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ABSTRACT OF THE DISSERTATION 

 

Diverse Chemical Modification of Nucleic Acids with Sulfinate Salts and 
Structural Studies of Plant Viroids  

 

by  

 

Anastassia Bella Hirlinger 

 

Doctor of Philosophy in Chemistry 

 

University of California San Diego, 2020 

 

Professor Navtej Toor, Chair 

 

My co-authors and I have devised a simple, low-cost method to 

modify RNA with sulfinate salts that can directly add almost any desired 

functional group under mild conditions.  Existing methods of RNA 

modification have relatively limited applicability due to constraints on the 
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size of the RNA and the lack of diversity of possible modifications.  This 

chemistry modifies the Hoogsteen edge of nucleobases and is done as a 

single pot reaction.  It can be applied to RNA or DNA of any size, as well 

as to individual nucleotides. Sulfinate salts can modify RNA with a broad 

range of functional groups, such as fluorophores, biotin and medicinally 

relevant small molecules such as trifluoromethyl groups.  This 

methodology enables the exploration of diverse chemical groups on RNA 

that can potentially confer protection from nucleases, allow for efficient 

delivery of nucleic acids into cells, or act as new tools for the investigation 

of nucleic acid structure and function.   

Prior to working on the chemical modification of RNA, I attempted 

to solve the structure of a viroid using cryo-electron microscopy (cryo-EM) 

and x-ray crystallography. Viroids are infectious RNAs that target plants, 

including important food crops such as potatoes, apples and avocados. 

They are 240 to 400 nucleotides long, single stranded, covalently closed 

circular RNAs. Viroids, incredibly, do not encode protein and have no DNA 

replication intermediate. Of the secondary structures that have been 

experimentally determined, two are predicted to fold into higher order 

tertiary structures: the peach latent mosaic viroid (PLMVd) and the 

chrysanthemum chlorotic mottle viroid (CChMVd). Biochemical evidence 

suggests that these tertiary interactions are essential for infectivity. Since 
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no 3D structure of any viroid exists, I decided to try to determine the 

PLMVd structure at high resolution. Many attempts were made to solve a 

viroid structure with both x-ray crystallography and cryo-EM, but I was 

ultimately unsuccessful due to the viroid’s persistent aggregation.  
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CHAPTER 1 

 

Introduction 

 

There are currently over 170 different RNA modifications that are 

known to exist in prokaryotes and eukaryotes (1). These RNA 

modifications affect all aspects of gene expression and regulation with 

effects upon both transcription and translation.  These modifications occur 

on the nucleobase aromatic rings and are incorporated through the action 

of specific enzymes for each functional group that is added to the RNA (1).  

One of the most prevalent modifications is pseudouridine in mRNA.  This 

modification greatly increases the half-life of pseudouridine-containing 

RNA in vivo compared to unmodified RNA (2).  Remarkably, 

pseudouridine is able to stabilize RNA in vivo with a random distribution of 

this residue throughout the mRNA sequence.  Pseudouridine and its 

derivatives are now the basis for a multi-billion dollar industry that is 

currently developing mRNA therapeutics and vaccines for COVID-19 (3).  

mRNA is also modified with other functional groups in the cell, such as 

N6-methyladenosine, to regulate its translation by the ribosome (4). A 

recent report of acetyl modifications to cytidine nucleobases in mRNA 
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showed that these modifications promoted translation efficiency and 

mRNA stability in vivo (5). Therefore, RNA modification is an emerging 

area of study that is revealing itself to be a significant mechanism for 

modulating biological pathways and conferring new properties upon RNA. 

Given the impact of nucleobase modifications upon the biochemical 

properties of RNA, there has been great interest in the incorporation of 

novel synthetic functional groups to enable additional functionality.  

Reagents such as dimethyl sulfate and kethoxal have been historically 

used to modify the Watson-Crick edge of nucleobases in RNA for 

structure probing (6); however, it is not possible to add a wide variety of 

functional groups using this type of chemistry.  The synthesis and 

chemical diversity of synthetically modified RNA is limited by the following 

problems:  

1.  T7 RNA polymerase does not efficiently incorporate modified 

nucleobases during in vitro transcription.  Long RNAs (>100 nucleotides) 

are typically synthesized using T7 RNA polymerase in the presence of 

modified nucleotide triphosphates (NTPs).  However, T7 RNA polymerase 

is not able to accommodate highly modified NTPs within the restrictive 

confines of its active site (7,8).  As a result, the diversity of modified RNA 

is limited by the enzymatic mechanism of T7 RNA polymerase.  The 
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majority of possible modifications cannot be incorporated at all by the 

polymerase.   

2.  The low efficiency of incorporation of modified NTPs during in vitro 

transcription results in exorbitant costs of synthesis.  Modified NTPs are 

extremely expensive and the low efficiency of incorporation greatly 

increases the cost of synthesis for large-scale production of therapeutics 

(8). 

3.  Chemical synthesis to incorporate modified nucleobases is largely 

limited to the production of short nucleic acids.  Solid phase 

oligonucleotide (oligo) synthesis is limited to the modification of small 

oligos; generally, no more than 200 deoxyribonucleotides with the 

phosphoramidite method and no more than 60 ribonucleotides for RNA 

(9). For example, direct synthesis of modified messenger RNAs (typically 

>1,000 nucleotides) is currently not possible using chemical methods. A 

method to bioconjugate DNA oligos was recently published but the 

technology requires a solid support and is limited to short DNA oligos (10).   

RNA poses unique challenges for chemical modification due to its 

relative lability compared to DNA (2,11,12). The modification of RNA has 

generated interest in medicinal chemistry due to its potential use as a 

therapeutic agent for a range of diseases (2,11,13–15). Unfortunately, 
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many reactions used in synthetic organic chemistry would result in the 

RNA being destroyed due to the harsh conditions. The modification of 

nucleic acids is also broadly useful as a research tool via bioconjugation 

tags for affinity purification or the addition of fluorophores for cellular 

tracking of labeled RNAs (11,12,16). Further development of RNA-based 

therapeutics would greatly benefit from a low-cost and simple method of 

introducing desired functional groups to RNA nucleobases.  For example, 

mRNA-based vaccines are currently in clinical trials for COVID-19 and this 

requires the rapid production of billions of doses in a short period of time.  

This vaccine could be engineered with novel functional groups to exhibit 

greater stability within the human body for a stronger immune response to 

the encoded viral spike protein.  This necessitates the development of 

chemistry that could easily scale to the large quantities of synthetic mRNA 

required with a low cost for the incorporation of modified nucleotides.   

Here my co-authors and I have demonstrated the chemical 

modification of RNA and DNA with different sulfinate salt reagents that 

attach R groups to the Hoogsteen edge of the nucleobases.  Specifically, I 

tested zinc trifluoromethanesulfinate (TFMS), zinc 

bis(phenylsulfonylmethanesulfinate) (PSMS), zinc isopropylsulfinate (IPS), 

and sodium (difluoroalkylazido)sulfinate (DAAS). Each reagent adds a 

unique functional group onto the substrate. TFMS adds a trifluoromethyl 
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group, PSMS adds a phenylsulfonylmethyl group, IPS adds an isopropyl 

group, and DAAS adds a difluoroalkylazido group in which the terminal 

azide moiety serves as a click chemistry substrate (17–19). Collectively, 

these reagents can modify all nucleobases and each nucleobase has a 

different reactivity level. In addition, the reaction chemistry is flexible with 

respect to its substrates, including both small and large oligonucleotides, 

as well as large sequences of RNA and DNA. Importantly, the nucleic acid 

functionality enabled by sulfinate salt chemistry is extremely diverse, 

considering the number of sulfinate salt reagents and the vast number of 

commercially available “clickable” moieties readily available to scientists.  

 

Results 

 

A simple methodology for modification of nucleic acids 

 Sulfinate salts have been used to functionalize CH groups found in 

heteroarene-containing small molecule compounds.  I hypothesized that 

these salts could be adapted to introduce functional groups onto the 

nucleobases of RNA since they are also heteroarenes.  In contrast to 

small molecules, RNA is a long polymer that is prone to cleavage under 



6 
 

harsh conditions such as high pH, high temperature, and the presence of 

certain divalent cations.  I therefore optimized reaction conditions to keep 

the RNA intact during the sulfinate modification reaction; this included an 

essential buffer component to control the pH of the reaction. The sulfinate 

salts TFMS, PSMS and IPS react with nucleic acids at room temperature, 

with water as the solvent and the pH maintained at 6.5 with 50 mM MES 

buffer (Figure 1.1a). Preliminary experiments suggested that reaction 

temperatures between 4°C and 40°C are suitable for nucleic acid 

modification. I also confirmed that the RNA remains intact after treatment 

with sulfinate salts (Supplementary Figure 1.1). 

