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ABSTRACT 

Through unique chemical and structural properties, mRNA is able to regulate the 

expression of genes via sensory RNAs within the 5’ untranslated region (5’ UTR). These RNAs 

are able to change their secondary structure when in the presence of various stimuli, such as 

temperature. Temperature is an important physical property highly monitored in a variety of 

bacteria through the expression of heat shock proteins and virulence factors. These genes are 

regulated through a class of noncoding temperature sensitive RNAs called RNA thermometers 

(RNATs). At low temperatures, the secondary structure of the RNA thermometer blocks the 

ribosome from binding to the 5’ UTR; however, as temperature increases the RNA undergoes a 

conformational change that allows the ribosome to bind and initiate translation. One subclass of 

RNATs are ROSE (Repression Of heat Shock Expression) elements. ROSE elements are short 

RNA sequences that contain two to four hairpin loops and are associated with expression of 

small heat shock proteins.  Bradyrhizobium japonicum is a nitrogen fixing bacteria that contains 

a ROSE element that encodes for a heat-shock protein. The entire 5’UTR is predicted to form 

three additional hairpins upstream of the RNAT. The influence of the surrounding hairpins on 

the RNAT are not understood. This project is aimed at determining the effect of the neighboring 

hairpins on the known RNAT. Through UV thermal denaturation experiments, it was concluded 

that the upstream hairpins do not affect the stability of the RNAT. Thus, we hypothesized that 

the upstream stem-loops may be necessary for proper folding of the RNAT. Using computational 

and experimental studies we concluded that the function of the upstream hairpins is to ensure 

proper folding of the RNAT. 
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Chapter 1  
 

Introduction to Thesis 

1.1 RNA Structure and its Relation to Function 

1.1.1 RNA Structure 

RNA is a single-stranded nucleic acid molecule that functions in the synthesis of proteins. 

In contrast to DNA, RNA is single-stranded and has a hydroxyl group attached to its sugar that 

allows for more hydrogen bonds. These features can create complex structures through 

secondary and tertiary interactions. Similar to proteins, RNA primary structure is the string of 

nucleotides that make up the sequence. RNA secondary structure is created from intermolecular 

base pairing interactions within the RNA sequence that can form structures such as hairpin loops 

and bulges. Tertiary structure is the most advance form of structure that an RNA can form. This 

type of structure arises from specific interactions within an RNA strand that creates a 3-

dimensional structure.  

The 5’ UTR nucleotide sequence upstream from the start codon can be used to regulate 

translation in many organisms via complex secondary structures such as riboswitches1, small 

noncoding RNAs2, and chromosomal silencing via siRNAs and micro RNAs.3 
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1.1.2 Translation Initiation within Prokaryotes 

The central dogma of molecular biology is comprised of two basic processes; 

transcription and translation (Figure 1.1). Transcription is the process in which deoxyribonucleic 

acid (DNA) is decoded into messenger ribonucleic acid (RNA). DNA is a nucleic acid that is a 

double-stranded helix comprised of nucleotides and is the principle carrier of genetic material. 

Nucleotides are biological molecule that are comprised of a five- or six-member ring that is 

attached to a sugar and are the building blocks for nucleic acids. RNA is a single-stranded 

nucleic acid that can act as a messenger within living cells. This specific type of RNA is now as 

messenger (mRNA). Information encoded by DNA can be transcribed into mRNA which is then 

decoded by a specialized molecule called a ribosome. The ribosome then completes the second 

process within the central dogma of molecular biology called translation. During translation, the 

mRNA created during transcription is decoded by the ribosome and various other forms of RNA 

to create a polypeptide or protein. 

In some prokaryotes, the ribosome binds to the mRNA via a sequence of nucleotides 

called the Shine-Dalgarno (SD) sequence. Sequences of mRNA that contain a SD sequence 

typically have an extended 5’ untranslated region (UTR) and the SD sequence is approximately 

8-10 nucleotides upstream of the start codon.4 During initiation, the small ribosome subunit (30S 

 Figure 1.1 The central dogma of molecular biology. DNA is copied into RNA through a 
process called transcription. RNA is then decoded into a protein through a process called 
translation. 



3 
in bacteria) interacts with the SD sequence via an anti-SD sequence that is complementary to the 

SD region within the 16S ribosomal RNA.5,6 Through the assistance of many initiation factors, 

the small subunit is able to form a preinitiation complex that dissociates upon interactions with 

the large ribosomal subunit (50S in bacteria).7 After the large subunit is recruited, the initiation 

factors dissociate and the initiating tRNA charged with N-formylmethionine aligns in the P- site, 

then the rest of translation is able to occur.7 However, if the SD sequence is prevented from 

interacting with the anti-SD sequence translation will not occur. 

1.2 RNA Thermometers 

1.2.1 ROSE Elements: Structure and Function 

Many genes are regulated through sensory RNAs that change complex secondary 

structures in the presence of various stimuli, including temperature.8,9 Temperature is an 

important physical property perceived in many different types of bacteria through the expression 

of heat shock proteins and virulence factors.10,11 These genes are regulated through a class of 

noncoding temperature-sensitive RNAs, called RNA thermometers (RNATs). At low 

temperatures, the secondary structure of the RNAT base pairs to the SD sequence and prevents 

access of the ribosome to the ribosome binding site; however, as the temperature increases, the 

RNA undergoes a conformational change that unpairs the SD sequence, allowing the ribosome to 

bind and translation to initiate.12 

The most common RNAT is the ROSE (Repression Of heat Shock Expression) 

element.13 ROSE elements are short RNA sequences that contain two to four hairpin loops and 

are associated with expression of small heat shock proteins (hsp).14,15 A basic depiction of the 
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characteristic structure of a ROSE element is displayed in Figure 1.2. Within the ROSE 

elements, the active temperature-regulating hairpin that contains the SD sequence is the 3’-

proximal hairpin (blue in Figure 1.2 ). This hairpin contains a conserved U(U/C)GCU motif that 

is the anti-SD sequence that base pairs to the SD region to prevent ribosome binding at low 

temperatures.12,14 The central guanine (highlighted in red in Figure 1.2) is especially important 

for syn-anti base pairing with the SD sequence , and gives the RNAT its temperature sensing 

ability.16  

1.2.2 ROSE Elements within Bradyrhizobium japoncium 

Bradyrhizobium japonicum is a nitrogen-fixing bacterium that is known for containing 

multiple different ROSE elements. The 5’ UTR of the ROSE element that encodes for heat shock 

protein A (hspA) in B. japonicum has an intricate secondary structure containing three hairpins 

Figure 1.2 Basic structure of ROSE elements. The 3’ proximal hairpin (blue) is the RNA 
thermometer. Within the RNAT there is the conserved U(U/C)GCU motif base pairing to the SD 
sequence (GGAGGA). Rose elements are characteristic of having 1-3 additional 5’ upstream 
hairpins are illustrated as gray, green, and yellow.
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(SL1, SL2, SL3) upstream of an RNAT (Figure 1.2). This particular RNA structure is stabilized 

due to the predominantly guanine (G)-cytosine (C) base pairs (indicated by red lines in Figure 

1.2) present within all hairpins but in higher numbers in the SL1, SL2, and SL3 hairpins. The 

RNAT within the ROSE element (SL4) contains more adenosine (A)-Uracil (U) base pairs and 

G-U wobble base pairs (Shown in Figure 1.2 as green lines and dots, respectively) which are 

significantly weaker than the G-C base pairs. Since the RNAT has weaker base pairs than the 

other hairpins, it is predicted to be the weakest stem-loop within the entire structure. 

