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1. Introduction 
 

1.1. Nucleic acids  

 

Nucleic acids are biopolymers present in all known forms of life, they play an important 

role in storage of genetic information, gene expression and protein biosynthesis. They are 

divided into two major categories according to the type of sugar: deoxyribonucleic acid 

(DNA) and ribonucleic acid (RNA). DNA and RNA are composed of nucleotide bases 

linked by phosphoric diester bonds, between the 5’-end of phosphate residues and the 3’-

OH sugar group of a second nucleotide (Figure 1). The bases can be separated in two 

groups, according to the aromatic heterocyclic compound of the nitrogenous base, which 

are pyrimidine or purine rings. The purine bases include guanine (G) and adenine (A), 

while pyrimidine bases include cytosine (C), thymine (T) and uracil (U). The thymine base 

is a 5-methyl derivative of uracil, only found in DNA, while in RNA the thymine is 

substituted by uracil [1]. 

 

 
Figure 1. Single stranded nucleic acid molecule. It is composed by purine bases, adenine (pink) and 

guanine (green), and by pyrimidine bases, uracil (blue) and cytosine (yellow). The bases are connected at 

the backbone by phosphodiester bonds.   
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1.2. Ribonucleic acid 

When first studied in the early 1900s, the chemical and biological differences between 

RNA and DNA were not apparent. In the 1950s, it was clear that DNA was located in 

the eukaryotic nucleus, but proteins were synthesized in the cytoplasm in the presence of 

messenger RNA (mRNA) [2,3]. Later, one different class of RNA, the transfer RNA 

(tRNA), was predicted by Francis Crick [4] as the “adaptor” hypothesis, which was then 

proved by Mahlon Hoagland and co-workers [5]. It was in 1965 that the 77 nucleotide 

sequence of yeast alanine-tRNA was found by Robert W. Holley, winning the Nobel 

Prize in Medicine in 1968 [6]. Around this period the idea of RNA as primordial molecule 

aroused [7-9], and it was hypothesized by some scientists that RNA molecules could be 

catalytic, and that early forms of life could have used RNA to carry genetic information 

and to catalyze biochemical reactions. However, the “RNA world” hypothesis term was 

first used by Walter Gilbert in 1986 [10].  

 

RNA together with DNA, proteins and carbohydrates constitutes the major 

macromolecules essential for all known forms of life. It is implicated in many biological 

non-coding processes as well as genetic coding, e.g. gene expression regulation through 

editing new RNA molecules, and inhibiting gene expression with further destruction of 

specific RNA molecules. It also plays an active role in response to cellular signaling and 

protein synthesis [1]. 

 

RNA molecules are commonly found as single stranded chain of nucleotides composed 

of guanine (G), adenine (A), cytosine (C) and uracil (U); but many unusual and modified 

bases are also found. The base pairs found in RNA usually extend over a few base pairs 

originated from the folding of the single stranded onto itself creating loops and stems, 

which generates different types of RNA tertiary structure influencing its function and 

structure stability. The structural folding is based on canonical interactions as G-C and A-

U, but non-canonical interactions as G.U are not uncommon. In addition, RNA 

molecules with complementary strands, double-stranded RNA, can be found in some 

viruses as rotaviruses, for example. All RNA in cell is synthesized using DNA as template 

in a transcription process catalyzed by the RNA polymerase [1]. It is also found in nature 

some RNA-dependent RNA polymerase, which uses RNA as a template for synthesis, for 
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example, at the RNA interference pathway and in many RNA viruses [1]. Such as DNA 

molecules, RNA molecules may have different stem configuration when folded such as 

A-RNA, the common right-handed double-helical stem with a compact helix, and Z-

RNA, the intermediate and unstable left-handed double helical stem with a less compact 

helix [11]. It was shown in the literature that RNA in the Z-form can be found in cells, 

but only last a small period of time [12, 13]. However, the conversion of A-RNA into Z-

RNA can be achieved through high ionic strength and higher temperatures [14]. 

 

Cellular RNA molecules have different functions, sizes, structures and lifespans; 

therefore, they are divided in two major types known as coding-RNAs, which are 

represented by messenger RNAs (mRNA), and non-coding RNAs that are classified as 

transfer RNA (tRNA), ribosomal RNA (rRNA), ribozymes, small interfering RNA 

(siRNA), microRNA (miRNA), small temporal RNA (stRNA) and small nucleolar RNA 

(snoRNA) [15]. Besides tRNA and rRNA which are known for participating in the 

translation process, non-coding RNAs accomplish a variety of functions such as 

regulation of gene expression at the transcription level, RNA processing and active 

participation in the translation process, as well as many other functions that are still 

unknown. Moreover, ribozymes and riboswitches provide biological functions itself, by 

self-cleaving through a specific nucleophilic attack at the 2’-OH group on the backbone 

phosphate. Other reactions such as aminoacylation of RNA and RNA polymerization can 

be catalyzed by small ribozymes [16, 17]. Some coding- and non-coding RNAs structures 

are represent in Figure 2. 
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Figure 2. Different coding and non-coding RNA molecules. a) Simple single strand mRNA. b) L-

shape tertiary structure of tRNA (Image of PDB: 1EHZ [31] created using Pymol Molecular Graphic 

System, Version 1.8 Schrödinger, LLC). c) Tertiary structure of a hairpin ribozyme at its active state 

(Image of PDB: 4G6P [164] created using Pymol Molecular Graphic System, Version 1.8 Schrödinger, 

LLC).  

 

 

1.3. Ions and RNA structure  

 

RNA can fold into different tertiary structures to achieve different complex structures, 

which makes it a diverse molecule. An important part of this process is the compensation 

of strong electrostatic repulsion encountered between the closely packed phosphate 

groups at the backbone. Metal ions, like magnesium, play an important role in reducing 

backbone repulsion and consequently stabilizing RNA tertiary structure [18-20]. Since the 

site specific binding of partially dehydrated Mg2+ ions has been demonstrated in the 

literature [21], a theoretical model, using the nonlinear Poisson-Boltzmann equation, 

could quantitatively describe that diffusely bound Mg2+ can promote folding by 

interacting with high electrostatic potential favoring tertiary structure formation [22].  

 

The RNA folding can be described as a consecutive process in which intermediate 

structure states increase in complexity from secondary to tertiary structure. The RNA 

folding process is sensitive to the concentration and type of cation available, since the 

highly negatively charged RNA backbone works against its folding into a more compact 

structure. Cations will effectively reduce the repulsion between the phosphate groups and 

promote folding. For example, small concentrations of Mg2+, in the millimolar range, are 
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able to stabilize the RNA folded structure more effectively than a monovalent cation at 

the same concentration. It has been shown in the literature that Mg2+ plays an important 

role in stabilizing the RNA structure, as for the case of the tRNA tertiary structure. It also 

indirectly and directly participates in different catalytic reactions of ribozymes, such as the 

hairpin ribozyme and the hammerhead ribozyme [22-29].  

 

 Mg2+ and K+ are the most common ions found in vivo, and when in solution these types 

of ions interact strongly with the water molecules. However, when RNA folds into a 

more compact structure, bringing the phosphates groups close together, it will increase 

the retention of cations by the RNA structure. Therefore, the amount of cations retained 

will depended on the charge density of the RNA, and the way the phosphate groups are 

spaced. The ion retention will also depend on the ion charge; thus, more monovalent 

cations are retained than divalent cations. In the presence of DNA and RNA, monovalent 

ions such as Na+ and K+ remain hydrated, and they directly interact with the nucleic acid 

surface. They create an ion atmosphere, called “diffuse ions”, and the concentration of 

diffuse ions is directly related to the electrostatic potential of the region. In addition, Mg2+ 

participates at the ion atmosphere around the nucleic acid molecule, but apparently 

without any direct contact. The structural stability of RNA increases with increasing 

concentration of monovalent cations, but it increases dramatically more at higher 

concentrations of divalent cations such as Mg2+ [22, 30].  The interaction of Mg2+ ions 

with the RNA structure requires dehydration of the ion atmosphere, and the energy cost 

of the process tends to be smaller than the ion dehydration energy [23]. The dehydrated 

Mg2+ will then have strong attraction to the RNAs electrostatic field. How the interaction 

between ions and RNA occurs has been the subject of many theoretical studies, with the 

nonlinear Poisson-Boltzmann equation describing both the stoichiometric and energetic 

linkage between the Mg2+ binding properties and RNA folding. It showed that diffuse 

ions play a major role in structure stabilization, but Mg2+ can also bind specifically to 

regions with high electrostatic potential [22].  

 

In summary, the folding of large RNA molecules into a compact native state requires 

organization and stabilization of electrostatic forces. Coordination of monovalent and 

divalent cations in hydrated and partially hydrated states, in the RNA structure, have to be 
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taken into account, because the ions may interact through outer sphere connections 

and/or inner sphere connections (Figure 3). 

 

 
Figure 3. Interaction of the tRNA tertiary structure with ions and water molecules. Tertiary 

structure of tRNA in which the negative charges of the backbone are screened by Mg2+ ions (red spheres) 

and water molecules (blue spheres) (Image of PDB: 1EHZ [31] created using Pymol Molecular Graphic 

System, Version 1.8 Schrödinger, LLC).  

 

 

1.4. Transfer RNA  

 

1.4.1. Brewer’s yeast tRNAPhe structure  

 

tRNAs are non-coding RNAs with the approximately length of 70 to 100 nucleotides. 