While all the sulfinate salts (TFMS, PSMS, IPS and DAAS) modify 

nucleic acids in a single step, DAAS adds a bioconjugation tag which can 

react with an alkyne in a second step to generate many possible final 

functional group additions (Figure 1.1b). The reactivity of sulfinate salts is 

specific to carbon-hydrogen sites on heteroarenes and there is one site of 

modification on all nucleobases (17–20) (Figure 1.1c). Julien Vantourout 

used fluorine-19 NMR on TFMS-modified DNA bases, which showed a 

single reactive position on each nucleobase (Supplementary Fig. 2). 

Notably, all these positions are on the Hoogsteen edge of nucleobases 

and I predict Watson-Crick edge base pairing would be minimally affected.  
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Figure 1.1: Modification of nucleic acids of any size with diverse functional groups. 
a, Schematic of the single-step modification reaction between a nucleic acid and the zinc 
trifluoromethanesulfinate (TFMS). b, Schematic of the two-step bioconjugation reaction 
which enables a diverse set of functional groups to be added to a nucleic acid. In the first 
step, sodium difluoroalkylazidosulfinate (DAAS) reacts with a nucleic acid to generate a 
modification with a terminal azide. In the second step, any functional group with a 
terminal alkyne (alkyne with terminal R group in red) can react with the terminal azide 
moiety to produce a nucleic acid with various modifications. c, Sulfinate salt reactive 
positions indicated by the R group on nucleobases. The R group is the moiety added by 
TFMS, PSMS, IPS or DAAS. 
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LC-MS analysis reveals modification efficiency of each nucleobase 

With the help of Leah Grayson, I reacted a 388-nucleotide group II 

intron RNA from Oceanobacillus iheyensis (O.i.) with sulfinate salts for 

different reaction times, followed by enzymatic digestion to obtain 

individual nucleotides.  This nucleotide pool was analyzed by Julien 

Vantourout with liquid chromatography-mass spectrometry (LC-MS) to 

confirm the presence of modifications on the nucleobases after reaction 

with each sulfinate salt (Figure 1.2).  The data shows that all sulfinate salt 

reagents modify each nucleobase similarly: uridine had the greatest 

conversion to the modified product, adenosine had the second greatest 

conversion, cytidine had the third greatest conversion and guanosine had 

the lowest conversion (Figure 1.2, Supplementary Table 1.1).  The 

reaction time I used for most other sulfinate salt experiments was 24 

hours, however, the reaction time can be reduced to 8 hours for 67 - 83% 

of the modification levels seen at 24 hours (Figure 1.2). Fluorine-19 NMR 

analysis of a mixture of TFMS-modified DNA bases, performed by Julien 

Vantourout, revealed highly similar levels of modification to the TFMS-

modified RNA bases evaluated in the LC-MS experiment (Supplementary 

Figure 1.3). 
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 Sulfinate modified 20-nucleotide DNA and RNA oligonucleotides 

were also analyzed by LC-MS to determine the extent of modification for a 

given length of sequence (Supplementary Table 1.2). This revealed that 

each sulfinate salt reagent made 1-2 modifications per 20 nucleotides.  

TFMS continues to be have the greatest conversion rate and modifies 

above 40% of the overall oligo population (Supplementary Table 1.2). 

PSMS has the second greatest conversion, modifying 35% of the overall 

oligo population and DAAS has the lowest conversion of the three salts, 

modifying at least 6% of the overall oligo population. Leah Grayson also 

helped me prepare and purify the oligos for this analysis. 
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Figure 1.2: Modified nucleoside time course study. O.i. RNA at 1 mg/mL was 
modified with various sulfinate salts in separate reactions for 8 hours, 24 hours or 48 
hours. RNAs were digested into nucleosides and LC-MS analysis was used to evaluate 
the fraction of nucleosides that were modified. The average conversion to the modified 
product from three replicate experiments is plotted on the graphs.  

 

A large TFMS-modified RNA has a fluorine-19 NMR chemical shift  

Fluorine-19 NMR was used to confirm the presence of the 

trifluoromethyl groups on the nucleobases of an intact group II intron RNA. 

Natural, native RNAs do not contain fluorine, therefore the existence of a 

chemical shift by fluorine-19 NMR suggests the RNA was modified with a 

trifluoromethyl group. The observed chemical shifts for the O.i. RNA are -

61.2 ppm and -61.4 ppm (Figure 1.3). I also modified an even larger 622-

nucleotide group II intron RNA from Pylaiella littoralis (P.li.) with TFMS and 
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observed fluorine-19 NMR chemical shifts at -60.9 ppm and -62.7 ppm 

(Supplementary Figure 1.4). The two chemical shifts observed for each 

RNA may be due to the two different geometries of purines and 

pyrimidines, since NMR chemical shifts are affected by the local geometry 

and chemical environment. The TFMS-modified RNA chemical shifts are 

within the range for most alkyl- or aryl-bound trifluoromethyl groups, which 

is between about -60 and -80 ppm (21,22). The observed chemical shifts 

are also consistent with that of an aryl-bound trifluoromethyl group(21) and 

with the reported chemical shifts for trifluoromethyl-modified uracil, -65.1 

ppm, and trifluoromethyl-modified caffeine, -62.7 ppm (23). To contrast, 

the observed chemical shift for the sulfinate salt TFMS in the same buffer 

as the RNAs is -87.4 ppm (Supplementary Figure 1.5). 
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Figure 1.3: Fluorine-19 NMR spectrum for a large trifluoromethyl-modified RNA. 
The observed fluorine-19 NMR chemical shifts for TFMS-modified O.i. RNA are -61.2 
ppm and -61.4 ppm in 10% D2O. Inset is trifluoromethyl-modified caffeine, which has a 
reported chemical shift of -62.7 ppm in CDCl3 (23). 
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DAAS enables nucleic acid bioconjugation with diverse functional 

groups 

The azide group added by DAAS is compatible with both copper-

free click chemistry and copper (I)-catalyzed azide alkyne cycloaddition 

(CuAAC) click chemistry reactions.  Copper-free click chemistry is 

primarily used with metal-sensitive systems such as in vivo tagging of 

nucleic acids. Specifically, I employed strain-promoted azide alkyne 

cycloaddition (SPAAC) to react a DBCO labeled reagent with an azide-

tagged group II intron RNA. I successfully added a DBCO labeled 

fluorophore, Fluor 545, to the O.i. RNA using copper-free click chemistry 

(Figure 1.4a) and the resulting modified RNA exhibited fluorescence.  I 

also confirmed that CuAAC click chemistry is possible with these sulfinate-

modified RNAs.  CuAAC click chemistry is preferred for use in cell-free 

systems since it has higher selectivity and increased reactivity for its 

substrate. I added an alkyne labeled fluorophore, Fluor 488, to both RNA 

and DNA 20-nucleotide oligos and to the O.i. RNA using CuAAC 

(Supplementary Table 1.2, Supplementary Figure 1.6). I was similarly able 

to add Fluor 488 to plasmid DNA that was longer than 3000 base pairs 

(data not shown). 
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Figure 1.4: Fluorescent modified RNA and in vitro translated modified mRNA. a, 
Fluorescence scan of DAAS-modified O.i. RNA treated for different lengths of time with 
Fluor 545 on a 4% denaturing polyacrylamide gel. b, Fluorescence scan of unmodified 
O.i. RNA which underwent the same treatment as experimental samples except that 
there was no DAAS added in the first step of the reaction. c, GFP mRNA was modified 
with desthiobiotin and purified from the reaction mixture with streptavidin agarose resin. 
Desthiobiotin-GFP mRNA was added to HeLa lysate in vitro translation reactions and the 
fluorescence of translated GFP protein was detected on a plate reader. The average 
fluorescence from three replicate experiments is plotted on the bar graph. d, Structure of 
the Thermus thermophilus 70S ribosome in complex with mRNA and tRNAs in the A-, P- 
and E-sites. There is ample space for modifications on the Hoogsteen edge of mRNA 
(pink) during translation by the ribosome (ribosomal protein in orange and ribosomal RNA 
in blue). mRNA forms Watson-Crick base pairs (dashed lines) with A- and P-site tRNAs 
(green, left and center) and base stacks with the E-site tRNA (green, right). Black arcs 
indicate the Hoogsteen edge of nucleobases. (PDB accession 4V5D (24)). e, Structure of 
the desthiobiotin moiety (red) and its linker (blue) that was used to modify mRNA coding 
for GFP. f, Overview of the in vitro translation of the desthiobiotin modified mRNA into 
active green fluorescent protein. Fluorescence is only detected upon successful 
translation of the desthiobiotin-modified RNA by the ribosome to produce functional GFP 
protein. 
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To further demonstrate that bioconjugation with DAAS allows for 

nearly any alkyne-labeled target molecule to be added to a nucleic acid, I 

modified a 20-nucleotide DNA oligo with biotin (Supplementary Table 1.2) 

and modified mRNA coding for green fluorescent protein (GFP) with 

desthiobiotin. Figure 1.4e shows that the resulting functional group on 

mRNA consists of a relatively long linker with a desthiobiotin moiety 

attached at the terminus.  Biotin and desthiobiotin are well-known affinity 

tags for streptavidin and are widely used for purification of biomolecules. 