Previously, Chowdhury et al. characterized the functionality of the 3’ -proximal stem-

loop (SL4) within the B. japonicum ROSE in vitro and determined the site of denaturation that 

Figure 1.3 Predicted secondary structure of B. japonicum 5’ UTR. G-C base pairs are 
represented by red lines, A-U base pairs are shown with green lines, and G-U base pairs are 
displayed as green dots. The 5’ UTR is predicted to fold into four hairpins. SL4 is the previously 
determined RNA thermometer. The SD sequence is highlighted in yellow and the G83, which is 
shown in red is the conserved G residue.16 There are three other upstream hairpins (SL1, SL2, 
and SL3) in addition to the RNAT. Structure prediction was created using mfold.17 
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leads to the exposure of the SD sequence.16 Furthermore, they determined that the RNAT will 

form a very stable hairpin that is no longer thermally labile under physiological conditions when 

the conserved G83 bulged residue (indicated in red in Figure 1.217) is deleted. These results 

indicate that RNATs are able to respond to fluctuations in temperatures at the level of RNA 

structure. Although multiple experiments were focused on the 3’ proximal stem-loop, it is not 

clear how the upstream stem-loops contribute to the temperature-sensing function of the ROSE 

elements.18 

Chapter 2  
 

Optimization of T7 Transcription of the 5’ UTR of hspA in Bradyrhizobium japoncium 

2.1 Abstract 

The RNA sequence in the 5’ untranslated region (UTR) in Bradyrhizobium japonicum 

contains a higher guanine-cystosine content and the predicted folded structure has multiple stem-

loop structures. The stability of this structure led to issues transcribing the DNA template of 

interest into the full-length UTR RNA. It is hypothesized that the stability of the 5’ UTR RNA 

sequence and subsequently the DNA template of B. japonicum caused the T7 polymerase to 

detach from the transcript early, resulting in failed transcriptions and poor RNA yields. The final 

optimized transcription protocol involved a hemi-duplex transcript at physiological temperature 

with 20% T7 polymerase; four times the amount of polymerase typically used. The optimized 

protocol resulted in high RNA yields that were verified to be full length via PAGE (8% 

acrylamide and 8.3 M urea). The high yields were most likely due to the hemi-duplex template 

facilitating better attachment of the polymerase through the T7 promoter region and the excess of 
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T7 polymerase increasing the chances of the polymerase to attach to the DNA template. 

Furthermore, the buffer conditions of the reaction were optimized to lower the Tris and MgCl2 

levels and increase the DTT and spermidine concentrations. This may have increased yield by 

enhancing the polymerase ability of the T7 and preventing the reaction from prematurely 

aborting. 

2.2 Introduction 

Transcription is the process in which double stranded DNA becomes converted into 

single-stranded RNA. The process is similar to DNA replication. Ribonucleoside 5’-

triphosphates (NTPs) are polymerized together in the 5’ to 3’ direction from a 3’ to 5’ DNA 

template.19 Unlike in DNA replication, RNA polymerase does not require a primer to initiate 

transcription. In vitro transcriptions of a single transcript only requires one enzyme- RNA 

Polymerase. T7 RNA polymerase, originally derived from a bacteriophage in E. coli, is 

commonly used in in vitro transcription reactions due to its specificity for its promoters.20 

However, T7 polymerase activity is significantly reduced if there is no reducing agent involved. 

Therefore, most transcription protocols require the use of chemicals such as dithiothreitol 

(DTT).21  

Furthermore, RNA is able to inhibit the activity of RNA polymerases and presents a 

problem when performing in vitro transcription. Spermidine is known to prevent the RNA 

inhibition of transcription, and is also used in many in vitro transcription protocols.22 Magnesium 

ions are also commonly used in transcription reactions because they are able to stabilize the 

negatively charged backbones of the DNA and RNA molecules. Magnesium ion concentration 
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has also been shown to influence the specificity of T7 RNA polymerase and is therefore 

important to regulate for an effective in vitro transcription.23 If an in vitro transcription is done 

correctly, then the released pyrophosphate groups from the NTPs will precipitate with the Mg2+ 

in the reaction mixture and the solution will turn cloudy.24 

This project was aimed at determining the function of the upstream hairpins in the B. 

japonicum ROSE element. In order to study the unique secondary structure found in B. 

japonicum, the RNA of interest needed to be transcribed from DNA. Following the work by 

Chowdhury, et al., 2006, the sequence shown in Table 2.1 was used in the transcription. This 

sequence, denoted at WT0, was used in the transcription trials instead of the Wild type sequence. 

Fortunately, the WT0 sequence did not change the overall structure of SL1, SL2, or SL4 but it 

did destabilize the structure of SL3.  
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2.3 Materials and Methods 

2.3.1 Original Transcription Protocol 

The WT0 B. japonicum sequence, given below with T7 promoter region underlined, was 

transcribed from a gBlock® gene fragment DNA template (Integrated DNA Technologies, IDT, 

Coralvilla, IA) and template was used without further purification. The DNA template (100 

ng/µL) and was denatured at 95 °C for 2 min in 200 mM NaCl and allowed to cool on ice for 10 

Figure 2.1 Predicted Secondary Structure of the 5’ UTR of B. japonicum WT0 Sequence.  
G-C base pairs are represented by red lines, A-U base pairs are shown with green lines, and G-U 
base pairs are displayed as green dots. The WT0 is predicted to fold into four hairpins, with the 
RNAT denoted at SL4. All stem-loops except SL3 fold into the same conformation as the WT. 
The mutated nucleotides, circled in red, are C37G, a 38 G insert, and a C59A. Structure 
prediction was created using mfold.17 
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min. The RNA was transcribed using 5% T7 RNA polymerase (prepared in 50% glycerol) in 40 

mM Tris (pH 7.5), 2 mM DTT, 1 mM spermidine, 25 mM MgCl2, and 4 mM NTPs with 

incubation at 37 °C for 2 h. The gBlock® gene fragment provided is double stranded, the anti-

sense strand is not shown. 

B. japonicum WT0 sequence DNA template of sense strand: 

5’ TAATACGACTCACTATAGGCCGCGACAAGCGGTCCGGGCGCCCTAGGG 

CCCGGGGGGAGACGGGCGCCGGAGGTGTACGACGCCTGCTCGTACCCATCTTGCTC

CTTGGAGGATTTGGCTATGAGGA 3’ 

B. japonicum RNA Product: 

5’ GCCGCGACAAGCGGUCCGGGCGCCCUAGGGGCCCGGGGGGAGACGGGCG 

CCGGAGGUGUACGACGCCUGCUCGUACCCAUCUUGCUCCUUGGAGGAUUUGGCUA

UGAGGA 3’ 

2.3.2 Optimized Transcription Protocol 

The WT0 B. japonicum sequence was transcribed from a hemi-duplex template, with T7 

promoter region underlined in the DNA template. The T7 promoter top strand and DNA template 

were ordered from IDT (Integrated DNA technologies, Coralvilla, IA) and used without further 

purification. The DNA template (12.5 µM) and T7 promoter (15 µM) were annealed by heating 

to 95 °C for 2 min in 200 mM NaCl and then allowed to cool on ice for 10 min. The DNA was 

transcribed using 20% T7 RNA polymerase (prepared in 50% glycerol) in 25 mM Tris (pH 7.5), 

5 mM DTT, 2 mM spermidine, 20 mM MgCl2, and 4 mM NTPs with incubation at 37 °C for 3 h.  

T7 promoter: 5’ TAATACGACTCACTATAGG 3’ 
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B. japonicum WT0 sequence hemi-duplex DNA template: 

5’ TCCTCATAGCCAAATCCTCCAAGGAGCAAGATGGGTACGAGCAGGCGTC 

GTACACCTCCGGCGCCCGTCTCCCCCCGGGCCCCTAGGGCGCCCGGACCGCTTGTCG

CGGCCCTATAGTGAGTCGTATTA 3’ 

B. japonicum RNA Product: 

5’ GCCGCGACAAGCGGUCCGGGCGCCCUAGGGGCCCGGGGGGAGACGGGCG 

CCGGAGGUGUACGACGCCUGCUCGUACCCAUCUUGCUCCUUGGAGGAUUUGGCUA

UGAGGA 3’ 

2.3.3 RNA Purification 

Transcribed RNA was denatured for 2 min at 95°C and purified via an 8% 8.3 M urea 

denaturing polyacrylamide gel. The RNA was excised from the gel and eluted in 1 X TEN250 (10 

mM Tris at pH 7.5, 1 mM EDTA, 250 mM NaCl) at 4°C overnight while rotating. The RNA was 

ethanol precipitated and resuspended in 0.5X TE (10 mM Tris at pH 7.5, 1 mM EDTA). The 

concentration of RNA was determined using DeNovix Ds-11+ Spectrophotometer. 