The single-stranded RNA molecule can fold up, by turning upon itself, which creates 

double-helical segments, resulting in a clover leaf-like secondary structure. Then, the 

cloverleaf structure folds into a compact L-shaped tertiary structure (Figure 4). The L-

shaped structure is held together by an equilibrium of the negatively charged phosphates 
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at the backbone, stacking interactions between nucleotides, additional hydrogen bonds 

between polar atoms at different regions of the structure, water molecules and cations as 

Mg2+ that directly interaction with the structure (Figure 4) [1]. The yeast tRNA 

phenylalanine (tRNAPhe) is one of most studied RNA molecules, with a well-established 

crystal structure, and it is composed of 76 nucleotides with 25.6 kDa [31]. This makes it a 

great model molecule for structural and functional studies. The literature data [31], Figure 

4b, shows six binding sites for Mg2+ ions, which contribute to the structural stability. The 

modified nucleotide wybutine, also known as Y-base, is located at the anticodon loop 

where it directly interacts with a magnesium ion (indicated by an arrow in Figure 4a). The 

Y-base has specific intrinsic fluorescence and is used as a sensitive probe to monitor 

changes and interactions within the anticodon loop area [31 – 35]. 

 

 
 
Figure 4. tRNAphe structure. a) Cloverleaf like secondary structure of tRNA with a phenylalanine 

(tRNAPhe) amino acid attached to the 3’-end. b) L-shaped tertiary structure of yeast-tRNAPhe (Image of 

PDB: 1EHZ [31] created using Pymol Molecular Graphic System, Version 1.8 Schrödinger, LLC). The 

Mg2+ ions bonded to the RNA structure are marked as pink spheres. 
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1.4.2. tRNA function 

 

tRNA is the most abundant small non-coding RNA molecule, representing 4 – 10 % of 

all cellular RNA, where it actively participates in protein synthesis, together with mRNA 

and rRNA. After the production and processing of mRNA, by complimentary base 

pairing with DNA, the information presented at the mRNA sequence is translated into 

protein. The codons of mRNA, which are a group of three consecutives nucleotides, 

specify either one amino acid or a stop code to the translation process. However, the 

codons are not directly recognized. The tRNA works during the translation process as a 

link between nucleic acids and proteins. The two regions of unpaired nucleotides situated 

at both ends of the L-shaped structure are crucial for the tRNA activity. One region is the 

anticodon loop, where three consecutive nucleotides that pair with the mRNA 

complimentary codon can be found. The other region is a short single stranded area at 

the 3’ end, where the amino acid that matches the mRNA codon is attached. Then, the 

tRNA delivers the amino acid to the ribosome as it translates the genetic information of 

an mRNA, producing a corresponding peptide chain. Like other types of RNAs, the 

tRNA is covalently altered before leaving the nucleus to the cytoplasm. The tRNA also 

suffers many chemical modifications, since nearly 10 nucleotides in each mature tRNA 

molecule is an altered version of the nucleotides guanine, cytosine, adenine and uracil. 

One of these modified nucleotides, inosine for example, can affect the conformation, 

base pairing of the anticodon and facilitate the recognition of the appropriate mRNA 

codon by the tRNA molecule [1].  Despite the tRNA generally seen as an adaptor 

molecule, it has been shown in the literature that tRNA has many other functions, as an 

unexpected diversity of tRNA-fragments are not merely degradation debris, but have 

active roles in stress-signalling [36]. In addition, several mitochondrial-related diseases are 

caused by dysfunction of tRNA, including mutations in tRNA and in the proteins 

involved with tRNA biogenesis and modifications [37].  

 

1.5. Small RNA hairpin 

 

Hairpin loops are predominant secondary structure elements of different RNA molecules, 

especially in ribosomes and ribozymes structure [38, 39]. They take part in various 
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important biological functions, as nucleation sites for RNA folding, sites for tertiary 

structure interactions and ligand binding [40 – 42]. Among different hairpin loops, the 

tetraloops are highly common (Figure 5), and they serve as tertiary structure site ordering, 

and mediate RNA-RNA and RNA-protein interactions [43 – 45]. The tetraloop sequences 

UNCG (N is related to any nucleotide) and GNRA (N is related to any nucleotide; R is 

related to purine nucleotides guanine and adenine) are the most common sequences in 

RNA hairpins. These hairpin sequences have several non-canonical interactions, as 

wobble base pairs, promoting remarkable thermodynamic stability [46, 47].  

 

The thermodynamic stability of native hairpins tetraloops has been extensively studied. 

Molecular dynamics, X-ray diffraction and NMR studies of the gcUUCGgc 

(UL1UL2CL3GL4) sequence showed that intramolecular base interactions play a role in 

stabilization of its structure [48, 49]. These studies showed that the interaction between 

GL4 and UL1 bases result in the noncanonical G.U trans-wobble base pair. The UL2 base is 

exposed to the solvent. The CL3 amino group bond to the UL1 2OP1, increases the 

tetraloop stability. Molecular dynamics studies also showed that at temperatures as high as 

1000 K (≈ 720 oC) , extended chain-like conformations are less populated when 

compared to other more compact intermediate denatured structures [47]. 

 

 
Figure 5. RNA hairpin tetraloop, gcUUCGgc. Guanine (blue stick) and cytosine (pink stick) are paired 

at the stem. There is the wooble base pair of guanine (GL4 - blue stick) and uracil (UL1 - green stick) in the 

loop. The loop nucleotides cytosine (CL3 - pink stick) is bond to the UL1, and uracil (UL2 - green stick) is 

free to the solvent (Image of PDB: 1F7Y [48] created using Pymol Molecular Graphic System, Version 1.8 

Schrödinger, LLC). 

 11 



Chapter 1: Introduction 
___________________________________________________________________________ 

Experimental and theoretical studies on small RNA hairpin showed that it has a complex 

energy landscape and a two-state kinetic model cannot describe its normally induced 

denaturation [47, 50 – 55]. Studies on conformational changes and the stability of  hairpin 

loops can help to understand the thermodynamic stability of  RNA structures, as well as 

its impact on small molecules binding during gene expression.   

 

1.6. Hairpin ribozyme 

 

The hairpin ribozyme, as well as the hammerhead, the hepatitis delta virus (HDV) and the 

Varkud satellite (VS) ribozymes are part of the small nucleolytic ribozyme group. They are 

capable of catalyzing a site-specific self-cleavage transesterification reaction at the RNA 

backbone. The self-cleavage reaction involves the nucleophilic attack of the 2’-hydroxy 

group on the adjacent phosphorus atom, resulting in a 2’, 3’-cyclic phosphate and a 5’-

hydroxyl terminus (Figure 6) [56 – 59]. The reaction follows a SN2 mechanism, in which 

the reverse reaction (ligation) can also be catalyzed. In this case, a 5’-hydroxyl attacks a 

cyclic 2’, 3’-cyclic phosphate leading to ligation [60]. However, these four ribozymes are 

structurally unrelated and represent independent evolutionary molecules, but they 

perform the same cleavage reaction. These ribozymes are all rather small molecules that 

do not require proteins for activity. For example, the hairpin ribozyme requires about 50 

nucleotides to be catalytically active. The widely studied hairpin ribozyme represents an 

ideal experimental system to study the structure and behavior of catalytic RNAs and will 

therefore be studied in this thesis [27, 60 – 66]. 
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Figure 6. Hairpin ribozyme self-cleavage reaction mechanism. The nucleophilic substituition (SN2 

type reaction) occurs between the A-1 and G+1 nucleotides and results in a 2’, 3’-cyclic phosphate and a 

5’-hydroxyl terminus products. 

 

The hairpin ribozyme derives from the minus strand of the satellite RNA from tobacco 

ringspot virus (TRVS) and it was the first autocatalytic RNA characterized. These satellite 

RNAs are single-stranded RNA molecules that replicate via a rolling circle mechanism. 

This mechanism is important for processing recently produced RNA, which was 

replicated from a circular positive-strand template. The discovery of such catalytically 

active RNAs, which simultaneously can store genetic information and act as biocatalyst, 

greatly supported the "RNA world" hypothesis. This hypothesis suggests that extant life 

arose from molecular precursors where RNA could not only self-replicate, but also ensure 

proper metabolism [10]. The minimal two-way junction hairpin ribozyme structure, a 

derivative from the four-way junction structure, can be separated in two stems, stem A 

and stem B (Figure 7). The correct folding and interactions between these two domains 

of the ribozyme are essential to promote catalysis. In the satellite RNA, the stems A and 

B are part of a four-helix junction ribozyme, but most experiments in the literature were 

done with the minimal two-helix RNA structure, which is yet catalytically active. The 

loops present in both stems contain the majority of essential nucleobases and functional 

groups for catalysis. The close interaction between these loops, also called docking, is 
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responsible for generating the active conformation of the hairpin ribozyme. Catalysis 

happens at loop A, between nucleotides A5 and G6. Cations such as Mg2+ facilitate the 

docking, however, unlike the hammerhead ribozyme, the hairpin ribozyme does not need 

cations to perform catalysis.  Moreover, the hairpin ribozyme showed to be fully active in 

the presence of cobalt (III) hexammine, which mimics hydrated Mg2+, but cannot make 

direct coordination with water or RNA ligands [63 – 66].  

 
Figure 7. Hairpin ribozyme’s secondary structure. The structure is based on the minimal two-way 

junction tobacco ringspot virus satellite hairpin ribozyme. The red arrow marks the cleavage site. 

 

The structure of the hairpin ribozyme rearranges during the docking process, where loops 

A and B interact. Mutagenesis studies showed that the purine bases G8, A9, A10 and A38 

play an active role during catalysis. Analysis of the hairpin ribozyme’s crystal structure 

have shown that the scissile phosphate, G+1 (5’-hydroxyl product), actually adopts the 

proposed syn conformation and an in line arrangement with A-1 (2’-OH product) which 

enables the transition state of the SN2 transesterification reaction (Figure 8).  Docking 

enables G+1 to make a Watson-Crick pair with C25, a hydrogen bond with G36 and A38, 

which highly stabilizes the cleavage pocket. It has been shown that mutations of G+1, 

C25 and A38 to any other nucleotide abolishes the hairpin ribozyme’s activity [27, 28, 65].  
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Figure 8. Hairpin ribozyme self-cleavage reaction (schematic). The SN2 transesterification reaction 

happens between G+1 and A-1 at loop A with active participation of the nucleotides G8 and A38.  