Desthiobiotin-modified GFP mRNA was purified away from unmodified 

GFP mRNA using streptavidin agarose resin and was then tested for 

biochemical activity using an in vitro translation assay (Figure 1.4f).  This 

assay involves incubation of the modified RNA with HeLa cell lysate that 

contains ribosomes and fluorescence is detected upon successful 

translation of the mRNA into functionally active GFP protein. The modified 

GFP mRNA produced 76% of the fluorescence of the unmodified GFP 

mRNA (Figure 1.4c), which suggests that the sulfinate salt protocol yields 

modified mRNA that is biochemically active and also suggests that the 

ribosome can tolerate large, bulky substitutions on the Hoogsteen edge of 

RNA nucleobases (Figure 1.4d).   
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Sulfinate salts for structural probing of the O.i. RNA 

 I had initially found that modifications were made to RNA using a 

primer extension assay on PSMS-modified O.i. RNA. Primer extension 

assays are used for structural probing based on the idea that a 

modification made to an RNA which generates a primer stop in a reverse 

transcription reaction is potentially sampling a structural feature of the 

RNA. I also found that TFMS modifications generated strong primer stops 

and that DAAS modifications generated very weak primer stops, 

suggesting TFMS, like PSMS, may have a structural probing use and that 

DAAS likely did not (Supplementary Figure 1.7).  

The 3D structure of the O.i. RNA is already known, so it is a useful 

model RNA to test the structural probing capacity of the PSMS and TFMS 

sulfinate salts. I used several primers to probe the TFMS modified O.i. 

structure from G1 up to C358 (Figure 1.5a), as well as the PSMS modified 

structure from G1 up to A356 (Figure 1.5b). The primer extension data 

was normalized to create a reactivity range from 0 to about 1.5, the same 

as is done for SHAPE structural analysis (25). Nucleotides considered 

highly reactive toward the sulfinate salt are in red (reactivity >0.85), those 

considered moderately reactive are in yellow (reactivity 0.4 - 0.85) and 

nucleotides considered unreactive are in black (reactivity <0.4). The 
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sulfinate salt reactions were done at 40 °C for 24 hours with splicing buffer 

and TBHP.  All controls contained splicing buffer and the O.i. RNA but did 

not contain zinc chloride or TBHP. In experiments following the completion 

of my primer extension data, I tested whether the addition of zinc chloride 

and TBHP (Supplementary Figure 1.7a) or the addition of zinc chloride 

alone (Supplementary Figures 1.7b-d) to the control samples could impact 

the primer extension analysis. Zinc is present in PSMS and TFMS 

experimental samples due to the sulfinate salt formulations [zinc 

bis(phenylsulfonylmethanesulfinate) and zinc trifluoromethanesulfinate]. It 

appears that the addition of zinc chloride does generate a few new primer 

stops to the control samples and that the addition of TBHP beyond the 

addition of zinc chloride does not further increase this difference.  
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Figure 1.5: PSMS and TFMS evaluation as structural probing reagents. a, TFMS 
modified O.i. RNA and b, PSMS modified O.i. RNA primer extension data. Nucleotides in 
black, yellow and red have low, medium and high reactivity for the sulfinate salt, 
respectively. The blue lines show the location of the primers used in the primer extension 
assays. No data was recorded for C358 – G388 in a and no data was recorded for A356 
– G388 in b.  
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Discussion 

 

I have presented a simple, low-cost method for the modification of 

both RNA and DNA. It satisfies the need for a technique to modify both 

RNA and DNA, large or small, under mild conditions that allow the nucleic 

acid to remain intact.  These modification reactions can be easily 

accomplished without the need for purchasing enzymes or specialized 

equipment. Sulfinate salt chemistry greatly expands the functional 

landscape of nucleic acids. To my knowledge, this is the first 

demonstration of large nucleic acid modification and of RNA modification 

using sulfinate salts. The modifications made by TFMS, PSMS and IPS 

are done in a single step reaction and can add small polar trifluoromethyl 

groups, bulky aromatic phenylsulfonylmethyl groups, and branched 

nonpolar isopropyl groups, respectively. There are other sulfinate salts 

commercially available which can add a variety of other functional 

moieties to nucleic acids.   

The modification of nucleobases with sulfinate salts is supported by 

mass spectrometry and NMR analysis. The presence of the expected 

modifications by TFMS, PSMS, IPS and DAAS are confirmed with LC-MS 

on RNA nucleosides (Figure 1.2, Supplementary Table 1.1). At the oligo 
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level, the expected modifications from TFMS, PSMS, and DAAS are 

confirmed on DNA and the expected modification by DAAS is confirmed 

on RNA (Supplementary Table 1.2). Fluorine-19 NMR analysis provided 

evidence of trifluoromethyl modifications on both large RNAs and on DNA 

nucleosides (Figure 1.3, Supplementary Figures 1.2 – 1.4).  

Trifluoromethyl modifications on  O.i. and P.li. RNAs treated with TFMS 

are supported by fluorine-19 NMR chemical shifts (Figure 1.3, 

Supplementary Figure 1.4).  

 The different electronic properties of the nucleobases are likely the 

primary reason for the different reactivities of nucleobases with sulfinate 

salt reagents and for the modification sites on nucleobases.  All reactive 

positions are on the Hoogsteen edge of nucleic acids, which I predict 

enables nucleic acids to fold and function normally (Figure 1.1c, 

Supplementary Figure 1.2).  These positions are likely solvent exposed 

and unlikely to affect the ability of the RNA to engage in Watson-Crick 

pairing.  

I modified RNA with an azide group that can be used as a 

bioconjugation site for the further addition of diverse functional groups 

using click chemistry.  Using this methodology, I successfully added biotin 

and fluorophores to the Hoogsteen edge of nucleobases (Figure 1.4a, 
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Supplementary Table 1.2, Supplementary Figure 1.6).  I determined that a 

desthiobiotin-modified mRNA coding for GFP was translated into active 

GFP protein exhibiting fluorescence, which suggests mRNA modified by 

sulfinate salts can be efficiently translated by the ribosome (Figure 1.4c). 

This biochemical activity is supported by the crystal structure of the 

ribosome with bound mRNA captured in the process of synthesizing 

protein (24) (Figure 1.4d).  This ribosome structure contains all three 

bound tRNAs in the A-, P-, and E-sites and therefore represents a 

catalytically relevant snapshot of protein synthesis in action.  In this 

structure there is ample space on the Hoogsteen edges of the tRNA-

bound mRNA nucleotides to accommodate the incorporation of large 

functional groups.  The desthiobiotin is attached to the nucleobases via a 

relatively long linker and is therefore flexible, which likely reduces the 

chances of this large modification causing possible steric interference that 

could inhibit translation. In addition, the known natural acetylation of 

cytidine occurs in close proximity to the Hoogsteen edge and also does 

not affect translation efficiency (5).  Taken together, the data is consistent 

with the hypothesis that mRNAs can tolerate large, bulky substitutions on 

the Hoogsteen edge of RNA nucleobases and still undergo efficient 

translation by the ribosome to produce protein.   
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The use of sulfinate salts to modify RNA results in the random 

incorporation of functional groups throughout the sequence.  Our 

experiments with the DNA/RNA oligonucleotides showed a conversion 

level of 1 to 2 modifications per 20 nucleotides.  Therefore, it is likely that 

the 1369-nt GFP mRNA contains between 69 to 137 modifications. 

I was not able to correlate the PSMS or TFMS modification sites on 

O.i. RNA with any particular feature of the 3D structure (Figure 1.5). The 

lack of zinc chloride in the control samples in Figure 1.5 and the affect that 

zinc has on the control primer extension (Supplementary Figure 1.7b-d) 

suggests that some of the reactivity observed for TFMS and PSMS could 

be inflated. However, I believe that a careful repeat of these experiments 

with zinc in the control samples would show that the nucleotide reactivity 

would be slightly reduced overall and would continue to show a similar 

pattern of modification. The ability of the reverse transcriptase to tolerate 

bulky modifications, like the phenylsulfonylmethyl group added by PSMS, 

to the Hoogsteen edge of nucleobases suggests sulfinate modification has 

the potential to serve as a methodology for probing RNA structure in a 

manner similar to the well-known SHAPE protocol (25), but will likely 

require further optimization. 
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Modification of nucleic acids with sulfinate salts has the potential to 

aid development of therapeutics through the identification of moieties that 

can more efficiently deliver and more effectively protect therapeutic gene 

products. Some modifications, such as pseudouridinylation and N4-

acetylcytidine, have been shown to extend the half-life of mRNA in 

mammalian cells (2,5). The simplicity of making modifications to RNA 

using sulfinate salt chemistry enables a low-cost, efficient search for 

modifications that could further extend the half-life of RNA in vivo. 