2.3.4 PCR Reaction 

 Polymerase chain reaction (PCR) was performed according to the recommended 

Fragment Amplification protocol for gBlocks® Gene Fragments from IDT (Integrated DNA 

technologies, Coralvilla, IA). In a 50 µL reaction, 1.0 ng of DNA was mixed with 1X Phusion 

GC Buffer, 200 µM dNTPs, 500 µM forward primer, 500 µM reverse primer, and 1% Phusion® 

DNA polymerase. The reaction mixture was placed in a Biometra TAdvanced Thermocycler and 
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amplified according to the cycling conditions details in Table 2.1 DNA from PCR was purified 

using phenol/chloroform extraction followed by ethanol precipitation. 

Forward Primer: 5’ TAATACGACTCACTATAGGCCAC 3’ 

Reverse Primer: 5’ TCCTCATAGCCAAATCCTCC 3’ 

Table 2.1 Cycling conditions for PCR. 

Step Cycle Temperature (°C) Time 

Initial Denaturation 1 98 30 sec 

Denaturation 15 98 10 sec 

Annealing 15 60 30 sec 

Extension 15 72 30 sec 

Final Extension 1 72 5 min 

Hold 1 4 ∞ 

 

2.4 Results and Discussion 

2.4.1 Varying Buffer Conditions  

Initially, gBlocks® Gene Fragments double-stranded DNA fragments of the B. japonicum 

WT0 5’ UTR containing a T7 promoter region were used in the original transcription protocol, as 

described in 2.3.1 Original Transcription Protocol. When all reactions failed to work, the 

buffer conditions were altered so as to improve yield and optimize the reaction. Table 2.2 

outlines the different reaction conditions used throughout these trial experiments. 
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Table 2.2 Various buffer conditions used in transcription trials 

 Tris (pH 7.5) MgCl2 DTT Spermidine 

Buffer 1 40 mM 25 mM 2 mM 1 mM 

Buffer 2 25 mM 20 mM 5 mM 2 mM 

Buffer 3 20 mM 25 mM 2 mM 1 mM 

Buffer 4 40 mM 18.5 mM 2 mM 1 mM 

 

 All reactions using the various buffer conditions described in Table 2.2 failed to have 

pyrophosphate crashing out of solution and were deemed to have failed. As a secondary check, 

the transcriptions were run on an 8% PAGE (8% acrylamide and 8.3 M Urea) and stained with 

SYBR gold but no RNA was able to be visualized. 

2.4.2 Varying DNA Sequence and Deoxyoligonucleotides 

Since the B. japonicum sequence is very rich in G-C content, another transcription was 

performed that increased the concentration of G and C dNTPs two-fold. Unfortunately, this still 

did not produce a successful transcription. Since the buffer conditions appeared to have little 

effect on the transcription, it was deduced that the DNA template itself may be the issue. One 

reason that the transcription might have failed was because of there was not enough DNA 

template to produce the RNA. Therefore, the DNA was amplified using PCR. The PCR products 

were then run on an 8% PAGE (8% acrylamide and 8.3 M Urea) and produced a transcript that 

was less than 100 bp. Since the full length WT0 DNA sequence is 130 bp, this sequence was 
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determined to be too small (Figure 2.2) and therefore there must have been an issue with the 

PCR template.  

 

When transcribing DNA, RNA T7 polymerase is able to protect the sequences from 

cleavage and hence improve the success of the reaction. The synthesis of guanine RNA 

nucleotides at the beginning of transcriptions has been shown to expand the length of protected 

DNA sequence and stabilize the polymerase-DNA interaction.25 Therefore, a new B. japonicum 

WT0 sequence was ordered that contained GGA at the beginning of the transcript. When ran in 

5% polymerase with buffer 1, 2, 3, and 4, all reactions still failed to produce any RNA. 

Typically, in vitro transcription involves a double stranded DNA template; however, 

another method of transcription uses a hemi-duplex transcript, displayed in Figure 2.3, which 

contains a promoter region followed by the complement of the transcript of interest. Since T7 

RNA polymerase can attach to DNA with greater success if the sequence starts with guanine 

bases, the T7 promoter region began with two guanine base pairs.   

Figure 2.2 SYBR gold stained 8% PAGE (8% acrylamide and 8.3M Urea) of PCR reaction. 
The 100 bp ladder from New England BioLabs® was used. The B. japonicum WT0 DNA 
sequence is 110 bp; however, the band from the PCR reaction was below 100 bp. 
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Using the hemi-duplex template at 37°C with 5% T7 polymerase in buffers 2, 3, or 4 

(refer to Table 2.2), all transcriptions reactions turned cloudy and indicated that the reaction may 

have been successful. Typically, transcription reactions produce a few thousands of ng/ µL of 

RNA; however, when the RNA yields from these transcriptions were checked on a 

spectrophotometer, only 54.9 ng/µL, 274.1 ng/µL, 64.0 ng/µL, and 53.4 ng/µL were obtained for 

buffers 1, 2, 3, and 4 respectively. Furthermore, when ran on a 10% PAGE (10% acrylamide and 

8.3 M Urea) and shadowed under UV light (Figure 2.4), there was no one clean band at the 

Figure 2.3 Basic overview of transcription using a hemi-duplex template 
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appropriate length and it appeared that many smaller, aborted transcripts were produced instead 

of the desired full-length transcript. 

2.4.3 Varying Reaction Conditions 

Since the RNAT is predicted to form an intricate secondary structure and RNA is known 

to unfold at higher temperatures, we wanted to see if raising the temperature during transcription 

would unfold any structure and allow the T7 RNA polymerase to complete transcription. 

Although the transcription became cloudy, the RNA yields were only 5.7 ng/µL and 69.9 ng/µL 

for buffer 2 and 3, respectively, which are far too low to be fruitful. 

Figure 2.4 UV shadowed PAGE (10% acrylamide and 8.3 M Urea) of incomplete hemi-duplex 
transcription in various buffers. The Ambion® RNA Century™-Plus Marker was used as the single 
stranded RNA ladder. Transcriptions were performed in 37 °C with 5% T7 polymerase with a hemi-
duplex template. Various buffer conditions were used and full-length transcripts were not produced. 
The transcription must have aborted multiple times at smaller lengths to produce a mixture of various 
RNA lengths. 
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Since the trial transcriptions produced many different terminated transcripts, there may 

have been an issue with the ribosome attaching to the DNA template. We therefore increased the 

concentration of T7 RNA polymerase in the reaction. Finally, when using 20% T7 RNA 

polymerase, the reactions resulted in 6090.8 ng/µL and 5620.4 ng/µL in buffers 2 and 3, 

respectively. In addition to producing enough RNA to be useful, a single band was produced at 

when run on an 8% PAGE (8% acrylamide and 8.3 M Urea) and stained with SYBR gold 

(Figure 2.5),indicating that the RNA was all the proper size and there was negligible amounts of 

aborted transcripts produced. Furthermore, the band was at ~110 bp which was the expected 

length for the WT0 sequence. Since the T7 polymerase was prepared in 50% glycerol, the total 

amount of glycerol in the reaction would be 10%. Since glycerol can help initiation transcription 

at certain promoters26, the increase in glycerol may have also assisted in producing a successful 

transcription. 

An overview of all the transcription conditions explored and their outcome is summarized 

in Table 2.3. 

Figure 2.5 SYBR gold stained 8% PAGE (8% acrylamide and 8.3 M Urea) with B. 
japonicum mutant RNA produced from optimized transcription protocol. The Ambion® 
RNA Century™-Plus Marker was used as the single stranded RNA ladder. Transcription was 
performed at 37 °C with 20% T7 polymerase with a hemi-duplex template. Buffer 2 conditions 
were used and transcription produced a singular band at ~110 bp, which is the correct length for 
the sequence. 
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Table 2.3 Overview of transcription trials and conditions. Outcomes of each trial were judged 
based upon if the reaction became cloudy and was visible on a gel and then if the RNA yields 
were appreciable enough to be used in experimentation. The main conditions altered were the 
reaction buffers of the transcription, the temperature the reaction occurred at, and the amount of 
T7 polymerase used.  

