel was exposed to a phosphorimager screen 

overnight and quantified using ImageQuant software. The intensities of the 

separate bands were corrected for the number of guanines in each sequence. 

This directly correlates the intensity values to the relative counts of RNA 

molecules present in each band in the gel. The fraction cleaved was then 

calculated as Hintensity/(Hintensity + HGintensity) using the notation in Figure 4-3A. The 

200 μM GlcN6P data in Figure 4-3A were fit with the single-exponential first order 

rate equation ( ) ( )( )tkobseAyty −−+= 10 .  

 

Purification of Native HDV and VS Ribozymes. The same standard 

transcription reaction conditions used in the capture1 binding and glmS activity 

assays were used for the purification of the HDV (Figure 4-4) and VS (Figure 4-

6B) ribozymes.  A 150 μl transcription reaction with 4 mM NTP, 40 mM HEPES-
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KOH, pH 8.0, 5 mM DTT, 25 mM MgCl2, 200 mM NaCl, 50 nM EcoRI-linearized 

pHDV1 or pVS1 plasmid, 0.008 U/μl inorganic pyrophosphatase, 0.1 mg/ml T7 

RNA Polymerase, 350 pmol capture1, and trace amount of 32Pα-GTP was run at 

37oC for 2 h. This was followed by a phenol/chloroform extraction that yielded a 

100 μl final volume, and then addition of 25 μl of  5 M NaCl to bring the final Na+ 

conentration to ~1 M. This transcribed material was then added to 100 μl (1 mg) 

of Streptavidin C1 Dynabeads (Invitrogen # 650.01) that was equilibrated in WB 

(wash buffer: 40 mM HEPES-KOH, pH 7.4, 1 M NaCl). This mixture was rotated 

at room temperature for 30 min to form the complex between the biotinylated-

capture1●RNA transcript hybrid and the streptavidin-coated magnetic beads. 

Using the magnetic particle concentrator removed the supernatant (transcription 

supernatant lane in Figure 4-4), washed the beads 4 times with 100 μl of WB 

while collected the supernatant each time (wash lanes 1-4). Added 100 μl of WB 

supplemented with 10 mM MgCl2 and 200 μM GlcN6P to concentrated beads to 

initiate elution of the HDV or VS RNA. The sample was incubated for one min, 

then the supernatant was collected (H elution in Figure 4-4; V elution in Figure 4-

6B). Then 100 μl of WB supplemented with 10 mM MgCl2 was added and the 

supernatant collected (H elution lane 7 in Figure 4-4 or V elution lane 7 in Figure 

4-6B). The beads were washed 4 times with 100 μl of EB (elution buffer: 10 mM 

Tris, pH 8.0). During the fourth time the beads were added to a 70oC water bath 

for 5 min, then incubated at RT for 5 min, after which the supernatant was 

collected (HG, G elution lane 8 in Figure 4-4; VG, G elution lane 8 in Figure 4-

6B). 100 μl of EB was added and the supernatant collected (HG, G elution lane 9 

in Figure 4-4; VG, G elution lane 9 in Figure 4-6B). another 100 μl EB were 

added, the mixture placed back in the 70oC water bath for 5 min, then incubated 

at RT for 5 min, and the supernatant again collected (repetition of elution lane 10 

in Figure 4-4). 100 μl of EB was added and the supernatant collected (repetition 

of elution lane 11 in Figure 4-4). All of the collected supernatants were placed on 

the magnetic particle concentrator for a second time to remove any residual 

magnetic beads, each supernatant was removed and added to an equal volume 

of denaturing loading buffer (composition). 40 μl of each sample was loaded onto 
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a denaturing, 7 M urea, 10% (w/v) PAGE gel that was run at 20 W for 2 h. The 

gel was exposed to a phosphorimager screen overnight and quantified using 

ImageQuant software. The band intensities were corrected for the number of 

guanines in each sequence so that the intensity values report on the relative 

counts of RNA molecules that make up each gel. Analysis of these counts 

yielded the calculated >99% purity of desired RNA in the elution supernatants. 

The picomoles of post cleavage HDV or VS ribozyme present in the elution 

supernatants was derived from the A260 values measured on a Beckman Du 

640B UV/Vis spectrophotometer. 