 

 

The “RNA World” theory suggests that early life arose from simple organisms in which 

RNA molecules were responsible for storage of genetic information and metabolism. 

Until today, many organisms have been identified that experience environmental stresses 

of extreme temperature and/or pressure such as in the deep sea, hydrothermal vents and 

volcanic environments. Moreover, these environments were proposed to be the 

birthplace of life or at least similar. Hence, the studies of pressure effects on ribozyme’s 

activity are of particular interest. On the other hand, pressure is an important physical 

control parameter in addition to temperature, and it can be used to determine 

thermodynamic and kinetic parameters which are otherwise inaccessible [67 – 75]. 

 

1.7. High pressure and DNA 

 

The canonical structure of nucleic acids is a duplex stem stabilized by Watson-Crick base 

pairing. Various non-canonical structures of nucleic acids have been identified, such as 

the wobble base pair G.U. Several high-pressure studies were carried out in order to 

analyze the structural changes and stability of the G-quadruplex [83, 84, 89 – 94]. G- 

quadruplexes are formed by the stacking of guanine quartets, a four guanine base 

coplanar arrangement stabilized by Hoogsteen (third strand) base pairing [89]. G-

quadruplex can vary in the sequence and in the metal ions bonded to the complex [95], 

but all G-quadruplex structures have stacking interactions of G-quartet units with a 

central cavity that binds monovalent cations, such as K+ or Na+ [96]. The G-quadruplex 
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has a more compact conformation than single-stranded DNA/RNA, since it releases 

water molecules upon folding. Sequences with the potential to G-quadruplex structural 

arrangements can be found in the genome and appear to be involved in regulation of 

gene expression [83].  

 

High-pressure analysis of biomolecules such as G-quadruplexes is a useful tool for 

thermodynamic analysis of its folding/unfolding mechanism. Pressure compresses the 

molecules and favor lower molecular volume states, but to an extent that depends on the 

packing and hydration of the biomolecule. The canonical double strand  DNA, formed by 

Watson-crick bonds has in general a negative partial molar volume of melting (∆Vtr), 

which makes the double strand DNA bonds more stable, in other words, DNA molecules 

are hardly affected by pressure. However, it was reported in the literature that the 

poly[d(A-T)] complex have a positive ∆Vtr and hence melts upon pressurization [83]. On 

the hand, non-canonical DNA/RNA structures are more sensitive to pressure. G-

quadruplex DNA structures have a large and positive ∆Vtr value, indicating that pressure 

destabilizes the G-quadruplex structure and it can unfold with increasing pressure. The 

∆Vtr value of G-quadruplex is similar to that of proteins. Literature results suggest that 

the difference between DNA and G-quadruplex is due to different hydration shells and 

not from the amount of water molecules taken or released upon pressurization [97 – 99].  

 

It is highly interesting to understand the mechanism by which non-canonical nucleic acid 

molecules behave under extreme conditions, such as high hydrostatic pressure up to 100 

MPa, since these changes can alter gene expression, protein synthesis and nucleic acid-

protein interactions in living organisms.  

 

1.8. High pressure and RNA 

 

The “RNA world” hypothesis is based on the idea that before the DNA-proteins system, 

on which current life in based, RNA or RNa-like molecules were the only one responsible 

for the genetic information storage and enzymatic activity [76]. However, in the modern 

world, most ribozymes require protein for efficient catalysis in vivo, and the majority of 
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solely ribozyme active ones have been found only in a few virus-like forms [77]. The 

discovery of naturally occurring ribozymes, such as self-splicing introns and ribonuclease 

P, in 1980s established the first reference for the RNA World hypothesis. These studies 

have demonstrated the evolutionary capabilities of RNA, emphasizing the possibility that 

life started with RNA. It has also been shown that the catalytic catalogue of RNA is 

diverse, ranging from riboswitches to autocatalytic ribozymes [77]. RNA replication and 

activity in early life must fit into a broader thermodynamic and biological context to form 

the basis of life (Figure 9). However, how were the environmental conditions in the early 

stages of life developed on Earth? 
 

British and French oceanographers showed that, by the end of the 19th century, life can 

exist in the deepest ocean trenches. Until today, many microorganisms have been found 

in different natural environments characterized by a wide range of pressure-temperature-

composition (p-T-x) conditions [78]. The currently knowledge about life at extreme 

conditions, such as high pressure, derives from studies of deep-sea microorganisms that 

possess adaptations for growth at pressures roughly in the 10-130 MPa range [79 – 81]. 

Such pressures are far below those typically used in microorganism survival studies, or 

used in studies of isolated macromolecular systems. The study of macromolecules 

adaptation and functionality that are necessary to organisms to growth and reproduce at 

high hydrostatic pressure can provide valuable information on biochemical and 

physiological properties, which is necessary to understand the adaptation of life in a 

pressurized world [77]. 

 

There is little known about the effect that both temperature and pressure have on the 

structural stability of nucleic acids. The tertiary structure of biomolecules is generally 

stabilized by inter- and intramolecular interactions, which comprises covalent and non-

covalent interactions. The non-covalent interactions are weaker and easily perturbed by 

temperature, but pressure can also perturb molecular interactions, due to the overall 

system’s volume change. Le Châtelier’s principle states that application of pressure shifts 

the system equilibrium toward the smaller volume state. Therefore, properties that 

depend on hydration and degree of packing of a molecule, like partial molar volume, 

compressibility and expansibility will establish how high pressure can affect the structure 
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and also how it can shift the equilibrium between denaturated and native states. The study 

of the pressure effect upon DNA and RNA, for example, is important to help understand 

how the genetic expression and regulation system work under pressure. Since pressure 

affects the partial volume of the biomolecules, it also provides information on the 

hydration of the molecule. The general high-pressure approach for studying biomolecules 

ranges from 0.1 MPa to 1000 MPa, where non-covalent bonding in the tertiary structure 

is affected only [82 – 84]. It has been shown in the literature that structural changes on 

DNA are very small, and that major changes happen in the hydration layer only, which 

will influence and alter the way DNA interacts with proteins and the overall 

transcriptional process [82]. In addition, the binding of proteins and drugs to DNA has 

been found to be weaker under pressure [85], and pressure reduces the enzymatic activity 

of RNA polymerase [86, 87]. These informations are very important for understanding 

how organisms adapt to extreme conditions, such as piezophiles, which only grow 

optimal in a pressurized environment [88], while other organisms can also grow at 

atmospheric pressure. Therefore, understanding the effect of pressure on the structure 

and functionality of molecules such as DNA and RNA can give insight into nucleic acid 

stability, and how the transcription and translation processes are affected under extreme 

environmental pressure conditions. 

 

To this end, explanation of mechanistic details involved in the formation and stability of 

biomolecules, such as proteins and nucleic acids, under extreme environmental 

conditions, including high hydrostatic pressures (HHP), is of fundamental biological and 

biotechnological importance. 

 

1.8.1. High pressure and tRNAPhe 

 

The tRNAPhe is one of the most studied nucleic acid molecules, and it possess elements of 

the most common structural motifs, such as turns and hairpins. It is responsible for 

delivering one phenylalanine amino acid in the ribosome during the translation process. 

Literature studies using FTIR and fluorescence spectroscopy techniques revelead a 

pressure-induced reorganization of the structure of yeast tRNAPhe, and proposed that it 

was due to changes of the water structure from a tetrahedral to cubic geometric, in the 
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presence and absence of Mg2+ ions [100]. Pressure also induces the esterification reaction 

that takes place at the 3’ end of tRNA molecules and is responsible to attach one amino 

acid molecule, in the absence of aminoacyl-tRNA synthetases. It was proposed, using 

circular dichroism spectroscopy, that the dehydrated state achieved through high pressure 

is similar to a charged conformation induced by the aminoacyl-tRNA synthetase [101].  

 

Understanding the physical chemistry factors that contributes to the structural stability of 

the tRNAPhe would also help a better prediction of secondary and tertiary structures. 

Even less is known about how pressure could affect the structure of tRNA and its 

implications for organisms living under high hydrostatic pressure conditions, such as in 

the deep sea in which pressures up to 100 MPa are encountered. 

 

1.8.2. High pressure and small RNA hairpin 

 

Small RNA hairpins are one of the most common secondary structures of RNA 

molecules, and they act as nucleation site for RNA, as ligand binding and as tertiary 

folding initiation sites. Therefore, to understand the stability of RNA hairpin structures 

and explore its free energy landscape can help to explain the thermal and pressure stability 

of different nucleic acid based biological systems [39, 40, 42, 102]. 

 

There are few studies in the literature on the effect pressure has on these small hairpin 

structures. Garcia and Paschek published in 2008 [55] a theoretical study on the 

folding/unfolding equilibrium thermodynamics of the RNA tetraloop gcUUCGgc. They 

calculated the free energy of the tetraloop as a function of temperature and pressure. 

They predicted a pressure and temperature elliptical stability diagram ∆G(p,T), in which 

the tetraloop would unfold at high hydrostatic pressure. The theoretical study of Miner et 

al. (2016) [103] reported the folding/unfolding thermodynamics and the characterization 

of the energy landscape of the gcGCAAgc tetraloop in more detail. They showed that the 

free energy landscape of a folded RNA hairpin tetraloop has many loop ensembles with 

A-RNA stem. High hydrostatic pressure stabilizes the A-form stem while it destabilizes 

Z-RNA stem conformations that are also present at ambient pressure. 
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High hydrostatic pressure experimental studies are of interest in order to confirm these 

theoretical predictions and provide more information about the small RNA hairpin’s 

structure behavior and stability at extreme pressure conditions.  

 

1.8.3. High pressure and hairpin ribozyme 

 

The hairpin ribozyme is a small catalytic RNA isolated from the minus strand of the 

tobacco ringspot virus satellite RNA. The discovery of ribozymes strengthened the RNA 

world hypothesis, and the different ribozyme molecules have been extensively studied [27, 

59, 60 – 66]. Therefore, studies about the effect of pressure on these molecules are of 

particularly interest, since it would help to understand and to characterize thermodynamic 

parameters of the hairpin ribozyme and help disentangle its complex dynamics and 

reaction kinetics. In addition, it can help to understand how such enzymatic mechanism 

would work in living organisms at extreme conditions, such as the hydrothermal vents, 

where high pressures are easily encountered and volcanic environments, which are 

proposed to be similar to the birthplace of life [10].  