Transcript Buffer Temperature T7 
Polymerase 

Transcription 
becoming cloudy 

and visible on 
PAGE (8% 

acrylamide and 
8.3M Urea) 

RNA 
Yields 

(ng/µL) 

B. japonicum 
WT0 
sequence 
gBlocks® 

Buffer 1 37 °C 5% X N/A 
Buffer 2 37 °C 5% X N/A 
Buffer 3 37 °C 5% X N/A 
Buffer 4 37 °C 5% X N/A 

B. japonicum 
WT0 
sequence 
beginning 
with GGA 
gBlocks® 

Buffer 1 37 °C 5% X N/A 
Buffer 2 37 °C 5% X N/A 
Buffer 3 37 °C 5% X N/A 
Buffer 4 37 °C 5% X N/A 

B. japonicum 
WT0 
sequence 
hemi-duplex 

Buffer 1 37 °C 5% ✓ 54.9 
Buffer 2 37 °C 5% ✓ 274.1 
Buffer 3 37 °C 5% ✓ 64.0 
Buffer 4 37 °C 5% ✓ 53.4 
Buffer 2 42 °C 5% ✓ 5.7 
Buffer 3 42 °C 5% ✓ 69.9 
Buffer 2 37 °C 20% ✓ 6090.8 
Buffer 3 37 °C 20% ✓ 5620.4 
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Chapter 3  

 
UV Thermal Denaturation Melts Determine that Upstream Hairpins Do Not Influence 

RNAT Stability  

3.1 Abstract 

 When bacteria experience sudden increases in temperature, they produce heat shock 

proteins to help stabilize and prevent denaturation of their proteins. Many heat shock genes in 

bacteria are regulated through a class of noncoding, temperature-sensitive RNA stem-loop, 

called an RNA thermometer (RNAT). The most widely studied RNAT is the Repression Of heat 

Shock Expression (ROSE) element. ROSE elements are short RNA sequences that contain two 

to four stem-loop loops and are associated with expression of small heat shock proteins. 

Bradyrhizobium japonicum is a nitrogen-fixing bacterium that is well known for containing 

multiple different ROSE elements. The 5’ UTR of the ROSE element that encodes for heat shock 

protein A (hspA) in B. japonicum has an intricate secondary structure containing three stem-

loops upstream of the RNAT stem-loop. While the RNAT stem-loop within the 5’UTR of B. 

japonicum has been previously studied, it is not clear how the upstream stem-loops contribute to 

the temperature-sensing function of the ROSE elements. This relationship was studied using UV 

thermal denaturation in various Mg2+ buffer conditions comparing the full-length sequence to 

the individual stem-loops. In each Mg2+ concentration, the WT sequence showed several 

transitions within the melting curve indicating that the RNA sequence is not folding in a two-

state manner. The melt curve experiments of the individual stem-loops revealed that the 

upstream stem-loops are more thermally stable than the RNAT. A construct containing the 

immediately upstream stem-loop and the thermometer demonstrated a similar melting curve 
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compared to the respective individual stem loops. Furthermore, a mutant that disrupted base 

pairing in the immediately upstream stem-loop of the RNAT had little direct influence on the 

RNAT but caused the other upstream stem-loops to melt in a two-state manner. Therefore, while 

the upstream stem-loops can directly influence each other melting, they do not impact the RNAT 

stability and may function to instead regulate its proper folding. 

3.2 Introduction 

More recent literature searchers revealed that the WT0 sequence that the optimization 

reactions were performed on deviated from the actual B. japonicum 5’ UTR WT sequence 

(Figure 1.2). Even though the optimization reaction designed in Chapter 2 was created using a 

different sequence, similar results were obtained when performed on the correct WT sequence.  

Although experiments have focused on the 3’ proximal stem-loop (RNAT), it is not clear 

how the upstream stem-loops contribute to the temperature-sensing function of the ROSE 

element in B. japonicum.18 Since each stem-loop in the structure has varying stability, it is 

predicted that each individual hairpin will have distinct melting temperatures. If the upstream 

hairpins directly assist with the stability of the thermometer, it would be expected that the 

upstream hairpins melt with the RNAT in a two-state fashion. However, results from this study 

indicate that the full-length RNA does not melt in a two-state manner and that the upstream 

hairpins have an alternative function, perhaps to assist with folding or prevent misfolding. 
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3.3 Materials and Methods 

3.3.1 RNA Preparation and Purification 

When evaluating the amount of RNA necessary to complete the experiments described 

henceforth and the number of different templates necessary to fully investigate this system; most 

of the RNA sequences were ordered instead of created through a transcription reaction. The 

C59A Mutant, SL4, SL3, SL2, and SL1 RNA sequences were from Integrated DNA 

Technologies (IDT; Coralville, IA) and used without further purification. 

C59A Mutant Sequence: 

5’ GCCGCGACAAGCGGUCCGGGCGCCCUAGGGGCCCGGCGGAGACGGGCGC 

CGGAGGUGUACGACGCCUGCUCGUACCCAUCUUGCUCCUUGGAGGAUUUGGCUAU

GAGGA 3’ 

SL1 sequence: 5’ GCCGCGACAAGCGGU 3’ 

SL2 sequence: 5’ CCGGGCGCCCUAGGGGCCCGG 3’ 

SL3 sequence: 5’ CGGGCGCCGGAGGUGUCCGACGCCUG 3’ 

SL4 sequence: 5’ CUCGUACCCAUCUUGCUCCUUGGAGGAUUUGGCUAUGAGGA 3’ 

The full-length wild type sequence and SL3-SL4 construct were prepared as 

complementary hemi-duplex DNA with T7 promoter region (underlined in DNA template) from 

IDT and used in the optimized transcription protocol outlined in 2.3.2 Optimized Transcription 

Protocol and purified according to 2.3.3 RNA Purification. 

T7 promoter: 5’ TAATACGACTCACTATAG 3’ 

FL WT B. japoncium sequence DNA template: 
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5’ TCCTCATAGCCAAATCCTCCAAGGAGCAAGATGGGTACGAGCAGGCGTC 

GGACACCTCCGGCGCCCGTCTCCGCCGGGCCCCTAGGGCGCCCGGACCGCTTGTCGC

GGCCCTATAGTGAGTCGTATTA 3’ 

FL WT B. japoncium sequence: 

5’ GCCGCGACAAGCGGUCCGGGCGCCCUAGGGGCCCGGCGGAGACGGGCGC 

CGGAGGUGUCCGACGCCUGCUCGUACCCAUCUUGCUCCUUGGAGGAUUUGGCUAU

GAGGA 3’ 

SL3-SL4 B. japoncium construct DNA template: 

5’ TCCTCATAGCCAAATCCTCCAAGGAGCAAGATGGGTACGAGCAGGCGTC 

GGACACCTCCGGCGCCCGCCTATAGTGAGTCGTATTA 3’ 

SL3-SL4 B. japoncium construct sequence: 

5’ CGGGCGCCGGAGGUGUCCGACGCCUGCUCGUACCCAUCUUGCUCCUUGG 

AGGAUUUGGCUAUGAGGA 3’ 

3.3.2 UV Thermal Denaturation Melts 

RNA was added to 100 mM KCl and 100 mM HEPES at pH 7.0. The RNA was then 

denatured at 95°C for 3 min and cooled at room temperature for 10 min. Appropriate 

concentrations of MgCl2 (0 mM, 0.5 mM, or 2 mM) was added to the RNA solution and 

incubated at 55°C for 3 min and cooled at room temperature for 10 min. The thermal 

denaturation experiments were performed on the OLIS Hewlett Packard 8452A Diode Array 

Spectrophotometer. Data points were collected every 0.5°C at a heating rate of ~0.6°C/min. 

Absorbance was recorded at 260 nm and the first derivative of each curve was obtained by 
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smoothing the raw absorbance values of a representative data set with an 11-point window. 

Normalized graphs are found in Appendix A. Estimated melting temperatures (Tm) were 

determined from the local maximum of the first derivative plot. 

3.3.3 Simulated UV Thermal Denaturation Melt Curves 

Equations used to simulate the melt curves are described in Appendix B. The percent of 

RNA folded was determined for a range of temperatures. Thermodynamic properties used in 

these equations were obtained from mfold RNA Folding Form (version 2.3 energies).17 The 

simulated RNA was folded at 37°C in 1 M NaCl with no divalent ions.  