Similarly, this method facilitates the search for modifications that could 

allow RNA to more readily cross cellular membranes for the delivery of 

nucleic acid therapeutics. For example, covalent lipid-RNA conjugates 

could be generated by reacting the DAAS-modified RNA with an alkyne-

labeled lipid that would result in greater hydrophobicity to enable cell 

entry. This technique could also be used to generate novel nucleoside 

analogs as viral inhibitors. Modified nucleosides such as remdesivir and 

NHC are proposed drug therapies for SARS-CoV-2, the cause of a current 

and ongoing pandemic (26,27). Modifications to the Hoogsteen edge of 

such nucleoside analogs are relatively unexplored and may be a source of 

future drugs. This is facilitated by the fact that there are a very large 

number of alkyne-labeled compounds that could be used in such 

screening experiments for both large RNAs as well as nucleoside analogs. 
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Sulfinate salt chemistry is also useful as a tool for basic research of 

nucleic acid biochemistry. Fluorescent probe attachment can be helpful for 

tracking nucleic acid interactions on gels and for nucleic acid localization 

within cells. The attachment of affinity probes, such as biotin, can make 

any nucleic acid purification simple and is also useful for identification of 

specific nucleic acid-protein interactions. A variety of other functional 

groups can be added to nucleic acids, such as sugars or glycans, amino 

acids, magnetic beads, gold nanoparticles, etc.  In this regard, it has been 

recently reported that some RNAs are glycosylated within cells (28).  

Sulfinate chemistry could be used to generate large quantities of 

glycosylated RNAs to probe this new class of modified RNAs and their 

biological function.   

In summary, the modification of RNA and DNA with sulfinate salts 

is a simple and inexpensive method for the addition of novel functional 

moieties to nucleobases. Recently, effective mRNA vaccines have been 

developed for the SARS-CoV-2 virus that contain modified nucleosides 

(29,30). This method enables a diverse set of nucleic acid modifications 

and in contrast to several other modification methods, all types of nucleic 

acids can be substrates.  
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Supplementary Information 
 

 

 

Supplementary Figure 1.1: Modified RNA is intact post-treatment. O.i. RNA was 
treated with sulfinate salts in 8-hour modification reactions and run on a denaturing 
polyacrylamide gel. The control did not have any sulfinate salt added to the reaction.  
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Supplementary Figure 1.2: Nucleobase modification sites evaluated by fluorine-19 
NMR. Nucleosides were modified by TFMS in separate reactions and fluorine-19 NMR 
was used to identify the sites of trifluoromethylation on each nucleobase. The CF3-
thymine 19F NMR yield was 70% and the 19F-NMR chemical shift was δ -63.1 ppm (376 
MHz, CDCl3). The CF3-adenine 19F NMR yield was 61% and the 19F-NMR chemical shift 
was δ -62.4 ppm (376 MHz, CDCl3). The CF3-cytosine 19F NMR yield was 34% and the 
19F-NMR chemical shift was δ -61.9 ppm (376 MHz, CDCl3). The CF3-guanine 19F NMR 
yield was 15% and the 19F-NMR chemical shift was δ -62.1 ppm (376 MHz, CDCl3). The 
CF3-uridine 19F NMR yield was 67% and the 19F-NMR chemical shift was δ -62.7 ppm 
(376 MHz, CDCl3). 
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Supplementary Table 1.1: Nucleoside modification efficiency reported by LC-MS. 
O.i. RNA was modified in separate reactions with sulfinate salts for 48 hours and then 
enzymatically digested into nucleotides and dephosphorylated. The results from the LC-
MS analysis on the modified ribonucleosides mixtures is shown in the table. Percentages 
indicate the number of nucleosides with the expected modification out of total 
nucleosides (modified and unmodified) and are averages from three replicate 
experiments.  
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Supplementary Figure 1.3: Competitive modification between different 
nucleosides. Fluorine-19 NMR was used to evaluate the relative levels of TFMS 
modification on a mixture of DNA nucleosides. For each nucleobase, the percentage of 
the total found to be modified is shown in a bar graph on the right. The chemical shifts for 
CF3-modified nucleosides is the same as in Supplementary Figure 1.2. a, Competitive 
TFMS modification between A, C, G and U nucleosides. b, Competitive TFMS 
modification between A, C, G and T nucleosides. 
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Supplementary Figure 1.4: Fluorine-19 NMR spectrum for a large trifluoromethyl-
modified RNA. The 622-nucleotide P.li. RNA was modified with TFMS and analyzed by 
fluorine-19 NMR. Chemical shifts are observed at -60.9 ppm and -62.7 ppm. 
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Supplementary Figure 1.5: Fluorine-19 NMR spectrum for zinc 
trifluoromethanesulfinate. The fluorine-19 NMR spectrum for zinc 
trifluoromethanesulfinate (TFMS) shows an observed chemical shift at -87.4 ppm. 
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Supplementary Table 1.2: Oligonucleotide modification efficiency reported by LC-
MS. 20-nucleotide oligos were modified with sulfinate salts and analyzed by LC-MS. RNA 
and DNA oligos have the same sequence.  
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Supplementary Figure 1.6: Fluorescent RNA produced from copper-catalyzed 
azide-alkyne cycloaddition. The O.i. RNA was modified with DAAS in a first step 
reaction and then with Fluor 488-alkyne in a second step CuAAC reaction. The control 
reaction components did not contain DAAS. The time refers to the hours of DAAS 
modification of the RNA, where the 16 + 8 sample had a second addition of DAAS 
reagent at the 16-hour mark and the reaction proceeded for another 8 hours. Right and 
left images show the same 4% denaturing polyacrylamide gel: left, a fluorescence scan of 
the gel and right, an ethidium bromide stain of the gel. 
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Supplementary Figure 1.7: Primer extension assays on O.i. RNA. Four primer 
extension assays are shown for the O.i. RNA modified with DAAS (a), TFMS and PSMS 
(b-d). a and c assays used the same primer while b and d assays used different primers. 
G, C, A, and T reactions are sequencing reactions on the O.i. plasmid DNA. a, O.i. RNA 
modified with DAAS was compared to controls with zinc chloride (Ct) and with zinc 
chloride and TBHP (Ct+TBHP). The sulfinate salt experimental and control reactions 
were incubated at 37° or 22 °C. b, O.i. RNA modified with TFMS and PSMS was 
compared to controls with zinc chloride (Ct+Zn) or without zinc chloride (Ct). The sulfinate 
salt experimental and control reactions were incubated at 40 °C. 
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Methods 

 

Modification of nucleic acids with zinc sulfinate salts 

Before starting the modification, I prepared RNA substrates in 50 

mM MES pH 6.5 (optionally with 10 mM MgCl2). DNA substrates 

were usually in water or in 10 mM Tris HCl pH 7.5 and 0.1 mM EDTA. The 

following reaction components were added together (final concentrations): 

RNA or DNA at 1 mg/mL, 10 mM zinc sulfinate salt (TFMS, PSMS, or 

IPS), 50 mM MES pH 6.5, 10 mM MgCl2 and water [minus the volume of 

70% tert-butyl hydroperoxide (TBHP)]. The reaction tube was placed on 

ice for at least 2 minutes prior to the addition of 

TBHP. 70% TBHP (aq) was added to the reaction at a final concentration 

of approximately 15 mM.  The reaction tube was kept on ice for at least 2 

minutes after TBHP was added and was then moved to room temperature 

(22 °C) for 24 hours. The reaction was stopped by filtering out TBHP and 

salts from the nucleic acid with buffer exchange on centrifugal filters with a 

30 kDa or 50 kDa molecular weight cut off (MWCO) membrane. I used 

these centrifugal filters for large RNAs like the Oi. group II intron. The 

solution used in the buffer exchange was 50 mM MES pH 6.5 or 50 mM 

MES pH 6.5 and 10 mM MgCl2. To purify the 20-mer DNA and RNA oligos 
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I used Mini Quick Spin RNA Columns or Mini Quick Spin Oligo Columns 

(Roche) and followed with ethanol precipitation. Small nucleic acid 

samples were resuspended in water for mass spectrometry analysis.   

 

Modification of nucleic acids with DAAS  

Before starting the modification protocol, I prepared RNA 

substrates in 50 mM MES pH 6.5, 10 mM MgCl2 buffer. DNA substrates 

were in water. The first step reactions contained 10 mM DAAS, 50 mM 

MES pH 6.5, 10mM MgCl2, 4.6 mM ZnCl2, 1 mg/mL nucleic acid and water 

to the final volume (minus that of TBHP). The reaction tube was placed on 

ice for at least 2 minutes prior to the addition of TBHP.  70% TBHP (aq) 

was added to the reaction at a final concentration of approximately 

15 mM. The reaction tube was kept on ice for at least 2 minutes after 

TBHP addition. The reaction tube was moved to the lab bench to stay at 

room temperature (22 °C) for 24 hours.  The first step reaction was 

stopped either by buffer exchange with centrifugal filters or by purification 

with Mini Quick Spin Columns (Roche) followed by ethanol precipitation. 

Large nucleic acids used centrifugal filters with a 30 kDa MWCO (Corning) 

or 50 kDa MWCO (Millipore) and small nucleic acids (20-mer oligos) were 
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purified with mini spin columns and ethanol precipitation. The solution 

used in the buffer exchange was 50 mM MES pH 6.5 and 10 mM MgCl2.   