 

Regeneration of the beads. A 700 μl transcription under the standard 

conditions of 4 mM NTP, 40 mM HEPES-KOH ph 8.0, 5 mM DTT, 25 mM MgCl2, 

200 mM NaCl, 50 nM EcoRI-linearized pHDV1, 0.008 U/μl inorganic 

pyrophosphatase, 0.1 mg/ml T7 RNA Polymerase, 2,450 pmol capture1, and 

trace amount of 32Pα-GTP was run at 37oC for 2 h. This was followed by a 

phenol/chloroform extraction to a final volume of 600 μl, to which 150 μl of 5 M 

NaCl was added to bring the final [Na+] to ~1 M. A 100-μl reaction aliquot was 

removed and subjected to the same protocol as described above for Figures 4-4 

and 4-6B. The supernatants containing wash 4, the first elution of the desired 

RNA, and the first elution of 70oC treated material were kept. Then another 100 

μl of the transcription reaction was added to the same beads that had already 

undergone one heating/cooling round, together with an additional 5 μl (0.05 mg) 

of fresh Streptavidin C1 Dynabeads equilibrated in WB buffer. The same binding 

and elution protocol was again followed (cycle 2), and this process was repeated 

for a total of six cycles. The collected supernatants were run on a denaturing, 7 

M urea, 10% (w/v) PAGE gel, exposed overnight to a phosphorimager screen, 

and the intensities of the H band were quantified using ImageQuant software and 

corrected for the number of guanines as described above. An analysis of these 

intensities is displayed in Figure 4-5B.   
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4.3 Results 
 

General Strategy of Our Approach. The general methodology of our native 

RNA purification is shown in Figure 4-1A. The transcription occurs with a 

biotinylated DNA oligonucleotide, referred to as capture1, that hybridizes to the 3’ 

end of the transcript. This complex is then bound to streptavidin coated magnetic 

beads through the stable biotin-streptavidin interaction and the other reaction 

components are washed off. The green portion of the transcript is derived from 

the glmS catalytic riboswitch of Bacillus subtilis (90). Addition of glucosamine-6-

phosphate (GlcN6P) to this glmS RNA sequence induces a site-specific cleavage 

event that releases only the desired RNA of choice shown (black). The biotin-

streptavidin interaction is then broken under conditions that retain the 

functionality of the beads for further use.   

Figure 4-1B shows the sequence of the exemplary RNA construct used in 

this study. The first RNA of choice is the antigenomic hepatitis delta virus (HDV) 

(91) ribozyme. The cleavage site of this catalytic RNA is indicated by the top 

arrow. At the 5’ end of the cleavage site is a short sequence (orange) that 

represents a HindIII restriction enzyme site in the corresponding double-stranded 

DNA template. The terminal loop in helix P4 was replaced with the binding loop 

of the U1A protein (92). Binding of the U1A protein has been shown to aid in the 

crystallization of other important RNA molecules, including the genomic HDV 

ribozyme (32). The glmS riboswitch sequence shown in green was modified to 

include another short sequence (orange) that represents a AflII restriction site in 

the DNA template. The orange nucleotides at the 3’ end correspond to a 

sequence in the plasmid template that gets cleaved by the restriction enzyme 

EcoRI. This allows for run-off transcription from a linear plasmid to readily yield 

the entire sequence shown in Figure 4-1B.  

The two ribozymes present in this transcript imply that there are two site-

specific cleavage events possible. When both of these occur from the same 

molecule, three smaller RNA products are generated that are described by the 
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Figure 4-1. Schematic and sequence representation of the native RNA 
purification. A. Diagram of the strategy used to achieve the purification. B. The 

sequence of the transcript used in this study as an example of the application of 

the methodology. The H population of 78 nucleotides shown boxed in red are 

HDV molecules that underwent catalysis and are recovered to >99% purity using 

this procedure.  
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following nomenclature: “P” is the sequence upstream of the HDV cleavage site 

(upper arrow) shown in gray, “H” is the sequence downstream of the HDV 

cleavage site but upstream of the glmS cleavage site (lower arrow), and “G” is 

the sequence downstream of the glmS cleavage site. The sizes of these RNA’s 

and the other possible combinations of products are shown in Figure 4-1B. 

 

Binding Capacity of capture1 for the Transcript. The application of the 

protocol outlined in Figure 4-1A is preferable if there is little unbound capture1 

once the transcription is incubated with the magnetic beads. The regeneration of 

the beads involves heating the sample to 70oC. Prior thermal stability studies 

have shown that ligand-free streptavidin has a Tm of 75oC, however at full biotin 

saturation the Tm increases to 112oC (93). This stabilization is proposed to arise 

from a closely packed β-barrel brought about by full biotin binding site saturation. 