3.3.4 Concentration-Dependent UV Thermal Denaturation Melts 

Melts were performed according to the UV Thermal Denaturation Melt protocol 

described in 3.3.2 UV Thermal Denaturation Melts with the exception that 0.5 mM MgCl2 was 

used for all melts and the RNA concentration varied as follows: 0.5 µM, 1 µM, 2 µM, 3.5 µM, 

and 5 µM RNA. The concentration of RNA in each sample was verified by a Beers Law 

calculation using the 260 nm absorbance at 90°C. 
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3.4 Results and Discussion 

3.4.1 Wild-Type Sequence Exhibits Multi-State Folding 

In order to determine the strength of the RNA structure formed when all stem-loops are 

present, UV thermal denaturation melts were performed on the full-length RNA. Varying 

concentrations of MgCl2 were used to determine the stability of the RNA since divalent cations, 

like Mg2+, are essential for stability of the anionic nature of RNA molecules. Although 

monovalent cations such as K+ are able to stabilize RNA molecules as well, they are not nearly 

as effective at promoting proper folding as Mg2+. Since KCl has a small impact on folding, the 

concentration of KCl remained constant throughout the experiments. The biological 

concentration of KCl ranges from 100-150 mM27; therefore, 100 mM of KCl was used to 

replicate the conditions used by Chowdhury et al.16 Furthermore, the biological concentration of 

Mg2+ in prokaryotic cells is 1.5-2.0 mM28,29 and 0.5-1.0 mM in eukaryotic cells.30 Therefore, 

melts performed in 2 mM MgCl2 mimicked prokaryotic cells and 0.5 mM MgCl2 represented 

eukaryotic cells conditions. 
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In each Mg2+ concentration, the WT sequence displayed several transitions (Figure 3.1). 

Each curve had a clear transition ranging between 50-65°C, with another transition starting 

around 95°C. Since Mg2+ is important for stabilizing the RNA native structure, it was not 

surprising that the Tm increased with MgCl2 concentration: 50.3°C, 62.3°C, and 63.8°C in 0 mM, 

0.5 mM, and 2 mM MgCl2, respectively. The multiple transitions within the melting curve 

indicate that the RNA sequence is not melting in a two-state fashion.  

Past studies have shown that tRNA will have an approximately two-state concerted 

melting transition at high Mg2+ concentrations, despite being comprised of four helices. This is 

because the stability of the tertiary structure overshadowing the stability of the individual stem-

loops.31 Lack of such a single two-state transition at all Mg2+ concentrations, indicate it is 

unlikely that the B. japonicum WT RNA is forming a tertiary structure. 

 

Figure 3.1 UV thermal denaturation first derivative curves of the WT RNA in B. 
japonicum. Absorbances were measured at 260 nm in 0 mM, 0.5 mM, and 2 mM MgCl2 (light 
to dark colors). The Tm values were 50.3°C, 62.3°C, and 63.8°C in 0 mM, 0.5 mM, and 2 mM 
MgCl2, respectively. Solutions contained 100 mM HEPES (pH 7.0) and 10 mM KCl. 
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3.4.2 Upstream Hairpins are Important for Proper Folding of the RNAT 

In an attempt to assign transitions to individual stem-loops within the full-length 

sequence, melts were performed on the individual stem loops (represented as SL4, SL3, SL2, and 

SL1). Again, since Mg2+ stabilizes RNA, it was expected that the melting temperature of the 

RNA would increase with Mg2+ concentration. This trend was observed in the thermometer 

(SL4) stem-loop only, where the RNA became increasingly stable as evidenced by an increase in 

the Tm from 50.9°C, 57.8°C, and 58.9°C in 0mM, 0.5 mM, and 2 mM MgCl2, respectively. 

Therefore, the transition in the WT sequence between 50-65°C in all MgCl2 concentrations can 

be attributed to the SL4 stem-loop. In fact, the SL4 stem-loop was the only stem-loop to have a 

clear transition, around 50-60°C, within the temperature constraints of the instrument (Figure 

3.2) The SL3, SL2, and SL1 display no melting transitions between 20-95°C for 0-2 mM MgCl2, 

but appear to have an initial transition towards the upper limits of the melting range. This result 

was expected since the upstream stem-loops have significantly more guanine-cysteine base pairs 

compared to the SL4.  
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To verify if the experimental data indicated that the stem-loops were melting in a two-state 

model, the melt curves were simulated using thermodynamic properties of each individual stem-

loop (Figure 3.3A).  According to the simulations, the Tm values are 93.2°C, 86.1°C, 94.1°C, 

70°C for SL1, SL2, SL3, and SL4, respectively (Figure 3.3B). The predicted Tm values were not 

Figure 3.2 UV thermal denaturation first derivative curves of the individual stem-loops in 
B. japonicum. Absorbances were measured at 260 nm with absorbance at 280 nm is located in 
Appendix B. First derivative curves of the thermal denaturation experiments for A) SL4, B) 
SL3, C) SL2, and D) SL1 in B. japonicum ROSE element within 0 mM, 0.5 mM, and 2 mM 
MgCl2 (light to dark colors). The Tm values for SL4 were 50.9°C, 57.8°C, and 58.9°C in 0mM, 
0.5 mM, and 2 mM MgCl2, respectively. No Tm values from SL1, SL2, or SL3 were able to be 
determined. Solutions contained 100 mM HEPES (pH 7.0) and 10 mM KCl. 
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an accurate reflection for the experimentally derived values for SL4, and the model predicted 

melting temperatures which were not obtained for SL1, SL2, or SL3. However, with the 

exception of SL2, it appears that the melt simulation is able to prediction the general trend in 

melting temperature compared to the other stem-loops, which clearly predicted the completed 

melting of SL4 and incomplete melting of SL1 and SL3 at 95ºC. Therefore, it appears that the 

stem-loops are not melting in a two-state fashion and the simulation must be altered to account 

for intermediate structures in melting in order to be an adequate system to predict the melting of 

these RNA structures. 

 

3.4.3 RNA Sequences are Not Forming Dimers During Renaturation Step 

Because the RNA is forming structures through internal base pairing, there is a possibility 

that the RNA could dimerize during the renaturation step prior to melting. To determine if the 

RNA was forming dimers, melts were performed with each stem-loop using 0.5 mM MgCl2 over 

Figure 3.3 Simulated UV thermal denaturation melt curves of individual stem-loops. A) 
Simulated melting curves for the individual stem-loops. B) First derivative of simulated melt 
curve for individual stem-loops. The predicted Tm values are 93.2°C, 86.1°C, 94.1°C, 70°C for 
SL1, SL2, SL3, and SL4, respectively. Melt curves were simulated from thermodynamic 
obtained from mfold RNA Folding Form (version 2.3 energies)17 in 1M NaCl and 0 mM MgCl2. 
Equations used to create simulation can be found in Appendix C. 
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a 10-fold range of RNA concentrations (Figure 3.4). The 0.5 mM concentration was chosen so 

that there would still be a measurable Tm but it would produce a lower Tm then the 2 mM 

concentration. At higher concentrations of RNA, it is expected that dimers would form more 

readily. Therefore, if the sequences were forming dimers, it would be expected that the melt 

curves would look different and the Tm values would vary as the RNA concentration changed. 

Since all the melts had similar Tm values and at the varying concentrations, it was concluded that 

the RNA sequences were unlikely to be forming dimers and that the melt data were an accurate 

reflection of the unfolding of the RNA stem-loops being studied. 

Figure 3.4 Concentration dependent UV thermal denaturation first derivative curves of the 
individual stem-loops in B. japonicum. Absorbances were measured at 260 nm for A) SL4, B) 
SL3, C) SL2, and D) SL1 in 0.5 mM MgCl2. The melts were performed in 0.5 µM, 1 µM, 2 µM, 
3.5 µM, and 5 µM RNA (light to dark colors). The Tm value for SL4 were at 55.7°C. No Tm 
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values from SL1, SL2, or SL3 were able to be determined. Solutions contained 100 mM HEPES 
(pH 7.0) and 10 mM KCl. 

3.4.4 Immediately Upstream Hairpin is not Pairing with RNAT 

Based on the melt curves for the individual stem loops, it is evident that the upstream 

stem-loops are significantly more stable than SL4. To help assess if a single stem-loop, rather 

than three stem-loops, could ensure proper folding of SL4, a SL3-SL4 fusion construct was 

made. Following the previous melt conditions, the construct was melted in varying Mg2+ 

concentration (Figure 3.5). Similar to the SL4 stem-loop, the construct became more thermally 

stable with increasing MgCl2 concentration, with Tm at 48.7°C, 54.9°C, and 59.8°C at 0 mM, 0.5 

mM and 2 mM MgCl2 concentration, respectively. Interestingly, the construct also had the 

beginning of another transition at the limits of the instrument, similar to what was observed in 

the SL3 stem-loop. Since the melting of the construct mimicked the melting of the individual 

SL4 and SL3 stem-loops combined, it was concluded that only the immediately upstream stem-

loop is necessary to ensure proper folding of SL4 and that SL3 does not interact or pair with the 

RNAT sequence. 