 

Modification with copper (I)-catalyzed azide alkyne cycloaddition (CuAAC) 

click chemistry 

Each reaction contained components at these final concentrations: 

1uM of an alkyne-labeled molecule (concentrations as low as 15 nM also 

worked), 20% DMSO, 6 mM THPTA, 6 mM sodium ascorbate, 3 mM 

CuSO4 and a DAAS-modified nucleic acid at 1 mg/mL.  Control reactions 

contained an unmodified nucleic acid instead of DAAS-modified nucleic 

acid. The reaction tubes were placed in a 37 °C water bath for 30 

minutes.  For large nucleic acids, the reaction was stopped by applying the 

samples to 30 kDa or 50 kDa MWCO centrifugal filter columns and 

purifying by buffer exchange with 50 mM MES pH 6.5 (optionally with 10 

mM MgCl2) buffer. Small nucleic acids were purified with Roche Mini Quick 

Spin Columns followed by ethanol precipitation. The modified nucleic 

acids were resuspended in either water, 50 mM MES at pH 6.5, 10 mM 

MgCl2 buffer or 50 mM Tris HCl pH 7.5, 0.1 mM EDTA 

buffer. Fluorescence scans were made on a Typhoon FLA 9500 using the 

495 nm excitation wavelength, 519 nm emission wavelength and LPG 

filter. 
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Modification with strain-promoted azide alkyne cycloaddition (SPAAC) 

Each 40 µL reaction contained 15.7 nmol of DBCO-PEG4-Fluor 

545, 1X PBS pH 7.4 and a DAAS-modified nucleic acid at a final 

concentration of 1 mg/mL.  Control reactions contained an unmodified 

nucleic acid instead of DAAS-modified nucleic acid. The reaction tubes 

were at room temperature (22 °C) for a total of 19 hours. The reaction was 

stopped by applying the samples to 30 kDa MWCO centrifugal filter 

columns and purifying by buffer exchange with 50 mM MES pH 6.5, 10 

mM MgCl2 buffer. Fluorescence scans were made on a Typhoon FLA 

9500 using the 542 nm excitation wavelength, 568 nm emission 

wavelength and LPG filter. 

 

Sample prep for electrospray ionization mass spectrometry 

After RNA was modified it was digested into nucleotides and 

dephosphorylated. In a 25 µL reaction volume, 5 µg of RNA was added to 

0.5 µL nuclease P1, 25 mM NaCl, and 2.5 mM ZnCl2. The reaction was 

incubated at 37° C for 2 hours and then 3 µL of 1 M NH4HCO3 and 

0.5 µL of shrimp alkaline phosphatase (rSAP) were added. This reaction 

was incubated at 37° C for 2 hours and then diluted with H2O to a 

50 µL final volume. The modification status of the ribonucleosides were 
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next analyzed with electrospray ionization mass spectrometry (ESI-MS) in 

positive ion mode. A Waters I-Class HPLC was used with a Waters BEH 

C18 column (2.1 x 55 mm, 1.7 μm, 130 Å) and a gradient of 114 

mM hexafluoroisopropanol and 14 mM triethylamine in water (A) and 

acetonitrile (B) (0.3 mL/min, 10-90% B over 10 minutes) at 60 °C.  

 

Fluorine-19 NMR analysis of individual CF3-modified deoxynucleosides  

A solution of a DNA building block (0.1 mmol, 1 equiv, 0.1 M) and 

TFMS (0.5 mmol, 5 equiv) in Tris HCl pH 7.5 (containing 100 mM EDTA) 

was stirred at room temperature for 5 minutes, followed by a slow addition 

of tert-butyl hydrogen peroxide (70% solution in water, 1 mmol, 10 equiv) 

by an eppendorf pipette (metal needles should not be used as they 

decompose the reagent) with vigorous stirring. The reaction was stirred at 

room temperature for 24 hours and analyzed by 19F NMR using 

hexafluorobenzene as an internal standard. The regiochemistry is 

consistent with that observed in previous studies reported in the literature 

for trifluoromethylation of nucleobases in harsh organic solvents (31,32).  
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Competitive fluorine-19 NMR analysis of CF3-modified deoxynucleosides  

A solution of the four DNA building blocks (4 x 0.025 mmol, 1 equiv, 

0.1 M) and TFMS (0.125 mmol, 5 equiv) in Tris HCl pH 7.5 (containing 

100 mM EDTA) was stirred at room temperature for 5 minutes, followed by 

a slow addition of tert-butyl hydrogenperoxide (70% solution in water, 0.25 

mmol, 10 equiv) by an eppendorf pipette (metal needles should not be 

used as they decompose the reagent) with vigorous stirring. The reaction 

was stirred at room temperature for 24 hours and the ratio was analyzed 

by 19F NMR. 

 

RNA sample prep for fluorine-19 NMR 

The modified RNA was highly concentrated in a solution of 50 mM 

MES pH 6.5, 10 mM MgCl2, and 10% D2O was added such that the final 

concentration was at least 10 mg/mL RNA. The RNA fluorine-19 

NMR data was captured with a 300 MHz Bruker.  

 

In vitro transcription of RNA 

Transcription reactions contained the following components: 40 µg 

linearized plasmid DNA, 40 mM Tris HCl pH 7.5, 25 mM MgCl2, 2 mM 
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spermidine, 2.5 mM NTPs, 0.05% Triton X-100, 5 mM dithiothreitol, 5 µL 

T7 polymerase, 0.05 units of inorganic pyrophosphatase and water to a 1 

mL final volume. Transcription reactions proceeded at 37 °C for a 

minimum of 3 hours and reactions were stopped with addition of 12 µL of 

0.1 M CaCl2 and 20 units of TURBO DNase (Invitrogen). Incubation with 

DNase proceeded for approximately 40 minutes at 37 °C. 6 units of 

Proteinase K are added to reactions and the reactions were incubated at 

37 °C for an hour. Transcription reaction tubes were spun down for 5 

minutes at 21,130 RCF and the supernatant was filtered through a 0.2 µm 

membrane. The RNA was purified by buffer exchange in Amicon Ultra 

centrifugal filter units (Millipore-Sigma). 

 

In vitro translation of desthiobiotin-modified GFP mRNA in HeLa lysate 

125 µg of desthiobiotin-modified GFP mRNA was added to 50 µL of 

streptavidin coated agarose resin (100 µL of the 50% suspension) in 50 

mM Tris HCl pH 7.5, 0.1 mM EDTA buffer. In a binding step, desthiobiotin-

GFP mRNA was left on the resin for 20 minutes at room temperature. The 

resin was washed 9 times in batch format with 1 mL washes of 50 mM Tris 

HCl pH 7.5, 300 mM NaCl, 1 mM EDTA, 0.5% Triton X-100 buffer. I added 

50 µL elution buffer (8 mM biotin, 50 mM Tris HCl pH 7.5, 0.1 mM EDTA) 
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to the washed resin and this elution step proceeded at room temperature 

for 30 minutes. A second and third addition of elution buffer were added to 

the resin and all eluate was combined after measuring the RNA 

concentration. The eluted mRNA was ethanol precipitated and 

resuspended in water. 

I used the Thermo Scientific 1-Step Human Coupled IVT Kit – DNA 

for the in vitro translation reactions of the desthiobiotin-modified GFP 

mRNA. I transcribed the pCFE-GFP DNA provided in this kit into RNA and 

modified it with desthiobiotin using DAAS in a first step reaction and 

desthiobiotin-alkyne in a CuAAC second step reaction. Each in vitro 

translation reaction contained components from the IVT kit, including 12.5 

µL of HeLa lysate, 2.5 µL accessory proteins and 5 µL reaction mix. 15 nM 

of the unmodified GFP mRNA (167 ng) was added to control reactions 

and water was added to the final volume, 25 µL. 167 ng of the purified 

desthiobiotin-modified GFP RNA was added to experimental reactions. All 

reactions were incubated at 30 °C for 90 minutes, transferred to a 

microplate and had fluorescence measured by the Tecan Spark 

microplate reader. Fluorescence signals were recorded every 5 minutes 

using excitation wavelength 485 nm and emission wavelength 535 nm. 

This experiment was performed in triplicate. 
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Primer extension assays  

The sulfinate salt reactions for primer extension (Figure 1.5) 

included a splicing buffer component (100 mM MgCl2, 500 mM NH4Cl, 50 

mM Tris HCl pH 7.5) along with the standard conditions for either the zinc 

sulfinate salts (TFMS and PSMS) or for the sodium sulfinate salt DAAS 

(see method descriptions). These reactions were incubated at 40 °C for 24 

hours. The control reactions included the RNA and splicing buffer.  

γ-ATP labeled primers (5000 cpm) were incubated with the 

modified RNA, DTT, dNTPs, Superscript III reverse transcriptase and 5X 

First Strand Buffer for 60 minutes at 55 °C, then at 70 °C for 15 minutes. 