There is no advantage to having free capture1 present when the transcription is 

incubated with the beads. This free capture1 could however saturate the 4 

binding sites some streptavidins and raise its Tm. Free capture1 could also act as 

a competitive inhibitor for biotin binding sites accessible to the full complex. 

 Ten reactions under the standard transcription conditions containing 

different picomole amounts of capture1 were separated by non-denaturing 

polyacrylamide gel electrophoresis (PAGE). The gel was incubated with a 

sensitive fluorescent stain and the band intensities analyzed on a Fluorimager. 

The two important features of the gel are shown in Figure 4-2A. A slowly 

migrating population is observed, hypothesized to be HG (as the HDV ribozyme 

cleaves to completion, see below). Far faster migrating on the gel, bands of free 

capture1 begin to appear as larger amounts are included in the transcription. The 

control amounts of free capture1 shown on both ends of the gel in Figure 4-2A 

allowed for an estimate of the amount of bound picomoles of capture1 in each 

transcription, shown in Figure 4-2B. The observed increase is concomitant with 

the decrease of the HG population (Figure 4-2B). The binding of capture1 is 

saturated at around 350 picomoles, as indicated with the dashed line in Figure 4-

2B.  Additional amounts result only in more undesired free capture1 during the  
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Figure 4-2. Binding conditions of capture1. A. Top and bottom portions of a 

non-denaturing PAGE gel shows the disappearance of the HG population along 

with the appearance of free capture1 as the total picomoles included in the 

transcription are increased. B. Quantification of the data from part A shows 

binding saturation at approximately 350 picomoles of capture1. 
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subsequent streptavidin binding step. This assay establishes 350 picomoles as 

the optimal amount of capture1 in the standardized transcription reaction 

conditions that are used for the rest of the study. 

 

Activity Assay of the glmS Catalytic Riboswitch. The glmS catalytic 

riboswitch is a metabolite-responsive ribozyme that is activated upon the addition 

of glucosamine-6-phosphate (GlcN6P) (90). In the purification procedure 

described here it plays a crucial role by releasing the desired RNA only when 

GlcN6P is added. Previous kinetic characterizations of the glmS riboswitch 

revealed a cleavage rate of 1.5 min-1 upon addition of 200 μM GlcN6P and a total 

extent of cleavage of 70% with 100 μM GlcN6P (90). This efficient rate of 

catalysis combined with a low required concentration of metabolite makes the 

glmS riboswitch a good candidate for application in our purification. Previous 

native RNA purification work by Batey, et al. has also focused on employing this 

riboswitch to improve their method (46).  

 The catalytic properties of our version of the glmS riboswitch were 

investigated in the context of the finalized purification procedure. Building upon 

the results from Figure 4-2, a standard 2 h transcription reaction was run with 

350 picomoles of capture1 to generate HG in complex with capture1. This 

transcription mixture was incubated with the streptavidin coated magnetic beads 

for 30 min while rotating at room temperature. Application of a magnet to the 

beads lead to removal of the supernatant. The beads were then washed 3 times 

with WB buffer. These beads were then resuspended with WB supplemented 

with 10 mM MgCl2 and 200 μM GlcN6P to initiate cleavage of the bound HG RNA 

into the H and G components. 

 Figure 4-3A shows the accumulation of fraction of HG cleaved over time 

when 200 μM GlcN6P is added. The reaction is virtually completed after one min, 

as marked by the dashed line. Figure 4-3B summarizes the data gathered over a 

range of GlcN6P concentrations. The same total extent of cleavage is achieved 

after 10 min for concentrations ranging from 5 μM to 500 μM. The 200 μM data 

point is favored for further use in the purification protocol because the maximal  
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Figure 4-3. Kinetic characterization of the glmS riboswitch. A. An activity 

assay measures the cleavage of HG over time to yield H and G upon addition of 

200 μM GlcN6P. These data points are derived from the denaturing PAGE gel 

shown in the insert. B. Activity assays over a range of GlcN6P concentrations 

show that 200 μM GlcN6P is the favorable concentration to use. 
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amplitude of the reaction is reached after only one min. A lower incubation time is 

preferable in this purification procedure because it minimizes the time over which 

the HG and G RNA molecules can potentially dissociate from their stable 

complex with the beads and get into the elution supernatant that contains the 

desired RNA.   