 



31 

3.4.5 Disrupting Base-Pairing in SL3 Interferes with Melting of Upstream Hairpins Only 

The increased stability of the other stem-loops could be related to their potential function 

in regulating the melting of SL4. To test this hypothesis, a C59A mutant of the full-length B. 

japonicum ROSE element was created that extended the unpaired loop from four to eight 

nucleotides within SL3 but still maintained proper folding of the other stem-loops (Figure 3.6). 

 

 

 

 

 

Figure 3.5 UV thermal denaturation first derivative curves for B. japonicum SL3-SL4 
construct. A) UV thermal denaturation first derivative curves measured at 260 nm in 0 mM, 0.5 
mM, and 2 mM MgCl2 (light to dark colors). The Tm values were 48.7°C, 54.9°C, and 59.8°C in 
0mM, 0.5 mM, and 2 mM MgCl2, respectively. B) Concentration dependent UV thermal 
denaturation first derivative curves measured at 260 nm. The melts were performed in 0.5 µM, 1 
µM, 2 µM, 3.5 µM, and 5 µM RNA (light to dark colors). The Tm value was 54.3°C. Solutions 
contained 100 mM HEPES (pH 7.0) and 10 mM KCl. 
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When melted in the same conditions as the WT sequence, the C59A mutant maintained 

the same melting transition near 50-60°C and a high temperature transition with increased 

concentrations of Mg2+ (Figure 3.7); supporting that the mutant lacks any tertiary structure. A 

summary of the predicted free energy, predicted values of Tm, G/C content, and measured values 

of Tm for all stem-loops are constructs created in this work are described in Table 3.1. Also 

similar to the WT, C59A has a prominent transition from 50-60°C that becomes more stable as 

the Mg2+ concentration increases (Tm values at 48.7°C, 55.2°C, and 59.3°C at 0 mM, 0.5 mM 

and 2 mM MgCl2 concentration, respectively). Since this transition mimicked the transition 

observed from SL4, it appears that decreasing the thermal stability of SL3 does not directly 

Figure 3.6 Predicted secondary structure of the 5’ UTR of interest in the C59A B. 
japonicum mutant. The 5’ UTR is predicted to fold into four hairpins. All stem-loops except 
SL3 fold into the same conformation as the WT. The mutated nucleotide in SL3 is highlighted in 
red and causes an additional 4 nucleotide expansion in the hairpin loop. Structure prediction was 
created using mfold.17 
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influence the melting of the RNAT. Interestingly, the C59A sequence lacked the beginning of 

another transition at the upper limits of the machine, which was observed in the WT and 

individual stem loops melts. Furthermore, there was another prominent transition in the C59A 

melt that can be attributed to SL1, SL2, and SL3 with Tm values at 79.3°C, 80.8°C, and 83.3°C 

in the 0 mM, 0.5 mM and 2 mM MgCl2 concentration, respectively. Based upon these 

observations, decreased stability in the immediate upstream stem-loop has little effect on the 

melting of the RNAT, but influences the melting of the upstream stem-loops. It is likely that 

when SL3 is mutated to become less stable, only SL3 melts at ~70-80°C, and SL1 and SL2 are 

no longer melting. 

 

 

Figure 3.7 UV thermal denaturation first derivative curves of C59A B. japonicum mutant. 
The absorbance was measured at 260 nm in 0 mM, 0.5 mM, and 2 mM MgCl2 (light to dark 
colors). A) First derivative curve for the C59A mutant. The Tm values were 48.7°C and 79.3°C, 
55.2°C and 80.8°C, and 59.3°C and 83.3°C in 0 mM, 0.5 mM, and 2 mM MgCl2, respectively. 
B) First derivative curve for the WT sequence. The Tm values were 50.3°C, 62.3°C, and 63.8°C 
in 0 mM, 0.5 mM, and 2 mM MgCl2, respectively. Solutions contained 10 mM HEPES (pH 7.0) 
and 10 mM KCl. 
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Table 3.1 Summary of predicted and measured thermodynamic properties for all RNA 
sequences tested within this experiment. The predicted thermodynamic properties were 
obtained from mfold RNA Folding Form (version 2.3 energies) 17 at 37°C in 1M NaCl and 0 mM 
MgCl2. Predicted Tm values were made assuming a two-state model. The measured Tm values 
were derived experimentally from the first derivative UV thermal denaturation melts. 

RNA 
Sequence 

Predicted 
ΔG 
(kcal/mol) 

Predicted 
Tm (°C) 

Percent 
G/C (%) 

Measured Tm 
in 0 mM 
MgCl2 (°C) 

Measured Tm 
in 0.5 mM 
MgCl2 (°C) 

Measured 
Tm in 2 mM 
MgCl2 (°C) 

WT -46.70 86.3 69.7 50.3 62.3 63.8 

SL1 -8.1 92.3 73.3 N/A N/A N/A 

SL2 -12.1 86.1 90.5 N/A N/A N/A 

SL3 -13.9 94.1 80.8 N/A N/A N/A 

SL4 -10 70.3 51.3 50.9 57.8 58.9 

SL3-SL4 
Construct 

-24.5 82.4 63.1 48.7 54.9 59.8 

C59A 
Mutant 

-42.6 85.5 68.8 48.7, 79.3 55.2, 80.8 59.3, 83.3 
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Chapter 4  
 

Computational Analysis of RNA Thermometer Folding Patterns 

4.1 Abstract 

Repression of heat shock expression (ROSE) elements are RNA Thermometers (RNAT) 

that are characteristic of have multiple hairpins upstream of the RNAT itself. Current work on 

the ROSE element in Bradyrhizobium japonicum is hinting to the idea that the upstream hairpins 

do not assist with the melting of the RNAT. Therefore, it is hypothesized that the upstream 

hairpins may promote proper folding of the RNAT. To test this theory, a literature search was 

first performed and it was determined that the upstream hairpin stability may be evolutionarily 

conserved. Furthermore, predictions of the secondary structure formed by the untranslated region 

of the ROSE element in B.  japonicum were made. Multiple randomizations were performed that 

altered specific segments of the wild-type B. japonicum sequence. From these studies, it appears 

that the upstream hairpins are specifically designed to be extremely stable in order to prevent 

misfolding of the RNAT with the spacer sequence between SL2 and SL3 particularly vital to 

maintaining the integrity of SL4. 

4.2 Introduction 

RNA thermometers (RNATs) are temperature sensing RNA sequences that prevent 

translation of heat or cold shock proteins under normal physiological temperatures. One class of 

RNATs are repression of heat shock expression (ROSE) elements, which are known to have 
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multiple 5’ upstream hairpins in addition to the thermometer. The function of these upstream 

hairpins is thus far unknown and is being explored in this study through the ROSE element found 

in Bradyrhizobium japonicum. As discussed in Chapter 3, the ROSE element in B. japonicum 

does not fold in a two-state manner and it was concluded that the upstream hairpins do not 

influence the RNAT stability. However, they may be necessary for the proper folding of the 

RNAT.  

To assess this question, it was necessary to predict the secondary structure formed by 

variations of the 5’ untranslated region (UTR) in B. japonicum using the structure prediction 

software, mfold.17 This software is able to predict the most energetically favorable secondary 

structure for any given RNA sequence. The program is an accumulation of multiple packages 

that incorporate RNA folding parameters and free energy predictors. Using algorithms to predict 

the minimum free energy for base pairing, the program is able to produce the energetically 

favorable secondary structure for any given RNA input, as well as the energy parameters 

associated with it (free energy, melting temperatures, enthalpy, and entropy).  