Sequencing reactions included the O.i. plasmid DNA, Affymetrix Thermo 

Sequenase Polymerase, Thermo Sequenase Reaction Buffer, γ-ATP 

labeled primer and one of the ddNTP termination mixes (either ddGTP, 

ddATP, ddTTP or ddCTP). The sequencing reactions followed a cycling 

program with 40 cycles of 30 seconds at 95 °C, 30 seconds at 55 °C and 2 

minutes at 72 °C. I loaded approximately 600 cpm of the reverse 

transcription reactions and 1000 cpm of the sequencing reactions on a 

denaturing 8% acrylamide gel. The resulting gel was exposed to a 

phosphor screen overnight. 
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CHAPTER 2 

 

Introduction  

 

Viroids are autonomous, pathogenic RNAs that do not encode for 

proteins or have a DNA intermediate and yet cause devastating plant 

diseases which affect food crops such as peach, apple and avocado, 

among others (33,34). They also have the distinction of being the smallest 

known infectious agents (35). As nutrition becomes increasingly important 

for the world’s growing population, the importance of combating food crop 

diseases will increase as well. Plants infected with viroids are generally 

disfigured with a stunted and mottled phenotype (Figure 2.1). An 

exceptional example of viroid pestilence occurred in the 1950s, when 

viroids were responsible for nearly eliminating the chrysanthemum 

industry (36).   
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Figure 2.1: Viroid infected food crops. a, A healthy Russet Burbank potato and right, 
viroid infected potatoes (37). b, A healthy tomato plant is on the far left and to its right are 
increasingly stunted plants infected with severe strains of the potato spindle tuber viroid 
(34). 
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More than 30 species of viroids are known, and they are organized 

into two families: Pospiviroidae and Avsunviroidae. The Pospiviroidae 

family has a central conserved region, they typically have rod-shaped 

secondary structures, replicate by the asymmetric rolling circle mechanism 

in the nucleus and are not known to exhibit ribozyme activity. The peach 

latent mosaic viroid (PLMVd) and the chrysanthemum chlorotic mottle 

viroid (CChMVd), subjects of my study, belong to the Avsunviroidae 

family. Members of the Avsunviroidae family have no central conserved 

domain, have highly branched secondary structures and contain 

hammerhead ribozyme within their sequences. Avsunviroidae viroids 

replicate in the chloroplast by the symmetric rolling circle mechanism, in 

which the hammerhead ribozyme cleaves the concatemeric sequence into 

monomeric sequences (Figure 2.2). Previous evidence has suggested 

certain enzymes in replication roles, but there is little direct support for the 

identity of enzymes involved in PLMVd and CChMVd replication (33,38).  
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Figure 2.2: Mechanism of replication for the Avsunviroidae family. The symmetric 
rolling-circle mechanism of replication, proposed for the Avsunviroidae family (39). 
Circular positive polarity RNA is proposed to be transcribed by the nuclear encoded 
polymerase (NEP) into a concatemeric negative polarity RNA that self-cleaves by the 
hammerhead ribozyme. A linear negative polarity RNA with a 2',3'-cyclic phosphodiester 
terminus results which is proposed to be ligated and circularized by tRNA ligase. The 
same enzymes would then process the circular negative polarity RNA into the circular 
positive polarity RNA.   
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Only a few viroid RNA secondary structures have been determined 

and of those, two are known to contain higher order tertiary interactions: 

the peach latent mosaic viroid, PLMVd, and the chrysanthemum chlorotic 

mottle viroid, CChMVd (35,40,41). More importantly, biochemical evidence 

has suggested that forming the proper tertiary structure is essential for 

infectivity (41,42). For both CChMVd and PLMVd, sequences with 

mutations disrupting pseudoknot formation were unable to infect plants 

whereas sequences that maintained the pseudoknot were able to infect 

their respective plants. In other words, the viroid RNA forms an ordered 

three-dimensional structure that is responsible for its pathogenicity. 

Solving the 3D structure of a viroid would provide valuable insight into the 

relationship between its structure and infectivity and would also represent 

the first structure of any viroid.   

Structural characterization of a viroid provides a framework with 

which I could test the importance and role of conserved RNA tertiary 

contacts in viroid infectivity.  Currently, little is understood about the 

mechanism of viroid infection and there are few treatments with limited 

success to prevent these diseases (43). The following aims were to be 

addressed in the course of my research: (1) determine a high resolution 

three-dimensional structure of a viroid, (2) test the effects of RNA tertiary 
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interactions upon folding and (3) upon plant infection; and (4) determine 

the identity of protein partners of the viroid RNA in vivo.   

The tertiary contacts observed in the viroid structure would be 

tested for their effects upon RNA folding using mutagenesis and native gel 

assays. Viroid sequences with tertiary interactions inactivated would be 

assayed for infectivity in plants to investigate the relationship between 

RNA structure and pathogenesis. The expectation is that abolishing 

tertiary contacts which are important for viroid replication and 

pathogenesis would both destabilize folding of the RNA and prevent 

widespread infection within the plant.  This would provide insight into 

regions of the RNA structure required for viroid infection and further 

elucidate the disease mechanism. This information can serve as a general 

model for the relationship between structure and function in all viroids and 

their resulting diseases. The structure-infectivity relationship could 

potentially unveil a mechanism of inactivation by targeted small molecules 

or anti-sense RNA therapy that would be tested on viroid infected food 

crops.   

The mechanism of viroid infection is largely unknown; however, 

viroid RNAs must interact with multiple proteins within plant cells for 

replication, infection, and pathogenesis. I could isolate and capture viroid 

protein partners by attaching a MS2 tag on viroid RNA and using mass 
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spectrometry to determine the identities of associated proteins. The MS2 

tag is a tandem hairpin RNA sequence that tightly binds the MS2 protein 

and can be engineered on to RNAs of interest for an affinity tag pull down 

of associated proteins (44). In particular, identification of the RNA 

polymerase and any accessory proteins are of interest, as well as the 

presence or absence of an RNA ligase. Uncovering the identity of PLMVd 

associated proteins provides insight into viroid replication and 

pathogenesis and the processes involved should have parallels to a 

majority of known viroids. PLMVd associated proteins could then be used 

in subsequent co-crystallization trials with the RNA for structure 

determination.  

The long-term goal of this investigation was to find new ways to 

prevent viroid infection in plants, therefore contributing to better crop 

yields, which has a direct impact on human health. To accomplish my 

aims, I used several viroid sequences with both x-ray crystallography and 

cryo-electron microscopy (cryo-EM). I employed a native purification 

procedure, in conjunction with in vitro T7 transcription, to prepare large 

quantities of viroid RNA for crystallization trials. As for cryo-EM, I made 

several new viroid ribonucleoprotein constructs and extensively optimized 

a purification procedure to prepare samples for screening by negative 

stain EM. I acquired GF305 Prunus persica seedlings, a peach viral 
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indicator cultivar, for the in vivo aims of my investigation; however, I did 

not find a growth chamber space where I could grow the plants. Viroid 

RNA aggregation was a persistent issue in my attempts to solve a 

structure with x-ray crystallography and cryo-EM and I also had difficulty 

getting time on a microscope for screening EM samples. Ultimately the 

combined roadblocks led to the termination of this investigation. 

 

 

Results 

 

Constructs of PLMVd.034 and PLMVd.282 for crystallization 

Before any fusion constructs were designed, I attempted to solve 

the structure of two variants of PLMVd, PLMVd.034 and PLMVd.282, by x-

ray crystallography. Sequence names of the variants are from the Subviral 

RNA database (45).  

The PLMVd.282 sequence has a cruciform structure on its longest 

paired stem, P11, which distinguishes it from PLMVd.034 (Figure 2.3). 

The design of the PLMVd.282 construct for crystallization removed the 

lower P11b loop sequence so that a T7 RNA Polymerase promoter 

sequence could be added at the 5’ end and a restriction site could be 
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added on the 3’ end. For another PLMVd.282 construct, I engineered 

crystal contacts into P11 by adding a GNRA tetraloop- receptor. GNRA 

tetraloop-receptors are RNA folding motifs that are used in crystallography 

to encourage ordered crystal packing, which can help with crystal 

formation (46). A GAAA tetraloop was added to the upper stem, P11a, and 

the tetraloop receptor was added to the lower stem, P11b. In order to 

increase the chance that the receptor and tetraloop reach each other, it’s 

important to vary the length of the paired stems that carry the receptor and 

loop sequences so several different constructs are made from a GNRA 

tetraloop-receptor template in crystallization trials. 
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Figure 2.3: Secondary structures of PLMVd.282 and PLMVd.034. Proposed 
secondary structures for the positive polarity of PLMVd variants PLMVd.282 (a) and 
PLMVd.034 (b), as indicated by SHAPE data(40). The nucleotides marked blue are not 
accessible, the nucleotides marked yellow are intermediately accessible, and those in red 
are the most accessible. 
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As for PLMVd.034, I designed a construct which had L11 removed 

so that the T7 promoter and an enzyme restriction site could be added at 

the end of P11. To this same construct I added a GAAA tetraloop to L3 of 

PLMVd.034 and the receptor to P4. For reasons I’ll discuss next, no other 

PLMVd.034 constructs were made for crystallization trials.  