 

Implementation of the native purification protocol. The optimized capture1 

and glmS cleavage conditions are combined towards the purification scheme 

outlined in Figure 4-1A. The supernatants removed throughout the protocol were 

analyzed on a denaturing gel as shown in Figure 4-4A. The RNA transcript 

shown in Figure 4-1B was transcribed in the presence of capture1. The T7 RNA 

polymerase was then removed through a phenol/chloroform extraction because 

its presence resulted in small amounts of beads sticking to the sides of the 

microcentrifuge tubes. The NaCl concentration was increased to 1 M to per 

recommendation by the manufacturer of the magnetic beads (Invitrogen) to 

achieve optimal binding of biotin to the streptavidin. The reaction mixture was 

then incubated with the beads for 30 min. A magnetic separator was used to pull 

the magnetic beads to the side of the tube and allow for removal of the 

transcription supernatant. This supernatant contains the RNA that did not form a 

complex with the beads, as shown in Figure 4-4A. There is almost complete 

cleavage of the HDV ribozyme in the transcription reaction. This yields the P and 

HG populations from the original PHG transcript whose sequence is shown in 

Figure 4-1B. There is also some background cleavage of the glmS riboswitch in 

the HG population which gives rise to the observed H and G RNA’s.  

The beads were then washed four times with WB buffer (40 mM HEPES-

KOH, pH7.4, and 1 M NaCl) and the supernatant removed each time (wash 1-4, 

Figure 4-4A). This high ionic strength is designed to maximize the stability of the 

helix between capture1 and the 3’ end of the transcript (Figure 4-1B). 

Subsequent addition of WB supplemented with 10 mM MgCl2 and 200 μM 

GlcN6P leads to a supernatant whose RNA content is dominated by the desired  
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Figure 4-4. Analysis of the supernatants generated throughout the 
purification. A greater than 99% pure sample of cleaved HDV RNA (H 

population) is obtained in the elution step. A single heating/cooling cycle then 

removes all of the HG and G population that were complexed to the magnetic 

beads.  
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H population (see the 1st H elution lane in Figure 4-4). A further wash with WB 

supplemented with 10 mM MgCl2 collects some additional H population (2nd H 

elution lane, Figure 4-4). Those H elution supernatants were obtained using 1 mg 

of beads and contained a total of 40 picomoles of cleaved HDV RNA that is 

>99% pure as calculated from the relative intensities of the bands in the “H 

elution” lane. The robustness of the capture1 helix formation in parallel with the 

efficiency of the GlcN6P induced cleavage enable this methodology to generate 

pure, cleaved HDV RNA that never underwent denaturation after having folded 

into its functional form during its transcription. 

The final stage of the purification scheme outlined in Figure 4-1A is the 

regeneration of the beads to make the overall process cost-effective. Previous  

work (94) has shown that the biotin-streptavin interaction can be reversibly 

broken with heating under low ionic strength conditions. After GlcN6P induced 

cleavage the beads are washed with an elution buffer (EB) of 10 mM Tris-HCl, 

pH 8.0, then heated to 70oC in the same EB buffer for 5 min, then cooled to room 

temperature for 5 min. The supernatant now contains the HG and G RNA 

species that were previously bound to the beads. An additional wash with EB 

removes the remaining HG and G RNA’s (Figure 4-4A, HG, G elution). A 

subsequent 90oC incubation for 5 min in EB buffer followed by immediate 

collection of the supernatant shows no additional stripping of nucleic acid 

material from the beads (data not shown). 

 The beads remain viable for additional rounds of purification after having 

undergone the entire procedure described above. Beads can be reintroduced 

repeatedly to another completed and prepared transcription reaction following the 

same sequence of steps described in Figure 4-4. The results are shown in Figure 

4-5B. The purity is maintained above 96% even after six full purification  

cycles. The total amount of H RNA is also unaffected as the beads are subjected 

to repeated purification protocols. This greatly expands the production capacity of 

a single lot of purchased magnetic beads.  

 To demonstrate the broad applicability of this procedure, a native 

purification of the Varkud Satellite (VS) ribozyme was achieved. The sequence  
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Figure 4-5. The repeated use of magnetic beads does not lower their 
performance. A) Using the same lane descriptions as in Figure 4-4, the wash 4, 

H elution, and HG + G elution supernatants of six successive rounds of 

purification are shown. The beads used in cycle 1 were re-used for the 

subsequent 5 cycles. B) The % purity of the H elution samples and the amount of 

H obtained are not compromised despite the recycling of the magnetic beads.   
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Figure 4-6. Successful application of the native RNA purification protocol 
to the VS ribozyme. A) Sequence of the VS ribozyme within the PVG transcript 

using the same color notation as Figure 4-1A. The sizes of the possible 

components of the PVG transcript are shown. B) Analysis of collected 

supernatants show the successful purification of cleaved VS RNA to >99% purity 

in the “V elution” lanes. C) Sequence of the multiple cloning site portion of the 

pMCGL plasmid.  
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and secondary structure of the VS ribozyme utilized is shown in Figure 4-6A. 