Using this program, different sequence randomizations of the 5’ UTR in B. japonicum 

were folded and the structures predicted. Each sequence was then analyzed to determine if the 

RNAT would still fold into its characteristic hairpin. The results from the folding indicate that 

the spacer sequence between SL2 and SL3 may be especially important in regulating how the 

RNAT folds. In fact, most randomizations that did not result in the correctly folded RNAT were 

due to the wild-type (WT) spacer sequence forming base pairs within the first ten 5’ nucleotides 

in the SL4 sequence. 
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4.3 Materials and Methods 

4.3.1 Predicting Tm values of hairpins within other ROSE Elements 

ROSE element sequences for other organisms were found via a literature search. These 

sequences were then segmented into the individual hairpin sequences and their structures were 

predicted using mfold RNA Folding Form (version 2.3 energies).17 The most energetically 

favorable structure was matched to the predicted full length sequence to ensure that the hairpin 

still formed the same secondary structure. The predicted melting temperature (Tm) for this 

structure was selected. A similar approach was taken for the remaining hairpins within each 

ROSE element. 

4.3.2 Folding of RNAT 

All structure predictions were made using mfold software.17 The predication with the 

most favorable free energy, ΔG, was chosen as the predominant structure formed. The 41-

nucleotide sequence of SL4 was spilt into four groups of ten nucleotides with the last group 

containing 11 nucleotides. These groups were then added consecutively together and their 

structure was predicted. Since no structure was predicted for the first ten nucleotides (1/4 SL4), 

the next ten nucleotides were added and the structure predicted (½ SL4). The same procedure 

was done for the other groups of SL4 to create ¾ SL4 and the full SL4. A similar approach was 

taken for SL1-SL3 with the group additions occurring at the 3’ end of the sequence. 
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4.3.3 Randomizations 

Specific segments of RNA were randomized using a random RNA nucleotide generator 

program. These random sequences were then added to the appropriate place within the WT 

sequence and then entered into the mfold software.17 The predication with the most favorable ΔG 

was chosen as the predominant structure formed. 

4.4 Results and Discussion 

4.4.1 Stability of Upstream Hairpins May be Evolutionarily Conserved 

A literature search was performed to determine if highly structed 5’ upstream hairpins 

compared to the 3’ proximal RNAT is a trend within ROSE elements. Thus far only data on a few 

known ROSE elements found in mesophilic bacteria were analysis using predicated secondary 

structures and Tm (Figure 4.1). Thus far, there appears to be a general trend of more thermally 

stable upstream hairpin structures than the SD sequence containing hairpin within ROSE elements. 

Furthermore, in the cases observed at this point, it appears that the hairpin most directly upstream 

the RNAT is the most structured hairpin within the whole structure. Based upon the initial results, 

it appears as if the increased thermal stability of the upstream hairpins compared to the 3’ proximal 

hairpin is trend that may be characteristic of ROSE elements and not just the ROSE element with 

B. japoncium. 
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4.4.2 RNAT Folding Changes in the Presence of Upstream Hairpins 

UV thermal denaturation experiments suggest that the upstream hairpins (SL1-SL3) do 

not directly influence the melting of the RNAT (SL4), so it was hypothesized that they may 

function to ensure proper folding. Structures with various lengths of SL4 with and without the 

upstream hairpins were created (Figure 4.2). When the sequence for ½ SL4 is folded (4.2A), it 

Figure 4.1 Predicted Tm for each individual stem-loop within several known ROSE 
elements. A) Graphic depiction of basic structure of a ROSE element. Colors depicted in panel 
A correspond to the bar graph legend in panel B.  B) Organism and gene name for each ROSE 
element are described in the legend to the right. Each RNA sequence was analyzed using mfold 
RNA Folding Form (version 2.3 energies) to determine the most stable predicted secondary 
structure and calculate an appropriate Tm. 17 
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begins to form a small hairpin that is not observed for ¾ SL4 or SL4 (4.2B-4.2C). Interestingly, 

this smaller hairpin formed with only ½ SL4 and is never formed when ½ and ¾ SL4 is folded 

with the addition of the upstream sequence for SL1, SL2, and SL3(4.2D-4.2E). In fact, this 

hairpin is prevented from folding due to additional base-pairing between the first three 

nucleotides of SL4 with the last three nucleotides of the 6 nucleotide non-base-paired spacer 

sequence between SL2 and SL3. This base-pairing is not disrupted until the full SL4 is folded 

with SL1-SL3 (4.2F). Therefore, it appears that SL3 may prevent misfolding of SL4. This could 

have important biological function as the immediate upstream hairpin may tie up the RNAT 

sequence while during transcription. 
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Figure 4.2 Secondary structure predictions of various lengths of RNAT with and without 
upstream hairpins. The secondary structure predictions were prepared using mfold17 for A) ½ 
SL4, B) ¾ SL4, C) SL4 D) SL1-SL3 and ½ SL4, E) SL1-SL3 and ¾ SL4, F) Full length 
sequence of 5’ UTR of interest in B. japonicum. The added SL4 sequence is highlighted in 
yellow. 



42 
4.4.3 Structural Predications Indicate that Spacer Between SL2 and SL3 May Ensure 
Proper Folding of RNAT 

Since it appeared that folding is assisted mainly through SL3, we wanted to determine if 

that sequence was specific to forming the RNAT. Various randomizations of the sequence for 

SL3 were performed maintaining the same length as SL3 but changing the sequence content. The 

randomized sequence was then added to the 5’ end of SL4 (Figure 4.3), keeping the sequence of 

SL4 constant. Interestingly, it appeared that in most randomizations (4.3B-4.3E, 4.3G-4.3K) the 

SL4 formed its main structure with the exception of 4.3F. Therefore, it appears that the RNAT 

will form its predicted structure regardless of the sequence content of SL3. 
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Figure 4.3 Secondary structure predictions of RNAT with randomized sequence of 
26 nucleotides added to the 5’ end. The secondary structure predictions were prepared using 
mfold17 for the A) WT SL3-SL4 sequence, B) Randomization 1, C) Randomization 2 D) 
Randomization 3, E) Randomization 4, F) Randomization 5 G) Randomization 6, H) 
Randomization 7, I) Randomization 8, J) Randomization 9, and K) Randomization 10. The SL4 
sequence is highlighted in yellow. 
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To test if disruption of SL1 and SL2 would influence the folding of SL4, randomizations 

of the same length as the sequence for SL1-SL2 and the spacer between SL2 and SL3 were 

prepared and added to the 5’ end of SL3-SL4 (Figure 4.4), keeping the sequence of SL3 and 

SL4 constant. Secondary structure predictions showed that the SL4 hairpin formed the native 

structure ~60% (4.4D-4.4E, 4.4G, & 4.4I-4.4K). For these cases, there was at least two hairpin 

loops preventing interaction with the SL4 sequence. The remaining randomizations disrupted the 

preferred structure of SL4 (4.4B, 4.4C, 4.4F, & 4.4 H) and showed less base-pairing with the 

Shine-Dalgarno (SD) sequence. Therefore, the folding of SL1-SL2 into proper stem-loops seems 

important for the formation of the preferred RNAT structure. 
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Figure 4.4 Secondary structure predictions of SL3 & SL4 with upstream 
randomized sequence of 42 nucleotides. The secondary structure predictions were prepared 
using mfold17 for the A) WT sequence, B) Randomization 1, C) Randomization 2 D) 
Randomization 3, E) Randomization 4, F) Randomization 5 G) Randomization 6, H) 
Randomization 7, I) Randomization 8, J) Randomization 9, and K) Randomization 10. The SL4 
sequence is highlighted in yellow and the SL3 sequence is highlighted in blue. 
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Since the RNAT was significantly less likely to form the correct structure when 

everything upstream of SL3 is mutated, and because the non-base paired nucleotides between 

SL2 and SL3 prevented Sl4 from forming a wrong stem-loop initially in transcription (Figure 

4.2); it appears as if the spacer nucleotides may have a large influence on the SL4 predicted 

structure. Therefore, randomizations the same length as the SL1 and SL2 hairpins were added 

onto the 5’ end of the sequence for the 6 nucleotide spacer, SL3, and SL4 (Figure 4.5). SL4 

formed the natural stem-loop structure ~70% (4.5C-4.5E, 4.5G-4.5H, & 4.5J-4.5K). The 

remaining randomizations did not have an intact SL4 structure (4.5B, 4.5F, & 4.5I) when the 6-

nucleotide spacer between SL2 and SL3 began to base-pair with the first nucleotides in SL4. 
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Figure 4.5 Secondary structure predictions of upstream randomized sequence of 36 
nucleotides with the 6 nucleotide spacer, SL3, SL4. The secondary structure predictions were 
prepared using mfold17 for the A) WT sequence, B) Randomization 1, C) Randomization 2 D) 
Randomization 3, E) Randomization 4, F) Randomization 5 G) Randomization 6, H) 
Randomization 7, I) Randomization 8, J) Randomization 9, and K) Randomization 10. The SL4 
sequence is highlighted in yellow, the SL3 sequence is highlighted in blue, and the 6 nucleotide 
non base-paired sequence is highlighted in green. 
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To further investigate the effect of the spacer, all stem-loop sequences were kept constant 

and the sequence of the spacer was randomized (Figure 4.6) Again, a majority of structures 

appeared to favor the formation of the correct SL4 (4.6B, 4.6D, 4.6E, & 4.6G-4.6K). 