In order to get a crystal structure, an RNA must to be soluble at a 

high concentration. The in vitro transcription protocol I use to make RNA is 

designed to produce highly concentrated RNA by first making milligram 

amounts of RNA and then by using concentrators to get the RNA into as 

small a volume as possible. Last, I used a crystallization robot to set 

crystal trays of my highly concentrated RNA. After transcribing the viroid 

RNA but before concentrating it, I noticed hydrogel formation in the tubes 

containing the RNA. The hydrogel was an indication of RNA aggregation 

and the RNA appeared to aggregate more as I tried concentrating it and if 

there was Mg2+ in the solution (Figure 2.4). Changing the buffer solution I 

normally used in the concentration step to one containing no magnesium 

and including EDTA reduced some of the aggregation but not nearly 

enough for crystallization purposes. I aimed to concentrate the RNA to 

near 10 mg/mL or higher to set crystallization plates of a construct and the 

PLMVd constructs rarely concentrated higher than 1 mg/mL RNA. 

Possibly due to the aggregation of the viroid RNA, no x-ray 
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crystallography structure resulted from my efforts. Another possible 

explanation for why the RNAs did not crystallize is that the viroid structure 

is highly dynamic and flexible, which I attempted to address with the 

design of group II intron-viroid chaperone constructs.  

 

 

Figure 2.4: PLMVd.282 hydrogel formation when in solution with MgCl2. PLMVd.282 
RNA at 10 mg/mL in solution with 10 mM MgCl2 formed an insoluble hydrogel. 
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Group II intron-viroid chaperone constructs for crystallization 

My efforts to solve the structure of a viroid heavily utilized various 

group II introns as structural chaperones, both with x-ray crystallography 

and with electron microscopy. Group II introns are large catalytic RNAs 

that self-splice. The group II intron secondary structure contains six 

domains, DI – DVI, which are organized around a central hub. I used three 

group II introns as structural chaperones in my research, each one 

isolated from a different bacterium and are so named: Oceanobacillus 

iheyensis (O.i.), Pylaiella littoralis (P.li.) and Thermosynechococcus 

elongatus (T.el.) (Figure 2.5). Members of the Toor lab have previously 

solved the structure of these group II introns using x-ray crystallography 

and cryo-electron microscopy (cryo-EM) (47–49) so it was relatively 

simple to design viroid fusion constructs. 
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Figure 2.5: Secondary structures of group II introns O.i., P.li. and T.el. a, O.i. 
secondary structure. b, P.li. secondary structure. c, T.el. 3c secondary structure. 
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To address the possibility that viroids have a flexible structure, I 

decided to use group II introns O.i. and P.li. as chaperones for 

crystallization. The ordered packing of group II intron RNAs creates a 

greater number of crystal contacts and encourages uniform crystal 

packing. Chaperone constructs also provide the opportunity to get a more 

complete structure of a viroid, since it’s unnecessary to excise part of the 

PLMVd sequence to engineer in a transcription start site and an enzyme 

restriction site.  

I designed two chaperone constructs for crystallization that utilized 

the GNRA tetraloop-receptor folding motif. The first was the Oi-PLMVd 

chaperone construct in which I placed a GAAA tetraloop in domain II (DII) 

and the tetraloop receptor in DIV. The second was Pli-PLMVd, in which I 

added the GAAA tetraloop to DIa and the receptor to DIV. Both constructs 

used the PLMVd.034 variant and fused a group II intron paired stem to P3. 

Oi-PLMVd connected to the viroid P3 on DIII and Pli-PLMVd connected on 

DII. I usually used a magnesium-containing buffer for concentrating and 

purifying the RNAs since I was able to get a high concentration of the RNA 

even with 10 mM MgCl2 present. The presence of magnesium is important 

in splicing steps, where the group II intron folds into a post-catalysis 

structure and is therefore more structurally homogeneous. No crystals 
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resulted from Oi-PLMVd and a few crystals formed for Pli-PLMVd that did 

not diffract to a high resolution (Figure 2.6).  

 

 

Figure 2.6: Pli-PLMVd crystals and diffraction pattern. Left, Pli-PLMVd crystals in 
different crystallization conditions. Right, 20 Å diffraction pattern for a Pli-PLMVd crystal. 
 

I also attempted to solve the structure of a Pli-PLMVd-U1A 

ribonucleoprotein, in which a U1A protein binding site was engineered into 

DIV of P.li. The U1A protein tightly binds to a 10-nucleotide loop in a 

sequence-specific manner (KD = 2 x 10-11 M) (50) and can be useful for 

crystallization of RNAs due to its high number of protein-protein contacts 

in previous crystal structures (51). Crystals of Pli-PLMVd-U1A nucleated 

but also did not diffract to a high resolution (Figure 2.7).  
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Figure 2.7: Crystals from the Pli-PLMVd-U1A ribonucleoprotein complex. Crystals of 
Pli-PLMVd in complex with a U1A protein. 

 

The same solubility issues I had with the PLMVd.034 and 

PLMVd.282 constructs returned to a lesser degree with the chaperone 

constructs. My efforts to crystallize a viroid structure were stymied by the 

difficulty with getting high concentrations of viroid RNA and the solubility 

difficulties in magnesium (Figure 2.8).  
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Figure 2.8: Pli-PLMVd hydrogel formation when in solution with MgCl2. Pli-PLMVd 
RNA at 8.3 mg/mL in solution with 10 mM MgCl2 forms an insoluble hydrogel. 
 

 

Group II intron-viroid chaperone constructs for cryo-EM 

I moved on to trying to solve a structure with cryo-EM since this 

method does not necessarily require a high concentration of RNA and 

larger molecular weight samples, like the chaperone constructs, are ideal 

for cryo-EM. Prior to freezing samples for cryo-EM data collection, 

samples must be screened by negative stain electron microscopy to 

ensure proper concentration and the uniformity of particles. I learned with 
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the Pli-PLMVd construct that RNA alone does not stain well in uranyl 

acetate and is practically invisible with negative stain EM.  As a 

consequence, our following RNA constructs included protein for easy 

visualization with negative stain EM screening.  

The first chaperone construct I used that included protein was a 

group II intron from T.el. that forms a ribonucleoprotein complex with a 

maturase protein for splicing. I used T.el. 3c and T.el. 4h 

ribonucleoproteins and both fused DIIa to P3 of PLMVd.034. An additional 

T.el. 4h construct, Tel4h-D4-PLMVd, fused DIV to the PLMVd.034 

sequence. I assembled T.el. RNA and maturase protein complexes in a 

simultaneous binding and splicing step at 45°C in 10 mM MgCl2 and 

purified it over a size exclusion column by fast protein liquid 

chromatography (FPLC) before visualizing fractionated samples by 

negative stain EM. Magnesium is unavoidable in the assembly step as it’s 

a necessary component for the maturase protein to properly bind and 

splice the RNA. Samples that appeared to have homogenous, 

appropriately sized single particles and were visually dense by negative 

stain were considered promising and saved for a potential cryo-EM data 

collection.  
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I found some fractions from Tel3c-PLMVd and Tel4h-D4-PLMVd 

that appeared to have the appropriate characteristics for this 

ribonucleoprotein, but these did not result in a structure. Fractions from a 

representative FPLC elution profile for Tel3c-PLMVd show that both the 

RNA and maturase protein co-eluted in several fractions and were 

relatively pure (Figure 2.9). 
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Figure 2.9: Purification of Tel3c-PLMVd ribonucleoprotein. a, The FPLC elution 
profile for Tel3c-PLMVd. Red lines indicate where fraction 52 and 59 eluted in the 
chromatogram. b, Tel3c-PLMVd RNA was observed in fractions 52 – 59. Lariat from the 
spliced complex is observed at the top of the gel, full length Tel3c-PLMVd is mid-gel, and 
at the bottom are the PLMVd hammerhead self-cleavage products.  c, T.el. 4c maturase 
protein (106 kDa) was observed in fractions 52 – 55. 
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The CChMVd.022 variant was also used in chaperone constructs 

with T.el. 4h. TelD4-CChMVd and TelhydraCChMVd both fused to P11 of 

CChMVd by DIV and DI, respectively. These constructs were transcribed 

into RNA but the maturase protein did not splice the RNA, so they were 

not used for further structural analysis. 

Discussion 

Initial studies of PLMVd suggested the RNA was prone to 

aggregation, particularly in solution with magnesium. It was unclear if this 

property alone could explain the difficulty growing crystals of the viroid. 