This VS construct is based on G11 (54) (Figure 2-1A) except that the end of helix 

VI was redesigned to incorporate the U1A protein binding loop (92); the upstream 

sequence of the cleavage site also differs due to insertion of a HindIII restriction 

site in the plasmid template. The same procedure was employed as detailed 

above for the HDV RNA. Once again 1 mg of beads yielded 40 picomoles of 

cleaved VS RNA at >99% purity (Figure 4-6B), attesting to the broad applicability 

of the technique. 

A plasmid (4-6C) was engineered for the greater research community to 

allow for broad application of the procedure described here. The “RNA of choice” 

portion of the plasmid now contains a sequence similar to the universal multiple 

cloning site of the pGEM4Z vector for ease of cloning. 
 
 
4.4 Discussion 
 
 We have presented a novel method for native RNA purification that 

produces the target RNA at greater than 99% purity when applied to the 

antigenomic HDV and VS ribozymes. In both examples the RNA was folded into 

its functional form during the transcription reaction, just as would be the case 

inside the cell. The functionality of these RNA structures is confirmed by the 

observation that a large majority of the transcribed ribozyme sequences has the 

catalytic activity to undergo self-cleavage. This observation supports the notion 

that the post-cleavage versions of the HDV and VS RNA’s that are collected 

using this protocol are functionally relevant structures.  

The folded structures are maintained throughout the purification protocol. 

One particular detail worth noting is the absence of magnesium in the wash 

buffer. Earlier versions of the wash buffer contained a range of magnesium 

concentrations. This led, however, to contamination of both the HDV and VS 

ribozyme elution supernatants with some amount of glmS ribozyme. We have 

evidence to suggest that this side reaction arose from trans-interactions between 
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full-length transcripts (see Appendix 2). When this occurrs the GlcN6P induced 

cleavage event releases glmS ribozyme that was not attached to the beads 

through the biotin-streptavidin interaction mediated by capture1. Rather, it was 

complexed with another full length transcript since its immediate upstream target 

RNA forms a trans-interaction with another full length transcript that in turn is 

bound to the beads. The removal of magnesium abates this issue. While it is true 

that the transcribed target RNA experiences a removal of magnesium during the 

purification, this does not denature it as it is still maintained in a high ionic 

strength buffer.  When the magnesium is re-introduced into the buffer solution 

containing 200 μM GlcN6P, the glmS riboswitch portion of the transcript exists in 

its catalytically active structure, as evidenced by the cleavage event itself. It is 

only from these transcripts that the target RNA is collected. 

The HDV and VS ribozyme populations purified in this study also carry a 

high degree of primary sequence homogeneity. Their self-cleavage reaction 

results in homogeneous 5’-hydroxyl ends, and the eventual site-specific 3’ end 

cleavage by the downstream glmS riboswitch ensures homogeneous 3’ cyclic 

phosphate ends as well. This offers another advantage when the ultimate 

experimental goal places a high emphasis on sequence homogeneity, such as X-

ray crystallography of the RNA. Such 3’ end homogeneity is not achieved when 

the standard protocol of refolding of a transcribed denatured RNA is followed, as 

T7 RNA polymerase is prone to introduce heterogeneous 3’ ends (42).  

For future X-ray crystallography applications the new purification method 

described here will need to be significantly scaled up, which is expected to be 

straightforward. A robust screening of crystallization conditions requires at least 

on the order of 200,000 picomoles, or 400 μl of a 500 μM solution.  In the studies 

described here 1 mg of beads yielded 40 picomoles from a 100 μl transcription of 

pure HDV or VS ribozyme RNA after one round of use. A direct scaling up of this 

protocol would yield the necessary 200,000 picomoles when the commercially 

available amount of 100 ml beads is used over six consecutive purification 

cycles. The procedure is also amenable towards NMR applications where the 

use of expensive 13C and 15N nucleoside triphosphates poses a limiting factor in 
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the generation of the transcribed RNA. In this case, the initially collected 

transcription supernatant can be re-incubated with regenerated beads.  This can 

significantly add to the overall yield of the desired RNA from a given transcription 

volume if the amount of transcript made exceeds the initial binding capacity of 

the beads (data not shown). 