 

There are only a few studies in the literature about the pressure effect on the catalytic 

reaction of hairpin ribozyme. These kinetic studies analyzed the wild-type RNA sequence 

and a modified RNA sequence of the hairpin ribozyme under high hydrostatic pressure. 

A positive activation volume (ΔV≠) of 34 ± 5 ml mol-1 was determined, which was 

associated to a compaction of the ribozyme structure with consequent release/movement 

of water molecules. Osmotic shock experiments also showed that each RNA molecule 

released 78 ± 4 water molecules during the docking process [104 – 106].  

 

High pressure can help to determine volume changes associated with the hairpin 

ribozyme reaction, which can contribute to a better understanding of the conformational 

changes involved in the self-cleavage mechanism. These studies can also contribute to the 

RNA world hypothesis, since catalytically active RNAs were found in various living 

species [105, 107]. Moreover, many organisms live under extreme conditions, and high-

pressure analysis of nucleic acid-based molecules may help understand the behavior of 

such biomolecules in these organisms. 
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1.9. Aims of this work 
 

It is clear that RNA performs multiple vital roles within the cell, such as carrying genetic 

information, essential participation during protein expression and the catalysis of 

enzymatic reactions. The study of these biomolecules under extreme conditions, including 

high hydrostatic pressure, is of fundamental biological and biotechnological importance. 

Elucidation of the mechanistic details involved in the stability of these biomolecules 

under extreme conditions, such as the deep sea, hydrothermal vents and volcanic 

environments, also proposed to be the birthplace of life, is important to understand how 

piezophilic organisms could adapt and survive where high pressures are easily 

encountered. To this end, the goals of this study utilizing various biophysical techniques 

were as follow: 

 

1) To elucidate the features and thermodynamic parameters which are essential in 

determining the temperature and pressure dependent structure of the tRNAPhe. The 

tRNAPhe is an important and well stablished model for RNA function, serving as the 

ideal platform to start exploring different RNA molecules. Due to the strong ionic-

strength dependence of the structure of RNA, the effect of mono- and divalent ions 

on the temperature and pressure stability of the tRNA was also explored. 

Temperature- and pressure-dependent studies, using different techniques, were 

combined in order to reveal the conformational and free energy landscape of four 

different RNA molecules: the transfer RNAPhe, a small RNA hairpin, a wild-type 

hairpin ribozyme and a modified hairpin ribozyme.  

2) To investigate the conformational landscape of the small RNA hairpin (gcUUCGgc) 

as a function of temperature and pressure, and compare with molecular dynamics 

studies in the literature. Since the small RNA hairpins has the ability to adopt 

different configurations and it has a high thermodynamic stability, it presents a good 

model system to study how RNA molecules can adapt to a certain environment of 

extreme temperature and pressure conditions.  

3) To study the pressure-induced effects on the self-cleavage reaction of the hairpin 

ribozyme by following its structural changes. The hairpin ribozyme is one of the 

major naturally occurring ribozymes, and it was the first autocatalytic RNA 
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characterized. Ribozymes are RNAs with catalytic properties, which gave support to 

the RNA world hypothesis. Therefore, it is highly interesting to study this molecule 

under extreme conditions, since an important step of life evolution might have 

happened under extreme environmental conditions. 

 

The conformational changes that biomolecules such as nucleic acids undergo at 

extreme temperature and/or pressure conditions are crucial to the adaptation of 

biological function in diverse organisms. Therefore, revealing the free energy 

landscape of these structures, and explore the forces controlling their stability are 

highly important to understand the thermal and pressure stability of biological 

systems. 
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2.1. Materials 
 
2.1.1. RNA molecules and reagents 
 

PRODUCT MANUFACTURER 
tRNAPhe (R4018) Sigma-Aldrich, Germany 
Small RNA hairpin IBA Life Science GmbH, Germany 
Wild-type hairpin ribozyme IBA Life Science GmbH, Germany 
Labeled wild-type hairpin ribozyme IBA Life Science GmbH, Germany 
Labeled modified hairpin ribozyme IBA Life Science GmbH, Germany 
D2O Sigma-Aldrich, Germany 
Trizma® Sigma-Aldrich, Germany 
MgCl2 Merck, Germany 
[Co(NH3)6]Cl3 Sigma-Aldrich, Germany 
NaCl Sigma-Aldrich, Germany 
Urea Sigma-Aldrich, Germany 
EDTA Sigma-Aldrich, Germany 
Nuclease-free water Thermo Fisher Scientific, USA 

Omega Bio-tek, USA 
RNase Away® Thermo Fisher Scientific, USA 
RNase free conical tubes Ambion®, Thermo Fisher Scientific, 

USA 
RNase free microfuge tubes Ambion®, Thermo Fisher Scientific, 

USA 
Eppendorf, Germany 

RNase free tips Eppendorf, Germany 
Whatman disposable syring filter (0.2 µm 
pore) 

GE Healthcare / Life Sccience, 
Germany 

Syringe BBraun, Germany 
Novex® 15% TBE-urea gel Thermo Fisher Scientific, USA 
SYBR® Gold Thermo Fisher Scientific, USA 
RNA loading buffer (2x) AMRESCO, USA 
Nuclease-free TBE running buffer Ambion®, Thermo Fisher Scientific, 

USA 
  
Instruments and software 
 

INSTRUMENT/SOFTWARE MANUFACTURER 
Magna 550 IR Spectrometer Thermo Fisher Scientific, USA 
Nicolet IR Spectrometer Thermo Fisher Scientific, USA 
ISSK2 Fluorometer ISS, USA 
UV Spectrometer Shimadzu, Germany 
X-cell SureLock™ Mini-cell 
Electrophoresis System 

Thermo Fisher Scientific, USA 

AlphaImager® ProteinSimple, USA 
Diacell® VivoDAC Almax.easyLab, Belgium 
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GRAMS AI Thermo Fisher Scientific, USA 
Origin 9.0 Origin Labs, USA 
ImageJ® NIH, USA 
ChemDraw Perkin Elmer, USA 
 
 
2.1.2. RNA samples  

 

2.1.2.1. General sample handling procedures 

 

All samples, buffer solutions, storage materials and surfaces that would have contact with 

RNA samples were nuclease free (molecular biology grade) or cleaned with RNase 

AWAY® reagent, and then rinsed with nuclease free water. All buffers were prepared in 

nuclease free water or D2O and filtered with Whatman® 0.2 µm (cellulose acetate 

membrane) sterile filter. 

 

2.1.2.2. tRNAPhe 

 

The phenylalanine transfer RNA (tRNAPhe) specific from brewer’s yeast purchased from 

Sigma-Aldrich (Germany) was used without further purification. tRNAPhe samples were 

suspended in a 1 mg mL-1 nuclease free water solution, and stored at -80 oC. For the 

techniques applied, different tRNAPhe concentrations were lyophilized to remove H2O, 

and then suspended in pure D2O or 50 mM TRIS- HCl buffer + 0.1 mM EDTA, pH 7.5, 

in the presence or absence of 15 mM MgCl2 and/or 100 mM NaCl.  The experiments 

were carried out multiple times, and different lots of tRNAPhe were used. More details 

about sample conditions will be given in the next sections. 

 

2.1.2.3. Small RNA hairpin 

 

The small RNA hairpin (sRNAH non-labeled: 5’-GCUUCGGC-3’; sRNAH labeled: 5’-

Cyanine 3 - GCUUCGGC- Cyanine 5 - 3’) was synthetized by IBA Life Solutions for Life 

Science GmbH (Goettingen, Germany), and was received as lyophilized powder. The 

sRNAH was suspended in a 0.1 mmol µL-1 nuclease free water solution, and stored at -80 
oC. For the techniques applied, different sRNAH concentrations were lyophilized to 
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remove H2O, and then suspended in pure 50 mM TRIS- HCl buffer + 0.1 mM EDTA, 

pH 7.5. The experiments were carried out multiple times, and different lots of RNA were 

used. More details about sample conditions will be given in the next sections. 

 

2.1.2.4. Hairpin ribozyme 

 

The different hairpin ribozyme molecules, non-labeled wild-type hairpin ribozyme and 

fluorescence labeled modified hairpin ribozyme, were synthetized by IBA Life Solutions 

for Life Science GmbH (Goettingen, Germany), and were received as lyophilized powder. 

The ribozymes were suspended in a 0.1 nmol µL-1 nuclease free water solution, and 

stored at - 80 oC. 

 

• Wild-type hairpin ribozyme (wtHpRz) 

 

 

  

The wild-type hairpin ribozyme creates a two-way junction hairpin ribozyme that inde-

pendently folds in a helical domain, which is a simple model system of  the original four-

way junction tobacco ringspot virus satellite RNA.  

 

• FRET-labeled modified hairpin ribozyme (FRET-modHpRz) 

 

 

 

The FRET-modHpRz molecule has two fluorescent dyes attached, cyanine 3 

phosphoramidite (Cy3) and cyanine 5 phosphoramidite (Cy5) to the loop A and at the 

loop B, respectively. Their structure is based on two indole rings that are connected by a 

polymethine chain, Cy3 function as the donor fluorophore and Cy5 as the acceptor for 

the kinetic FRET studies. The folded (docked) conformation of  the HpRz (distance 

between 3' and 5' ends: ~3 nm) will have a higher FRET signal compared to the 

undocked state (distance between 3' and 5' ends: ~8 nm). 