Another likely explanation for why the RNA may resist crystallization is 

that the viroid structure is highly flexible and dynamic. To address that 

possibility, group II introns were used as chaperones. Crystallization 

chaperones can increase the number of crystal contacts, which aids 

crystal nucleation. Although I had a few hits from my crystal trays 

containing Pli-PLMVd and Pli-PLMVd-U1A, these crystals did not result in 

a structure (Figures 2.6 and 2.7). The absence of a crystal structure did 

not answer whether there was an inherent issue with flexibility in the viroid 

structure or if the aggregation of the viroid was the primary problem, so I 

moved on to trying to use group II introns as chaperones in cryo-EM 

constructs. 
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Small biological samples are more difficult to resolve for cryo-EM 

structure determination, so the group II intron chaperones are useful for 

increasing the size of particles, making the viroid more optimally sized. 

The chaperones also aided EM structure determination by add protein-

binding sites without interrupting the viroid structure or sequence, which 

makes particles easier to visualize by negative stain EM. Analysis of my 

purification procedure by PAGE and negative stain EM suggested that I 

was able to isolate FPLC fractions with the correctly assembled Tel-

PLMVd complex and that these complexes produced homogeneous single 

particles (data not shown). These cryo-EM samples did not reveal the 

expected Tel-PLMVd structure and I soon after discontinued my pursuit of 

solving the structure of a viroid. The T.el. chaperone constructs may yet 

yield the structure of a viroid; however, the low solubility of the RNA and 

the purification analysis should be carefully addressed. 

Among the reasons for why I was unable to solve a structure of a 

viroid, I believe viroid RNA aggregation was a significant factor in 

disrupting complex purification and structure visualization. Magnesium is 

present and necessary to transcribe the RNA, for the group II intron RNAs 

to splice into homogenous structures and for the T.el. intron to assemble 

and splice with the maturase protein. Additionally, nearly every purification 

and sample preparation for crystallography or cryo-EM involves some 
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degree of RNA concentration, and this almost certainly resulted in small 

amounts of viroid aggregation and possibly even hydrogel formation. 

Although this feature of viroid RNA likely impeded structure determination, 

aggregation potentially plays a biological role in the viroid’s lifecycle. Plant 

chloroplasts, where PLMVd has been suggested to replicate (38), have an 

approximate magnesium concentration of 5 mM (52). I have not seen 

reports of viroid aggregation in the literature so it’s possible this 

investigation is the first to learn of it. 

Without the insight from a high-resolution viroid structure, it did not 

make sense to test the impact of mutations to the tertiary structure. Sadly, 

the infection and viroid-binding pull down bioassays were impossible to 

complete since I did not have a growth chamber for the GF305 Prunus 

persica seedlings I had acquired. My investigation into the structure of a 

viroid did not have the desired results, but important lessons were learned 

about navigating a difficult research project.  
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Methods 

 

Cloning and in vitro transcription of crystallization and cryo-EM RNA 

constructs 

DNA was synthesized in gBlocks gene fragments (IDT) and 

inserted in the EcoRV site of the pUC57 plasmid. Plasmid DNA was 

linearized with an appropriate restriction enzyme. Transcription reactions 

contained the following components: 40 µg linearized plasmid DNA, 40 

mM Tris HCl pH 7.5, 25 mM MgCl2, 2 mM spermidine, 2.5 mM NTPs, 

0.05% Triton X-100, 5 mM dithiothreitol, 5 µL T7 polymerase, 0.05 units of 

inorganic pyrophosphatase and water to a 1 mL final volume. 

Transcription reactions proceed at 37 °C for a minimum of 3 hours and 

reactions are stopped with addition of 12 µL of 0.1 M CaCl2 and 20 units of 

TURBO DNase (Invitrogen). Incubation with DNase proceeds for 

approximately 40 minutes at 37 °C. 6 units of Proteinase K are added to 

reactions and the reactions are incubated at 37 °C for an hour. 

Transcription reaction tubes are spun down for 5 minutes at 21,130 RCF 

and the supernatant is filtered through a 0.2 µm membrane. The RNA was 

purified by buffer exchange in Amicon Ultra centrifugal filter units 

(Millipore-Sigma). 
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Crystallization trials 

RNA was concentrated to 10 mg/mL. An Art Robbins Gryphon 

crystallization robot was used to add RNA to a crystal tray with a Natrix 

screen (Hampton Research) and crystals were grown in sitting drops by 

vapor diffusion. The sitting drops were made with 0.5 µL of 10 mg/mL 

RNA, 0.5 µL of precipitant Natrix solution, and 0.5 µL spermine. Crystal 

trays were centrifuged at 1000 RPM for 1 minute and trays are then 

incubated at 22 °C or 30°C. Conditions which appeared to promote 

crystallization were replicated and optimized in hand-set crystal trays.  

 

Group II intron self-splicing assays 

P.li. intron-containing RNAs were spliced in 10 mM MgCl2, 1 M 

NH4Cl, 40 mM Tris HCl pH 7.5, 0.02% SDS at 45 °C for 30 minutes. O.i. 

intron-containing RNAs were spliced in 100 mM MgCl2, 500 mM NH4Cl, 50 

mM Tris HCl pH 7.5 at 45 °C for 30 minutes. The RNAs were purified by 

buffer exchange in Amicon Ultra centrifugal filter units (Millipore-Sigma). 
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T.el. maturase protein purification 

Cloning details for the maturase protein have been previously 

reported by my colleagues (49). The T.el. maturase protein plasmid 

sequence also encoded an MBP and a 6x-His tag for increased solubility 

and affinity purification, respectively. A 2-liter cell culture of 6x-His-MBP-

Tel was inoculated with 20 mL of starter culture and grown in LB 

containing carbenicillin at 37 °C and shaken at 250 RPM. At an optical 

density of 0.6 – 0.8, 1 mM IPTG was added to the cell culture to induce 

protein expression and the temperature was lowered to 22 °C. Cells were 

incubated for 48 hours and then spun down at 5,000 RCF for 10 minutes 

at 20 °C. The cell pellet was resuspended in lysis buffer (2 M urea, 500 

mM KCl, 20 mM Tris HCl pH 7.5, 10 mM imidazole, 5 mM 2-

mercaptoethanol and 0.2 mM PMSF) and lysed with a probe sonicator at 

60% amplitude for 80 seconds total. The lysate was then centrifuged and 

the supernatant was mixed with 2 mL Ni2+ resin for an hour on a rotator at 

4 °C. The mixture was centrifuged and then the resin was transferred to a 

gravity purification column. The resin was washed with lysis buffer and 

then with 7 different wash buffers. Wash 1 contained 2 M urea, 1.5 M KCl, 

20 mM Tris HCl pH 7.5, 10 mM imidazole, and 5 mM 2-mercaptoethanol. 

Wash 2 contained 2 M urea, 500 mM KCl, 20 mM Tris HCl pH 7.5, 10 mM 

imidazole, 10% glycerol and 5 mM 2-mercaptoethanol. Wash 3 contained 
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2 M urea, 500 mM KCl, 20 mM Tris HCl pH 7.5, 20 mM imidazole, 10% 

glycerol and 5 mM 2-mercaptoethanol. Wash 4 contained 1.5 M urea, 500 

mM KCl, 20 mM Tris HCl pH 7.5, 10 mM imidazole, 10% glycerol and 5 

mM 2-mercaptoethanol. Wash 5 contained 1 M urea, 500 mM KCl, 20 mM 

Tris HCl pH 7.5, 10 mM imidazole, 10% glycerol and 5 mM 2-

mercaptoethanol. Wash 6 contained 0.5 M urea, 500 mM KCl, 20 mM Tris 

HCl pH 7.5, 10 mM imidazole, 10% glycerol and 5 mM 2-mercaptoethanol. 

Wash 7 contained 500 mM KCl, 20 mM Tris HCl pH 7.5, 10 mM imidazole, 

10% glycerol and 5 mM 2-mercaptoethanol. The maturase protein was 

eluted from the resin with 250 mM imidazole, 500 mM KCl, 20 mM Tris 

HCl pH 7.5, 10% glycerol and 5 mM 2-mercaptoethanol. The eluate was 

collected in a conical tube and then transferred to a 50 kDa MWCO 

centrifugal filter unit (Millipore-Sigma) for a buffer exchange into filtration 

buffer (500 mM KCl, 20 mM Tris HCl pH 7.5, 10% glycerol and 2 mM 

DTT).  The protein solution was concentrated to 0.5 – 1 mL and brought to 

50% glycerol for storage at -80 °C. 

 

T.el. ribonucleoprotein assembly and purification  

 T.el.-intron containing RNA was spliced with the T.el. maturase 

protein in 40mM Tris HCl pH 7.5, 10 mM MgCl2, 300 mM NH4Cl and 5 mM 
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DTT at 45 °C for 5 minutes. The assembled ribonucleoprotein was then 

concentrated in an Amicon Ultra centrifugal filter unit (Millipore-Sigma) and 

the concentrate was spun down to get rid of any precipitate. The sample 

was loaded onto a size exclusion column (Superdex 200) which was 

equilibrated into 300 mM NH4Cl, 40 mM Tris HCl pH 7.5, 10 mM MgCl2, 5 

mM DTT. Ran sample over the column and collected 1 mL fractions of the 

eluate. 
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