Making this purification protocol available to as wide a research audience 

as possible was a central theme in its development. There is no protein 

purification expertise or equipment required. An investment in the magnetic 

beads and the magnetic particle collector is all that is required for a laboratory to 

utilize this procedure. The cloning of the appropriate sequence into our available 

pMCGL plasmid, and the implementation of this efficient, robust protocol should 

result in the successful production of natively folded, highly pure RNA of any 

desired sequence.   

   



 CHAPTER 5 
 

SUMMARY AND FUTURE DIRECTIONS 
 

 It is now abundantly clear that non-coding RNA plays a pivotal role in a 

variety of cellular processes within the cell, including regulation, modification, 

splicing, and translation (2-4). It is critically important to understand how this 

central molecule of life is able to accomplish such a diverse array of tasks. This 

understanding will not occur unless the role that global structural dynamics play 

is thoroughly investigated for a variety RNAs. From synergistic observatins of a 

large number of investigators, a consistent set of themes is beginning to emerge. 

The new way of thinking can then be confidently applied to the other noncoding 

RNAs that will undoubtedly be discovered and studied in the future. The research 

presented here is a significant contribution towards such a collective of 

investigations highlighting the role of structural dynamics in non-coding RNA 

function.  

 

 
5.1 Reaction pathway of the VS ribozyme 
 

 Two fundamentally different constructs of the VS ribozyme are presented 

here in chapters 2 and 3. The experiments described in chapter 2 expand on 

previous work on G11-based constructs (54). These experiments took 

investigation of G11 from the bulk solution realm into the world of single-molecule 

measurements. This new approach revealed G11 as a VS ribozyme that is  
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dynamic and regularly interchanges between 3 globally distinct populations. One 

of these structures (the H state, Figure 2-6) was shown to be an essential 

intermediate that must be traversed before the VS ribozyme can undergo 

catalysis. Although this structure is necessary, further downstream local 

structural rearrangements were found to be necessary before cleavage can take 

place.  

 New insight into how the H state is reached came from the results of 

single molecule studies of specific mutants described in chapter 2. It is a 

hierarchical process whereby each newly formed intermediate makes new 

tertiary contacts that are contingent on the proper folding of the previous state. 

The correctly folded II-III-VI junction is a prerequisite for the formation of the 

kissing loop interaction. This interaction is its own prerequisite for the correct 

juxtaposition of the cleavage and active site, which is itself a requirement for the 

biological function of the VS ribozyme, the site-specific cleavage of its RNA 

backbone. This theme of how the VS ribozyme folds into its catalytic active state 

in a hierarchical manner may apply to many other important RNAs (97).  

 The method of analyzing single molecule traces presented in chapter 2 

(Figures 2-2 and 2-5) is broadly applicable to other systems as well. It involves 

the cogent combination of a number of previously known tools. An example trace 

of the raw data is shown. This is overlaid with an idealized traced obtained from 

the application of a non-linear filter (66) that effectively reduces the noise 

inherent in the raw data without losing valuable information. The path predicted 

by Hidden Markov Modeling (HMM) (67) is shown as well so the reader can 

visually see the conversion from raw data to the HMM fit that is used to derive all 

of the rate constants that describe the transitions between different states. 

Second, a histogram analysis of all the analyzed traces gives the reader the 

overall population distribution for all the analyzed single molecules. Third, a 

transition density plot (73) is shown to reveal which observed transitions from the 

HMM fits predominate as well as the rate constants associated with each of 

these transitions. Fourth, the dwell times for each transition are plotted as 

normalized probability density plots (68). The HMM analysis assumes a priori 
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that each transition is governed by a single exponential rate constant. 

Complementarily, the latter probability density plots reveal whether the dwell 

times are indeed sufficiently described by a single rate constant or whether more 

than one stochastic process is responsible for the generation of the observed 

dwell times. The combination of all the analyses described above gives a 

detailed and complete representation of the wealth of information that is available 

from single molecule experiments.  

 The results detailed in chapter 3 underscore how the connectivity of an 

RNA can have a large impact on its folding behavior. Here, a version of the VS 

ribozyme with an alternate connectivity was investigated. This rearrangement led 

to a pronounced absence of global dynamics compared to the G11-based 

construct. Such behavior is rationalized if one considers the model described in 

chapter 3 that operates on the assumption that VS RNA has evolved to defend 

itself against exonucleases present within the mitochondria of its Neurospora 

host. Our results also fit into the more general theme that not all non-coding 

RNAs can be assumed to be globally dynamic on timescales observable by 

single molecule experiments (98, 99). The glmS riboswitch that is applied in 

chapter 4 is another such example.   