 

5’-AAACAGAGAAGUCAACCAGAGAAACACACGUUGUGGUAUAUUACCUGG 
UACCCCCUGACAGUCCUGUUU-3' 

5'-cyanine 5'-ACGGUGAGAAGGGAGGCAGAGAAACACAC-cyanine 3’-GUCGU 
GGUACAUUACCUGCCACCCCCUCCCAGUCCACCGU-3' 
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The FRET-modHpRz sequence is based on the well-resolved crystal structure from Salter 

et al. (PDB ID: 2OUE) [108]. The experimental data was used to complement molecular 

dynamics simulation studies done in collaboration with Prof. Dr. Dominik Marx (Ruhr-

Universität Bochum). It is a well resolved ribozyme structure (resolution 2.05 Å) in its 

pre-catalytic form, which especially suits the simulation purpose. The resolved crystal 

structure contains four different chains including a substrate chain. However, the catalytic 

reaction is limited by dissociation of  the chains. Therefore, a modified hairpin ribozyme 

sequence was established by taking all the available nucleotides from the crystal structure 

while adding missing ones via sequence homology based on existing literature [106]. Since 

only essential nucleobases are required for proper activity, the self-cleavage process is 

identical in both the wild type and the modified ribozyme [59]. 

 

For the techniques applied, different HpRz concentrations were lyophilized to remove 

H2O, and then suspended in pure 50 mM TRIS- HCl buffer + 0.1 mM EDTA, pH 7.5, to 

half of the final reaction volume. Samples were then subjected to denaturation and 

renaturation steps (heated up to 90 oC for 1 min and slowly cooled down to 25 oC in 

3 oC min-1 steps) to ensure proper folding of  the RNA loops. The cleavage reaction 

started by addition the second half  volume to the mixture, a double concentrated buffer 

solution of  50 mM TRIS- HCl + 0.1 mM EDTA + 12 mM MgCl2 or 24 mM Cobalt (III) 

hexamine + 200 mM NaCl, pH 7.5. Final salt concentrations in the reaction were 6 mM 

MgCl2 or 12 mM Cobalt (III) hexamine + 100 mM NaCl. The experiments were carried 

out multiple times, and different lots of RNA were used. More details about sample 

conditions will be given in the next sections.  

 

2.2. Biophysical methods  

 

2.2.1. Fourier-transform infrared spectroscopy 

 

Fourier-transform infrared (FTIR) spectroscopy has proved to be a powerful technique to 

determine the secondary structure of diverse biomolecules, especially of proteins and 

DNA, under different conditions of temperature and pressure. IR spectroscopy provides 

a relatively fast (high time resolution of < μs short measuring time) way to characterize 
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one molecule’s secondary structure features in its native or denatured state. The IR signal 

is obtained by the molecular vibration absorption of IR light when the frequencies of 

light and the respective vibrational mode coincide. The frequency of vibration and the 

probability of absorption depend on the strength and polarity of the vibrating bond, and 

they are strongly influenced by the inter- and intramolecular environment. The changes in 

the environment of nucleotides and backbone torsion on the vibration frequency have 

been extensively analyzed in the present work. 

 

2.2.1.1. Instrumentation and spectra collection 

 

Time- and temperature-dependent IR measurements were performed on the Nicolet 5700 

FTIR spectrometer equipped with a liquid nitrogen cooled MCT (HgCdTe) detector and 

a 0.4 mm IR cell with CaF2 windows, separated by 50 μm polyethylene terephthalate 

(PET) spacers. The spectrometer was purged continuously with dry air to remove water 

vapor. Each FTIR spectrum was collected with 256 scans, resolution of 2 cm-1, apodised 

with a Happ–Genzel function, and the data processing step (discussed in the next section) 

was performed using the GRAMS software as described elsewhere [109 – 111] and then 

plotted with OriginPro 9.0G software. An external, circulating water thermostat 

controlled the required temperature in the cell with an accuracy of ± 0.1 °C.  

 

The pressure-dependent FTIR spectra were recorded on the Magna IR 550 spectrometer 

equipped with a liquid nitrogen cooled MCT (HgCdTe) detector. The infrared light was 

focused by a spectral bench onto the pinhole of a gas membrane diamond anvil cell 

(Figure 9 and 10) (Diacell® VivoDAC, Almax.easyLab) with a 50 µm brass spacer. The 

pressure was controlled by a digital pneumatic controller, PACE Modular Pressure 

Controller (GE Measurement & Control), attached to a nitrogen cylinder. Fine powdered 

barium sulphate (BaSO4) was used as the pressure calibrant. It was placed in the hole of 

the brass gasket in the diamond anvil cell and changes in pressure were quantified by the 

shift of the barium sulphate peak at 983 cm-1, related to its stretching vibration [11]. The 

basic operating principle of a diamond anvil cell is the application of a moderate force on 

a small area, generating high pressures. Specific details on the use of the high-pressure 
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diamond anvil cells can be found in the literature [112, 113]. An external, circulating water 

thermostat controlled the required temperature with an accuracy of ± 0.1 °C. 

 

 
Figure 9. Gas membrane diamond anvil cell. Schematic of the gas membrane high-pressure cell 

Diacell® VivoDAC from Almax.easyLab.  

 

 
Figure 10. Gas membrane diamond anvil cell during FTIR measurement. When the gas pressure is 

increased, the metal membrane expands, pushing the upper diamond holder part, thereby, increasing the 

pressure.  
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2.2.1.2. FTIR spectroscopy of tRNAPhe ambient and pressure dependent 

conditions 

 

A) Temperature dependent conditions: The tRNAPhe samples were lyophilized 

overnight and then diluted in D2O solution with or without 15 mM MgCl2, to a 

final concentration of 0.5 wt % in 50 µL volume. The temperature varied from 10 

to 80 oC in the FTIR cell. The sample temperatures were equilibrated for 20 

minutes before the acquisition of a new IR spectrum. 

 

B) Pressure dependent conditions: The tRNAPhe samples were lyophilized 

overnight and then diluted in D2O solution with or without 15 mM MgCl2, to a 

final concentration of 4.5 wt % in 6 µL volume. The temperature was maintained 

at 20 oC in the FTIR high-pressure cell, and the pressure varied from 0.1 to 1000 

MPa. After each pressure change, the samples were equilibrated for 5 min before 

the acquisition of a new IR spectrum. 

 

2.2.1.3. FTIR spectroscopy of Small RNA hairpin at ambient and pressure 

conditions 

 

A) Temperature dependent conditions: The labeled and non-labeled sRNAH 

samples were lyophilized overnight and then diluted in 50 mM Tris-HCl buffer + 

0.1 mM EDTA, to a final concentration of 0.5 wt% in 50 µL volume. The 

temperature varied from 10 to 80 oC in the FTIR cell. The sample temperatures 

were equilibrated for 20 minutes before the acquisition of a new IR spectrum. 

 

B) Pressure dependent conditions: The labeled and non-labeled sRNAH samples 

were lyophilized overnight and then diluted in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA, to a final concentration of 4.5 wt% in 6 µL volume. Two different 

temperatures were used, 20 oC and 70 oC in the FTIR high-pressure cell, and the 

pressure varied from 0.1 to 400 MPa. After each pressure change, the samples 

were equilibrated for 5 min before the acquisition of a new IR spectrum. 
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2.2.1.4. FTIR spectroscopy of Hairpin ribozyme at ambient and pressure 

conditions 

 

A) Time dependent conditions at ambient pressure: The wild-type hairpin 

ribozyme samples were lyophilized overnight and then diluted in 50 mM Tris-HCl 

buffer + 0.1 mM EDTA with 6 mM MgCl2 or 12 mM [Co(NH3)6]Cl3 + 100 mM 

NaCl, to a final concentration of 4.5 wt% in 6 µL volume. The duration of the 

measurement was 12 hours. The temperature was maintained at 25 oC in the high-

pressure FTIR cell. The sample temperatures were equilibrated for 20 minutes 

before the acquisition of a new IR spectrum. During the hairpin ribozyme kinetic 

(time dependent) studies, the dead time between cell assembling and first spectrum 

acquisition should be as little as possible, ranging around ~ 10 minutes. The time 

dependent measurements were carried out using the high-pressure cell to ensure 

the same conditions for reaction at the ambient and high pressure analysis. 

 

B) Time dependent conditions at high pressure: The wild-type hairpin ribozyme 

samples were lyophilized overnight and then diluted in 50 mM Tris-HCl buffer + 

0.1 mM EDTA with 6 mM MgCl2 or 12 mm[Co(NH3)6]Cl3 + 100 mM NaCl, to a 

final concentration of 4.5 wt% in 6 µL volume. The duration of the measurement 

was 12 hours, and the pressure maintained at 50 MPa and 100 MPa. The 

temperature was maintained at 25 oC in the FTIR cell. After each pressure change, 

the samples were equilibrated for 5 min before the acquisition of a new IR 

spectrum. For the hairpin ribozyme kinetic (time dependent) studies, the dead time 

between high-pressure cell assemble and acquisition of the first spectrum should 

be as little as possible, being ~ 30 minutes until the desired pressure was reached. 
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2.2.1.5. Secondary structure analysis of nucleic acids by infrared spectroscopy  

 

A) Nucleic acid infrared band assignment in D2O  
 

Wavenumber Assignment Explanation Observation 
1715 cm-1 Triple strand vibrations: 

G*G - C 
C6 = O6 stretch 
vibrations of guanine in 
third strand binding 

Hoogsteen third strand 
binding 

1689-1678 cm-1 Double strand 
vibrations of guanine  

 

C6 = O6  stretch 
vibrations of base paired 
guanine  1689-1678 
cm-1 
 

Guanine vibrations shift to 
lower wavenumbers when 
unpaired. This band is used 
to follow the thermal 
denaturation profile of RNA. 

1677-1672 cm-1 Double strand 
vibrations of uracil 
 

C4=O4 stretch 
vibrations of base paired 
uracil  1677-1672 cm- 

Uracil vibrations shift to 
lower wavenumbers when 
unpaired. This intensity is 
used to follow the thermal 
denaturation profile of RNA. 