Unexpectedly, in the two structures that did not form the correct SL4 (4.6C & 4.6F), it was due 

again to the spacer base-pairing with the SL4 sequence. Therefore, it seems highly likely that the 

secondary structure of the upstream hairpins may prevent the 6 not base-paired nucleotides from 

interacting with SL4. 
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Figure 4.6 Secondary structure predictions of 6 nucleotide spacer& SL4 with 

randomized sequence of 36 nucleotides added to the 5’ end and randomized sequence of 26 
nucleotides added between spacer and SL4. The secondary structure predictions were 
prepared using mfold17 for the A) WT sequence, B) Randomization 1, C) Randomization 2 D) 
Randomization 3, E) Randomization 4, F) Randomization 5 G) Randomization 6, H) 
Randomization 7, I) Randomization 8, J) Randomization 9, and K) Randomization 10. The SL4 
sequence is highlighted in yellow and the 6 nucleotide non base-paired sequence is highlighted 
in green. 
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Chapter 5  

 
Conclusions and Future Work 

The UV thermal denaturation experiments performed demonstrated that the full-length 

wild-type sequence did not melt in a two-state fashion and had multiple transitions at all the 

Mg2+ concentrations; however, the RNA becomes more thermally stable with increasing Mg2+. 

Furthermore, the melt data showed that the upstream hairpins are more thermally stable and the 

upstream hairpins do not assist with the melting of the RNAT. To further validate this point a 

C59A mutant, which disrupted base-pairing in the immediate upstream stem-loop did not 

influence the RNAT melting but did cause the upstream hairpins to melt in two-state fashion. 

However, since B. japonicum is a mesotherm, it is improbable that it would ever experience 

temperatures as high as 50°C, which is the Tm of the RNAT. Therefore, it is more likely that only 

part of the thermometer melts to allow the ribosome access to the SD sequence and the other 

hairpins might function to help protect the RNAT from 5’ exonucleases until the ribosome can 

bind. 

Knowing that the upstream hairpins do not influence the melting of the RNAT, the next 

hypothesis was that they influenced the folding of the thermometer. A computational study that 

randomized the sequence at various locations within the WT sequence was conducted to look at 

how the upstream sequence influenced the folding of the RNAT. From the data, it appears that 

the 6-nucleotide spacer between the second and third 5’ proximal hairpins in the ROSE element 

that is not base paired in the WT structure is very important for the RNAT to fold properly. In 

fact, in the randomizations where the RNAT did not form its natural structure, the 6-nucleotide 

spacer was base pairing to nucleotides within the SL4. Therefore, the upstream hairpins may be 
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evolutionarily designed to form their stable structures to allow for the spacer sequence to 

regulate proper folding of the RNAT. 

To determine how the RNAT melts on a more molecular level in order to allow the 

ribosome access, future studies are being directed at determining the reactivity of the individual 

nucleotides in the RNAT as temperature changes. This will be accomplished using in-line 

probing to determine the flexible, and therefore less stable regions within the full length 

untranslated region. Furthermore, to determine if the folding of the thermometer is dependent on 

the spacer sequence more extensive computational studies containing a bigger sample size 

should be conducted. Finally, to determine if the trends seen in B. japonicum is an evolutionally 

conserved feature of ROSE elements, the computational study focused on looking at ROSE 

elements within other organism will be expanded to include extremophiles. 
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Appendix A 

 
UV Thermal Denaturation Melts Absorbance at 260 nm

UV thermal denaturation absorbance curves at A260 for the A) full-length 5’ 
UTR of B. japonicum, individual RNA stem-loops B) P, C) SL3, D) SL2, and E) SL1, 
and the F) SL3-SL4 construct. Each curve was the representative data chosen to 
represent each condition and was normalized to itself. 
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Appendix B 
 

Simulated Melt Curve Equations 

𝐴𝐴 = 𝐴𝐴𝐹𝐹𝑓𝑓𝐹𝐹 + 𝐴𝐴𝑢𝑢𝑓𝑓𝑢𝑢     (1) 

 

Where 𝐴𝐴 is the absorbance, 𝐴𝐴𝐹𝐹 is absorbance of the folded RNA, 𝐴𝐴𝑢𝑢 is absorbance of the 

unfolded RNA, 𝑓𝑓𝐹𝐹 is the fraction of folded RNA, and 𝑓𝑓𝑢𝑢 is the fraction of unfolded RNA. 𝑓𝑓𝑢𝑢 is also 

equivalent to: 

𝑓𝑓𝑢𝑢 = 1 − 𝑓𝑓𝐹𝐹             (2) 

 

Substituting eq. 2 into eq. 1 yields eq. 3: 

𝐴𝐴 = 𝐴𝐴𝑢𝑢 + (𝐴𝐴𝐹𝐹−𝐴𝐴𝑢𝑢)𝑓𝑓𝐹𝐹        (3) 

 

Furthermore, 𝑓𝑓𝐹𝐹 can be written as 

𝑓𝑓𝐹𝐹 = 𝐹𝐹
𝐹𝐹+𝑈𝑈

=
𝐹𝐹
𝑈𝑈

𝐹𝐹
𝑈𝑈+1

= 𝐾𝐾
𝐾𝐾+1

        (4) 

 

Where F is the amount of folded RNA, U is the amount of unfolded RNA, and K is the 

equilibrium constant. Using the following thermodynamic equations: 

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥 − 𝑇𝑇𝛥𝛥𝑇𝑇             (5) 

𝛥𝛥𝛥𝛥 = −𝑅𝑅𝑇𝑇 ln𝐾𝐾            (6) 
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Where 𝛥𝛥𝛥𝛥 is the free energy change, 𝛥𝛥𝛥𝛥 is the enthalpy change, T is the temperature in 

Kelvin, and 𝛥𝛥𝑇𝑇 is the entropy change, the equilibrium constant, K, can be written as: 

𝐾𝐾 = 𝑒𝑒�−
𝛥𝛥𝛥𝛥
𝑅𝑅𝑅𝑅 + 𝛥𝛥𝛥𝛥𝑅𝑅 �          (7) 

 

Eq. 7 can then be substituted into eq. 4 to give eq. 8: 

 

𝑓𝑓𝐹𝐹 = 𝑒𝑒�−
𝛥𝛥𝛥𝛥
𝑅𝑅𝑅𝑅  + 𝛥𝛥𝛥𝛥𝑅𝑅 �

𝑒𝑒�−
𝛥𝛥𝛥𝛥
𝑅𝑅𝑅𝑅  + 𝛥𝛥𝛥𝛥𝑅𝑅 �+1

     (8) 

 

Finally, eq. 8 can be combined with eq. 3 to yield eq. 9: 

 

𝐴𝐴 = 𝐴𝐴𝑢𝑢 + (𝐴𝐴𝐹𝐹−𝐴𝐴𝑢𝑢) 𝑒𝑒�−
𝛥𝛥𝛥𝛥
𝑅𝑅𝑅𝑅  + 𝛥𝛥𝛥𝛥𝑅𝑅 �

𝑒𝑒�−
𝛥𝛥𝛥𝛥
𝑅𝑅𝑅𝑅  + 𝛥𝛥𝛥𝛥𝑅𝑅 �+1

   (9) 
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Appendix C 

 
UV Thermal Denaturation Melts Absorbance at 280 nm 

 

UV thermal denaturation first derivative curves measured at 280 nm of the individual stem-loops A) 
SL4, B) SL3, C) SL2, and D) SL1 in B. japonicum ROSE element of interest at 0 mM, 0.5 mM, and 2 mM 
MgCl2. 
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