 
 
5.2 Native purification of RNA 

 

 A novel assay for the isolation of co-transcriptionally folded, pure RNA 

was developed. To illustrate the applicability of this assay, post-cleavage forms 

of both the antigenomic Hepatitis Delta Virus (HDV) and Varkud Satellite (VS) 

ribozymes were isolated. The assay is accessible to many research laboratories 

due to the availability of our developed pMCCL plasmid and lack of protein 

preparatory work required by the user. It is also cost effective due to the 

regenerative ability of the magnetic beads required by the user. This procedure is 

anticipated to be broadly applicable to the RNA field. For example, in her recent 

successful crystallization of the large group II intron (100), Prof. Anna Pyle was 
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fortuitously able to purify it from all the other components of the transcription 

reaction by using a 100-kDa ultrafiltration procedure. The success of this 

crystallization was attributed by Prof. Pyle in large part to the native purification of 

the group II intron, suggesting an important role of a more broadly applicable 

native purification protocol as developed here that does not require the target 

RNA to be much larger than any contaminant.  

 
 
5.3 Future Directions 

 

 The successful characterization of the VS ribozyme construct presented in 

chapter 2 was in large part due to the use of different mutants. These were 

chosen to reveal as much information as possible. It was the combined analysis 

of four variants using complementary bulk solution and single molecule 

experiments that led to a deeper understanding of this RNA. An analogous 

strategy with the FR3 VS variant in chapter 3 is expected to produce a similar 

advance in knowledge.  

 The results shown in chapter 4 open the door to additional important 

structure probing techniques that are yet to be done on the antigenomic HDV 

ribozyme and the VS ribozyme. At the top of this list is X-ray crystallography. 

Both of the transcripts (Figure 4-1B and 4-6A) contain a U1A binding loop that is 

expected to aid in formation of crystal contacts. But most importantly, the assay 

described in chapter 4 will allow for the screening of crystallization conditions of 

VS or HDV RNA that was co-transcriptionally purified. The preliminary work done 

towards purification of the U1A protein described in Appendix 1 will aid in this 

future work as well.  

  This native purification assay can also be used to shed light on the 

question of heterogeneous folding in the hairpin ribozyme. Prior work has shown 

that the hairpin ribozyme separates into 2 bands on a non-denaturing gel (17). 

The source of this heterogeneity has turned out to be very difficult to ascertain. 

One possibility is the standard purification procedure that utilizes denaturing gel 
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electrophoresis and may introduces a modification of some sort that then leads to 

the observed heterogeneous behavior on non-denaturing gels and in single 

molecule and functional assays (17). Purification of the hairpin ribozyme applying 

the protocol described in chapter 4, followed by analysis of the sample on a non-

denaturing gel would conclusively determine whether or not the prior 

denaturation based purification protocol is responsible for this heterogeneity and 

can be avoided.



APPENDIX 1 
 

PROGRESS TOWARDS PURIFICATION OF U1A PROTEIN 
 

 Purification of U1A protein was pursued as crystallization of the VS 

ribozyme was one of the longer-term aims for this dissertation. U1A has been 

instrumental in the attainment of high-resolution crystal structures of other RNAs. 

It forms a tight complex with a specific stem-loop sequence that can be 

engineered into the target RNA. Its isoelectric point lies at a higher pH than 

crystallizations conditions, which allows its net positive charge to interact with the 

negatively charged RNA backbone, thus facilitating crystal contacts and 

formation of an ordered unit cell  (92). This requires the purification of a large 

amount of U1A that is free of any trace amount of RNases  (32).  

A strategy of attaching a histidine tag to U1A and employing an imidazole 

induced elution from a cobalt column was chosen  (95). The first step was the 

creation of the psj4-U1A plasmid whose important features are shown in 

Appendix 1 Figure 1A. The U1A portion shown in blue came from a plasmid 

generously provided by Prof. Collins from the University of Toronto. This U1A 

sequence was inserted into the psj4 plasmid through the use of shared NdeI and 

HindIII restriction sites and standard molecular biology cloning techniques. The 

pET based psj4 vector makes the cell kanamycin resistant and is engineered for 

protein purification through the use of a cobalt column. Once the psj4 plasmid is 

inside of the BL21(DE3) strain of E. coli, addition of isopropyl-β-D-

thiogalactopyranoside (IPTG) induces the expression of T7 RNA Polymerase 

within this strain of E. coli. This polymerase then transcribes starting from the T7  
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Appendix 1 Figure 1. Translated portion of the pjs4-U1A plasmid. A) Upon 

induction with IPTG, T7 RNA polymerase is expressed in the BL21(DE3) E. coli 

cells which then creates a transcript off of the pjs4 plasmid. The codon sequence 

portion of the transcript is shown along with its corresponding amino acid 

sequence. The histidine portion is shown in green. Orange denotes the TEV 

protease specific cleavage site. In blue is the amino acid sequence of the U1A 

protein. B) The amino acid peptide shown in A is eluted off of the cobalt column 

as the concentration of imidazole is continuously increased.  
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promoter on the psj4 plasmid until it reaches an RNA T7 terminator sequence. 