1673-1660 cm-1 Free base vibrations of 
guanine  
 

C6 = O6 stretch 
vibrations of free 
guanine  1673 – 1660 
cm-1 

The intensity of the band 
decreases upon duplexation. 
This intensity is also used to 
follow the thermal 
denaturation profile of RNA. 

1673-1660 cm-1 Free base vibrations of 
uracil   

C4 = O4 stretch 
vibrations of uracil 
1657 – 1653 cm-1 

The intensity of the band 
decreases upon duplexation. 
This intensity is also used to 
follow the thermal 
denaturation profile of RNA. 

1655-1647 cm-1 Free base or base paired 
vibrations of cytosine  

C2 = O2 stretch 
vibrations of single 
strand or double strand 
cytosine  

Shift to 1652-1649 cm-1 and 
decrease in intensity upon 
duplexation. 

1632-1622 cm-1 Free base or base paired 
vibrations of adenine 
 

C = N and C = C ring 
vibrations of single 
strand and double strand 
adenine 

Shifts to 1628-1631 cm-1 
upon duplexation. It is used 
to follow denaturation of 
RNA adenine rich regions. 

1624-1616 cm-1 Free base or base paired 
vibrations of cytosine  

In-plane ring vibrations 
of single strand or 
double strand cytosine  

 

1618-1615 cm-1 Free base vibrations of 
uracil  

C = C stretch vibrations 
of single strand uracil  

 

1590-1575 cm-1 Free base and base 
paired vibrations of 
guanine  

C = N (C4 = C5, C5 – 
C6) ring vibration of 
single or double strand 
guanine 

The intensity of the band 
decreases upon duplexation. 
This band can resolve any 
difference in the 
denaturation behavior of A-
rich and G-rich regions 
independent from each 
other. 
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Table 1. Wavenumbers and spectral assignments of selected infrared bands of nucleic acids from 

1800 to 1250 cm-1. A = Adenine, C = Cytosine, G = Guanine, U = Uracil [114]. 

 

Wavenumber Assignment Explanation Observation 
1568-1564 cm-1 Free base and base 

paired vibrations of 
guanine  

C = N (C6 = O6, C5 – 
C6) ring vibration of 
single or double strand 
guanine 

The intensity of the band 
decreases upon duplexation. 

1527-1520 cm-1 Free base and base 
paired vibrations of 
cytosine 

Single strand and double 
strand in-plane 
vibrations 

Decreases in intensity upon 
duplexation 

1506-1498 cm-1 Vibrations of cytosine In-plane vibrations of 
cytosine 

 

1495-1476 cm-1 Ring vibrations of 
adenine and guanine 

N7C8H band of adenine 
and/or guanine 

Any interaction at the N7 site 
of the purine imidazolic ring 
leads to changes in the 
position and/or intensity of 
this band, such as triple helix 
formation or changes in 
hydration of the nucleic acid 

1464 cm-1 Vibration of uracil Bond stretch of uracil in 
D2O 

 

1457 – 1453 cm-1 Vibrations of adenine in 
B-form/A-form helices 

N1=C6, C6N6 
vibrations of adenine in 
B/A-form 

 

1438 – 1434 cm-1 Vibrations of adenine in 
Z-form helices 

N1=C6, C6N6, C5C6N 
vibrations of adenine in 
Z-form 

 

1425 – 1420 cm-1 S-type sugar vibrations 
of adenine and/or 
guanine in B-form 

C2´-endo (S-type) sugar 
in B-form helices 

 

1418 – 1408 cm-1 N-type sugar vibrations 
in A-form helices  

C3´-endo (S-type) sugar 
in A-form helices 

 

1413 – 1408 cm-1 N-type sugar vibrations 
in Z-form helices  

C3´-endo (S-type) sugar 
in Z-form helices 

 

1400 cm-1 Vibrations of RNA 
molecules 

In-plane C2´ÓH 
vibrations in RNA 

 

1381 – 1369 cm-1 Purine bases in anti 
conformation   

C2´/C3´-endo sugar 
pucker conformation 

 

1365 – 1360 cm-1 Cytidine in anti 
conformation   

C2´/C3´-endo sugar 
pucker conformation 

 

1357 – 1352 cm-1 Purine bases in syn 
conformation   

C3´-endo sugar pucker 
conformation 
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B) Data processing: 

 

Following the spectra collection, a few processing steps were employed, such as 

background (buffer) subtraction and spectral baseline correction in the required frequency 

range of interest (for RNA: 1720-1500 cm–1 related to in plane base vibrations sensitive to 

effects of base pairing and base stacking; 1500-1350 cm-1 base sugar vibrations sensitive 

to glycosidic bond rotation, backbone and sugar pucker conformation). The spectra were 

normalized by setting the area to one in these ranges, e.g. 1720 to 1600 cm–1, to allow for a 

quantitative analysis (curve-fitting, the most common method to resolve overlapping 

bands in the amide band region of proteins could not be applied to nucleic acid FTIR 

spectral analysis) of the secondary structure. Second derivative and Fourier self-

deconvolution (FSD) analyses were applied to the normalized spectra to identify the 

overlapping components of different band regions [115]. All the raw spectra were 

analyzed with a similar set of peaks and parameters. In ambiguous cases (such as the 

presence of different bands), information from X-ray diffraction of the RNA molecule 

was taken into account. The band positions were assigned to the secondary structures 

according to Table 1. 

 

2.2.2. Fluorescence spectroscopy 

 

The excitation of fluorophores occurs by the dissipated electromagnetic radiation of UV 

light. Fluorescence methods are well known for requiring low concentrations of sample to 

be detected, if compared with other spectroscopic methods, such as UV-vis or NMR 

spectroscopy [116, 117]. 

 

The fluorescence measurements were carried out with an ISS-K2 fluorimeter 

(Champaign, Illinois, USA). Excitation light was provided by a xenon lamp through a 

monochromator, and the emission light collected at 90° passing through another 

monochromator, and then hitting the detector. Time- and temperature-dependent 

measurements at ambient pressures were carried out in standard quartz cuvettes (1 cm of 

optical length). High-pressure fluorescence experiments were carried out using an ISS 

stainless steel high-pressure vessel coupled to the K2 fluorimeter (Figure 11) [118]. The 
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maximum pressure of the high-pressure vessel is 3000 bar. Different samples were 

injected into a round quartz bottle (volume 250 µL) and sealed with pressure-transmitting 

Dura Seal film fixed by a rubber O-ring. The cell was placed in the high-pressure vessel, 

which has three sapphire windows and connected to a manual hydraulic pump and gauge. 

Water was used as the pressurizing medium. Both ambient and high-pressure cell systems 

were connected to a water bath for temperature control.  For the temperature dependent 

measurements, the samples were equilibrated for 20 min before taking a new spectrum.  

 

 
Figure 11. High pressure fluorescence spectroscopy. The white light is filtered by a monochromator, 

and the selected beam reaches the sample. The excited fluorophore will emit fluorescence in all directions. 

The output at 90o will lead to a second monochromator settled to a specific wavelength of emission that 

will reach the detector. 

 

 

A) tRNAPhe temperature dependent fluorescence conditions 

 

The lyophilized tRNAPhe was suspended in 275 µL H2O solution +/- 15 mM 

MgCl2 to a final concentration of 0.04 mM. The samples were excited at 320 nm 

and the emission spectra of the Y base (wybutine) were recorded between 360 and 

560 nm [119]. The ambient-pressure fluorescence measurements were carried out 

in the standard K2 fluorimeter setup using quartz cuvettes with 275 µL of RNA 
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sample volume. The temperature ranged from 10 to 80 oC. The fluorescence data 

were analyzed using OriginPro 9.0G software. 

 

B) tRNAPhe pressure dependent fluorescence conditions 

 

The tRNAPhe samples were prepared according to section 2.3.1.1. The high-pressure 

fluorescence measurements were carried out in the ISS high-pressure setup using 

quartz pressure bottles with 250 µL of RNA sample volume [119]. The temperature 

used was 20 oC. The fluorescence data were analyzed using OriginPro 9.0G software. 

 

2.2.3. Differential scanning calorimetry  

 

Differential scanning calorimetry (DSC) is a thermal analysis technique that tracks how 

the heat capacity (CP) of a given molecule or material changes by temperature. The CP 

changes of a sample are compared to the CP of a reference, buffer or H2O. When well-

defined structures of macromolecules undergo temperature induced conformational 

changes, such as unfolding, these changes result in the absorption of heat as a result of 

redistribution of non-covalent bonds. The differential scanning calorimeters measure this 

heat uptake, which allows the detection of transitions as melting or phase changes, for 

example. Through DSC melting transitions, the precise melting temperature (Tm) of a 

molecule and its denaturation enthalpy can be obtained. For example, the unfolding of a 

protein is an endothermic event, and it is observed as a positive increase of the heat 

capacity signal. The midpoint of the obtained curve is the melting temperature (Tm) and 

the area under the curve is the enthalpy change(ΔH) of the process.   
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Figure 12. Differential scanning calorimetry. Example of a final result obtained with the DSC analysis, 

e. g., for the unfolding of a protein. It is possible to obtain from the DSC curve the Tm, at the maximum of 

the heat capacity, and the ∆H through the area under the curve (blue line: baseline).   

 

 

The DSC measurements were carried out in a VP-DSC micro-calorimeter (Microcal™) 

(Figure 12). The sample cell was filled with 0.5 mg mL-1 tRNAPhe in D2O solution without 

or with 15 mM MgCl2, and the reference cell was filled with D2O without or with15 mM 

MgCl2. The heating rate was 30oC h-1 for the DSC scans and the temperature range from 

10 to 90 oC. Data evaluation was performed using Origin for the DSC package supplied 

with the instrument, and the tRNAPhe DSC curves obtained were normalized in relation 

to the sample concentration and partial specific volume, which is 0.55 mL g-1 for the 

tRNAPhe, to yield the correct shape of the molar heat capacity peak, Cp(T) and melting 

temperature, Tm [83].  