This transcribed RNA is then translated to create the polypeptide sequence (96) 

shown in Appendix 1 Figure 1A. 

 300 ml of BL21(DE3) cells containing the pjs4U1A plasmid were induced 

with 0.5 mM IPTG and shaken overnight at 37oC. The cells were centrifuged at 

4,000 rpm for 10 min and redissolved in 50 ml of cold phosphate saline buffer 

(PBS). These cells were sonicated using a large tip in a metal beaker on ice for 7 

cycles of 30 s sonication, 30 s rest per cycle. The solution was spun down at 

20,000 rpm, 4oC for 30 min and the supernatant that contains the desired peptide 

was run through a 0.2 μm filter before being applied to a cobalt  column. To this 

end, FPLC equipment was generously provided by the laboratory of Prof. Saper 

of the Biological Chemistry department at the University of Michigan. The psj4 

plasmid was provided by Prof. Saper as well. The 8 ml Talon cobalt column was 

equilibrated with 1X PBS before loading of the sample at 1 ml per min. The 

column was then washed with 112 ml of 1X PBS, followed by a linear gradient in 

1X PBS at 3 ml per minute from 0 to 300 mM imidazole over a total applied 

volume of 160 ml. Twenty 8-ml fractions were collected from which 10 μl were 

loaded onto 2 x 16% Tris-glycine gels and stained with Coomassie Blue.  

Analysis of these gels (shown in Appendix 1 Figure 1B) reveals that elution of the 

desired peptide begins at 165 mM imidazole and ends around 225 mM. This 

shows there is expression in the E. coli and the U1A-containing peptide can be 

extracted from the cells and eluted from a cobalt column in a relatively pure form. 

The actual extraction of the desired U1A protein from the column, however, 

requires the future steps of adding the TEV protease to cleave at the amino acid 

sequence shown in orange (Appendix 1 Figure 1A) to release the desired U1A 

protein. This approach allows for removal of the his-tag from the U1A protein.   

 



APPENDIX 2 
 

QUATERNARY INTERACTIONS PRESENT IN VS RIBOZYME 
TRANSCRIPTION REACTIONS 

 
Early development of the native purification assay described in chapter 4 

was hindered by the persistent contamination of the desired RNA with the glmS 

portion (abbreviated as “G” in chapter 4) of the transcript. This was puzzling 

since it was absent in the supernatants of the washes done prior to activation of 

the glmS riboswitch. It was the glmS cleavage event that led to its appearance. A 

hypothesis was that the transcripts were forming dimers in the transcription 

reaction, and once the beads were introduced only one of the two biotin 

molecules in the dimer bound to the streptavin-coated bead. This complex 

remained intact throughout the wash steps until addition of GlcN6P cleaved and 

released glmS RNA, if magnesium was included in the wash buffer. According to 

this hypothesis, the 3’ end of this glmS RNA would not be attached to the 

streptavidin-coated beads via capture1; its release upon washing steps would 

lead to contamination of the desired RNA.  

The experiment shown in Appendix 2 Figure 2 confirms the presence of 

trans-interactions when PVG (Figure 4-6A) is transcribed. The standard 

transcription conditions of PVG were used. A 10 μl aliquot was then loaded onto 

a 6% (w/v) non-denaturing PAGE gel that was run at 5 W for 4 h, followed by 

staining with ethidium bromide. Three bands were cut out and placed in the lanes 

of a 10% denaturing PAGE gel that was run at 20 W for 2 h.  Band 2 is shown to 

consist of 2 pieces of different sizes, consistent with the hypothesis that under 

non-denaturing conditions the proposed heteromultimers form.  

 76



 

Appendix 2 Figure 2. Confirmation of quaternary structures in a 
transcription reaction. Three separate bands from a non-denaturing gel are 

subsequently run on a denaturing gel. Band 2 is revealed to be a complex that is 

made up of at least 2 RNAs that differ in size. While the exact classification of 

these RNA strands is somewhat ambiguous, what is conclusive is the fact that 

there are multimer complexes present in the transcription reaction.   
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