 

2.2.4. Pressure perturbation calorimetry  

 

The pressure perturbation calorimetry (PPC) method uses as base a DSC calorimeter 

coupled with a pressure accessory that generates pressure-jumps. It measures the heat (Q) 

resulting from a pressure change (Δp) on a sample solution. This heat can be used to 
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derive the thermal volume expansion coefficient, αV, as a function of temperature, and in 

the case of phase transitions, the volume change, ΔV, occurring at the phase transition, if 

the specific volume V(T) of the molecule is known. 

 

The PPC measurements were performed in the DSC calorimeter using the MicroCal PPC 

accessory (Figure 13), which applies pressure-jumps between ambient pressure and 0.5 

MPa at each temperature. The data were recorded between 10 and 80 oC. At temperatures 

within the thermal transition region pressure jumps were carried out at intervals of 2 oC. 

The sample cell was filled with 3 mg mL-1 tRNAPhe D2O solution without or with 15mM 

MgCl2, and the reference cell was filled with D2O without or with 15 mM MgCl2. Control 

measurements of buffer-versus-buffer, buffer-versus-water and water-versus-water were 

performed to correct the sample raw data. The instrument software reads the sample and 

blank data and performs all necessary conversions and corrections to derive the thermal 

expansion coefficient curve, α(T). By integrating the α(T) curve, the relative volume 

change of the unfolding transition ΔVV-1, can be obtained [83, 120]. 

 

 
Figure 13. Differential scanning calorimetry (DSC) and pressure perturbation calorimetry (PPC) 

(schematic). The sample and reference are heated together and the heat uptake from the smaple during 

melting is measured. A small PPC apparatus is attached to the sample chamber and pressure-jumps of 0.5 

MPa are applied at each temperature, which enables measurement of heat changes at each pressure 

change. 
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2.2.5. UV-vis spectroscopy 

 

Biological macromolecules, such as proteins and nucleic acids, can absorb light in the 

UV-visible (UV-vis) region of the spectrum. The absorbance of a sample is linearly 

dependent on its concentration; therefore, absorption spectroscopy is an appropriate 

technique for quantitative measurements. The wavelength of absorption and the strength 

of absorbance of a molecule depend not only on the chemical nature its transition dipole 

moment but also on the molecular environment of its chromophores. These properties 

make UV-vis spectroscopy a suitable technique for following studies of ligand-binding 

reactions, enzyme catalysis and conformational transitions in proteins and nucleic acids. 

The UV-vis spectroscopic technique is very sensitive, non-destructive and requires small 

amounts of sample, only.  

 

Nucleic acids have a strong absorbance in the region of 240 – 275 nm. At neutral pH, the 

absorption maxima range from 275 nm, for guanidine, 270 nm for cytidine, and 260 nm 

for uracil bases. Therefore, polymeric DNA and RNA show a broad absorbance around 

260 nm. When bases are stacked, they are shielded from the solvent and its absorbance is 

smaller compared to single stranded nucleic acid chains. The RNA denaturation is then 

followed by an increase in absorbance near 260 nm. The UV-vis spectrum of guanine 

alone shows absorption maxima around 275 nm [121 – 124].  

 

A UV-1800 UV-vis spectrometer, from Shimadzu, was used to collect absorbance spectra 

of the small RNA hairpin. An external water bath connected to the cuvette holder kept 

the temperature constant during all measurements. The ambient pressure measurements 

were carried out using quartz cuvettes with 300 µL of RNA sample volume (Figure 15). 

The labeled and non-labeled sRNAH samples were lyophilized overnight and then diluted 

in 50 mM Tris-HCl buffer + 0.1 mM EDTA, to a final concentration of 40 µM. The 

temperature varied from 10 to 80 oC in the cuvette. The sample temperature was 

equilibrated for 20 minutes before the acquisition of a new spectrum. 
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2.2.6. Hairpin ribozyme kinetic reaction 

 

2.2.6.1. Time dependent hairpin ribozyme reaction at ambient pressure 

 

The ambient pressure reactions were carried out in a thermoshaker (cooling thermal 

shake touch, VWR) with a heating speed of 5 oC min-1 and cooling rate of 3 oC min-1 with 

an accuracy of ± 2%. The lyophilized wild type hairpin ribozyme (wtHpRz) and the 

labeled-modified hairpin ribozyme (modHpRz) samples were then dissolved in 50 mM 

Tris-HCl buffer, pH 7.5, with 0.1 mM EDTA, at a final concentration of 28.7 µM. These 

samples were subjected to denaturation and renaturation. The self-cleavage reaction 

started by mixing the RNA solution 1:1 with 12 mM MgCl2 or 24 mM [Co(NH3)6]Cl3 + 

200 mM NaCl buffer solution. All reactions were conducted at 25 oC, and the time varied 

from 0 to 360 min. The ribozyme’s self-cleavage reaction was stopped by adding 1:1 

stopping buffer (7 M urea + 50 mM EDTA, pH 7.5), with further addition of RNA 

loading buffer 2X (AMRESCO®), and stored in ice. Final aliquots of 10 µL were stored at 

-80 oC.  

 

2.2.6.2. Time dependent hairpin ribozyme reaction at high pressure 

 

The high hydrostatic pressure reactions were carried out in a home-built high-pressure 

vessel connected to a manual hydraulic pump, using water as pressure-transmitting 

medium. The temperature was controlled by an external water bath. The lyophilized 

wtHpRz and the labeled-modHpRz samples were then dissolved in 50 mM Tris-HCl 

buffer, pH 7.5, with 0.1 mM EDTA, at a final concentration of 28.7 µM. These samples 

were subjected to denaturation and renaturation. The self-cleavage reaction started by 

mixing the RNA solution 1:1 with 12 mM MgCl2 or 24 mM [Co(NH3)6]Cl3 + 200 mM 

NaCl buffer solution in home-built high pressure Teflon bottles, and sealed with 

pressure-transmitting Dura Seal film fixed by a rubber O-ring. All reactions were 

conducted at 25 oC. The HpRz samples were maintained at different pressures, 100 MPa, 

200 MPa and 300 MPa, from 0 to 360 min. Each data point, at each different time, was 

measured with a fresh prepared new sample. The ribozyme’s self-cleavage reaction was 

stopped by adding 1:1 stopping buffer (7 M urea + 50 mM EDTA, pH 7.5), with further 
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addition of RNA loading buffer 2X (AMRESCO®), and stored in ice. Final aliquots of 10 

µL were stored at -80 oC.  

 

2.2.6.3. Polyacrylamide gel electrophoresis 

 

Polyacrylamide gel electrophoresis (PAGE) is a widely used technique for separate 

biological macromolecules as proteins and nucleic acids. Molecules can be in their native 

state, to preserve ordered structures, or a chemical denaturant can be added to turn the 

molecules in an unstructured chain whose mobility depends only on its extended length. 

The most common denaturant for nucleic acids is urea. It is one of the most used 

techniques for RNA analysis, since it is applicable for RNA detection, quantification, 

purification by size and quality assessment. The gels consist of acrylamide, bisacrylamide, 

denaturant (urea), a free radical source (ammonium persulfate) and a stabilizer 

(tetramethylethylenediamine – TEMED) that is responsible for catalyzing the acrylamide 

polymerization. The acrylamide concentration can vary between 5 to 25%, and it 

influences how the molecules will migrate across the gel, since low acrylamide percentage 

gels are better to run molecules with high molecular weight. Then, an electrophoretic field 

is applied across the gel, causing the negatively charged nucleic acid (guaranteed by the 

sample loading buffer) to migrate across the gel towards the anode. Each biomolecule will 

have different mobility in the gel, this way small molecules will migrate faster and reach 

down the gel, while larger molecules will migrate slower and stay on upper areas due to 

increase resistance within the polymerized gel net. 

 

The reaction products of the hairpin ribozyme were analyzed by denaturing urea 

polyacrylamide gel electrophoresis (Urea PAGE) using the XCell SureLock® Mini-Cell 

system (ThermoFisher) with Novex® 15% TBE-Urea gels (ThermoFisher) and TBE 

running buffer (Ambion®). Cleavage reaction’s aliquots of 10 µL containing 3.6 µM of 

RNA were applied to the gels. After electrophoresis, the gels were directly stained with 

SYBR® Gold (Molecular Probes™), and the bands were analyzed by an ultraviolett (UV) 

transilluminator (AlphaImager Mini, ProteinSimple). The light intensity of each RNA 

fragment band was quantified using ImageJ software (N.I.H., USA) [125], and the 
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reaction product is presented by the percentage of cleaved RNA over the total RNA 

amount (cleaved RNA + native RNA). 
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* The work of the present study has been published and subsequently reprinted from ChemPhysChem (2015) 16, 138-146, 
Schuabb, C., Berghaus, M., Rosin, C. & Winter, R., “Exploring the free energy and conformational landscape of tRNA at 
high temperature and pressure conditions” with permission from Wiley & Sons. Copyright John Wiley and Sons. 
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3.1. Background 
 

Elucidation of the mechanistic details involved in the formation and stability of 

biomolecules, such as lipid membranes, proteins, and nucleic acids, under extreme 

environmental conditions, including high hydrostatic pressures (HHP), is of fundamental 

biological and biotechnological importance [126, 127]. Generally, biopolymers can 

populate multiple different structural states that each has its own specific or molar 

volume. Pressure acts to reshuffle the relative populations of these states and favors those 

with the smaller volume. Thus, a structure-based difference in volume for different 

conformers underlies the mechanism for pressure-induced conformational changes of 

proteins and nucleic acids. Moreover, several studies have also revealed that the effects of 

HHP on biomolecules include changes in hydration and intermolecular interactions, such 

as hydrogen bonding and hydrophobic interactions [69 - 71, 82, 94, 109, 111, 120, 128 – 

130]. 

 

Although the effects of pressure on lipid membranes and protein systems have been 

studied extensively, little is known about the effect of temperature and pressure on the 

conformation and stability of nucleic acids. In contrast to proteins, intermolecular 

interactions in nucleic acids (i.e., base pairing and base stacking) are rather strong and are 

ultimately responsible for driving native folding. The canonical DNA duplex formed with 

Watson–Crick base pairs generally has been found to have a negative partial molar 

volume, that is, the volume change upon unfolding (melting), ∆V, of DNA is positive, 

which indicates that applying pressure causes the duplex to be more stable [83, 84, 90, 

109]. ∆V values published for DNA duplexes amount to about 1 to 5 mL mol-1, and the 

∆V value for protein unfolding is typically -30 to -100 mL mol-1 [89, 109, 113, 126]. Only 

in special cases, such as poly[d(A-T)], nucleic acid structures have a negative value of ∆V 

and melt upon pressurization. Structural analyses also revealed that the conformation and 

configuration of the DNA duplexes are not significantly perturbed under high pressure 

[82, 90]. In contrast to the stabilities of duplexes, which are relatively unaffected by 

pressure, non-canonical DNA structures, such as G-quadruplex DNA, have been found 
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to be more sensitive to pressure [89] and the magnitude of the ∆V value is similar to 

magnitudes of ∆V measured for proteins. 

 

Even less is known about how pressure affects the formation of RNA structures, though 

there are indications that RNAs are more pressure sensitive [34, 55, 83, 100, 101, 105, 

132]. This would have biological implications for organisms living under high-pressure 

conditions, such as in the deep sea, in which pressures up to 100 MPa are encountered 

[126, 127]. For example, the RNA duplex with AU base pairs is slightly destabilized upon 

pressurization [101] and pressure was found to destabilize tetraloop-receptors [132]. 

Furthermore, a previous study showed that HHP decreases the cleavage rate of the 

hairpin ribozyme, which was interpreted as pressure destabilizing formation of a 

catalytically critical loop–loop tertiary interaction in the ribozyme [105, 133].  

 

RNAs play a key role in translating the genetic information coded in DNA into proteins. 

Though many physical–chemical factors that contribute to the structural stability of 

RNAs have been identified, the long-time goal to determine principles that will allow 

accurate prediction of secondary and three-dimensional structures from sequence has not 

yet been reached [31]. RNAs fold into complex three-dimensional structures that are 

critical to their various biological functions. Detailed molecular mechanisms that drive 

formation of RNA tertiary interactions and how they are affected by temperature and 

pressure are not yet well understood, however. Herein, the effects of temperature, ion 

concentration (of mono and divalent ions), and high hydrostatic pressure on the 76-

residue yeast phenylalanine transfer RNA, tRNAPhe, was examined to determine which 

features and thermodynamic parameters are essential in maintaining the stability of tRNA 

under extreme environmental conditions, such as low/high temperature and high 

pressure. This tRNA has been very well characterized and it possesses elements of the 

most common structural motifs, such as turns and hairpins. tRNAPhe has a cloverleaf-like 

secondary structure that turns into a L-shape tertiary structure upon folding (Figure 17), 

and has a modified nucleobase, wybutine or Y-base, which can be used as an intrinsic 

fluorescence probe that is located in the anticodon loop. The tertiary structure contains 

various cation-binding sites for divalent ions, such as Mg2+, which are required for the 
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conformational stability of the native RNA [35, 114, 134]. The complex tertiary structure 

of tRNA is maintained by extensive stacking interactions and base pairing within and 

between its helical stems, and many of the tertiary base-pairing interactions are non-

Watson–Crick associations. Several binding sites have been identified for Mg2+ ions 

(including the Y-base position), which are important for the molecule’s folding and 

stabilization [31, 35, 114, 133, 135]. How they are affected upon compression is essentially 

unknown. 

 

 
Figure 14. tRNAPhe secondary and tertiary structures. a) Schematic cloverleaf secondary structure of 

tRNAPhe with the fluorescent wybutine (Y-base) indicated by a red arrow. b) L-shaped tertiary structure of 

tRNAPhe with Mg2+ binding sites indicated by yellow and purple dots (PDB:1EHZ) [31]. 

 

 

3.2.  Experimental details 
 

3.2.1. Sample preparation 

 

Yeast phenylalanine transfer RNA (tRNAPhe) was obtained from Sigma–Aldrich (St. 

Louis, MO) and used without further purification. Nuclease-free water, pipette tips, 

microfuge tubes, conical tubes, and RNase AWAY reagent were obtained from Ambion 
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(Life Technologies). All experiments were carried out in D2O or 50mm Tris-HCl buffer + 

0.1 mM EDTA, pH 7.5, without or with 15 mM MgCl2 and/or 100 mM NaCl. All 

samples were lyophilized from solutions in D2O and suspended at the different 

conditions as needed. All items related to sample handling were nuclease-free or cleaned 

with RNase AWAY reagent (Invitrogen) [34]. 

 

3.2.2. Differential scanning calorimetry and pressure perturbation calorimetry  

 

The DSC measurements were carried out by using a VP-DSC microcalorimeter 

(Microcal). The sample cell was filled with tRNAPhe (0.5 mg mL-1) in D2O without or with 

15 mM MgCl2, and the reference cell was filled with the respective pure solvent. The 

heating rate was 30 oC h-1 for the DSC scans and the chosen temperature range was 10–

90 oC. Data evaluation was carried out by using Origin software from the DSC package 

supplied and the DSC curves obtained were normalized with respect to the sample 

concentration and partial specific volume of the RNA (0.55 mL g-1) to give the apparent 

molar heat capacity (Cp(T)) and melting temperature (Tm) [147]. The PPC measurements 

were carried out in the DSC calorimeter by using the MicroCal PPC accessory as 

described before (section 2.2.3) [118, 119, 150]. Control measurements of buffer-versus-

buffer, buffer-versus-water, and water-versus-water were performed to correct the raw 

data, which finally led to the apparent coefficient of thermal expansion of the solute (α 

(T)). In case of phase transitions, by integrating the α (T) curve over the phase-transition 

region, the relative volume change of the transition (∆VV-1) could be obtained [118, 119]. 

 

3.2.3. FTIR Spectroscopy 

 

The infrared spectra of tRNAPhe were recorded and analyzed between 1750 and 1500 cm-1 

that is the region essentially associated with C=O stretching vibrations of paired and free 

nucleobases and imidazole ring vibrations. Each FTIR spectrum was obtained by 

recording 256 scans at a spectral resolution of 2 cm-1. Spectral evaluation was carried out 

by using Thermo GRAMS software as described before (section 2.2.1.5), and the 

experimental data were fitted with Origin- Pro 9.0G software. The ambient-pressure 
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FTIR measurements were carried out by using a Thermo Nicolet5700 spectrometer with 

a liquid-nitrogen-cooled MCT detector. The sample chamber was continuously purged 

with dry air. The sample concentration chosen was 5 mg mL-1 in a 50 µL sample cell that 

consisted of 0.4 mm CaF2 transmission windows and a 0.05 mm spacer. Temperature was 

controlled by using an external water circuit. The temperature was varied between 10 and 

80 oC and the sample was equilibrated for 20 min before acquiring a new spectrum. The 

pressure-dependent FTIR data were recorded by using a Nicolet Magna550 spectrometer 

equipped with a liquid-nitrogen-cooled MCT detector. The infrared light was focused 

onto the pinhole of a gas-membrane-driven diamond anvil cell with a stainless steel 

spacer (Diacell Vivo DAC, Almax. easyLab) (section 2.2.1.1). Fine BaSO4 powder was 

used as an internal pressure calibrant [146, 148, 155]. The chosen tRNAPhe concentration 

was 90 mg mL-1 in the 5 µL volume of the DAC to give a sufficiently high signal-to-noise 

ratio. After each pressure change, the sample was equilibrated for 10 min before 

acquisition of the IR spectrum. 

 

3.2.4. Fluorescence Spectroscopy 

 

The Y- base fluorescence spectrum of the tRNAPhe was recorded by using an ISS K2 

fluorimeter (Champaign, Illinois, USA). A solution of 0.04 mM tRNAPhe in D2O without 

or with 15 mm MgCl2 was excited at 320 nm and the emission spectra recorded between 

360 - 560 nm [33]. The fluorescence data were analyzed by using OriginPro 9.0G 

software. The ambient-pressure fluorescence measurements were carried out in quartz 

cuvettes with a 275 µL sample volume by using the standard fluorometer setup. The 

temperature was varied between 10 and 80 oC. An external water thermostat bath allowed 

accurate temperature control. The pressure-dependent measurements were carried out by 

using the high-pressure cell from ISS equipped with sapphire windows as described 

before (section 2.2.2), which limited the pressure range to about 240 MPa at ambient 

temperature. The sample solution inside the pressure cell was separated from the 

pressurizing medium by using a small quartz bottle (250 µL volume) sealed with a 

pressure transmitting Dura Seal film. An external water thermostat was connected to the 

cell and served as a temperature control. 
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3.2.5. Small-angle X-ray scattering  

 

Temperature-dependent small-angle X-ray scattering (SAXS) data were obtained with a 

SAXSess mc2 small-angle X-ray scattering instrument from Anton Paar GmbH (Graz, 

Austria), equipped with a sealed tube X-ray generator Iso-Debyeflex 3003 from GE 

Inspection Technologies (Ahrensburg, Germany). Cu-Kα radiation was used (λ = 0.154 

nm) and the instrument was operated with 40 kV and 50 mA. Solutions of 0.5 wt% (or 3 

wt%) tRNAPhe in the absence and presence of 15 mM MgCl2 were prepared in D2O as 

well as in 50 mM Tris-HCl buffer, 0.1 mM EDTA, pH 7.5. The exposure time of the 

sample to the X-rays was 30 min per measurement. The data were collected for q-values 

between 0.12 and 4.00 nm−1 (q, momentum transfer). The measurements covered a 

temperature range from 5 to 90 °C in steps of 5 °C. 

 

The sample was measured in the slit configuration using a 1 mm quartz capillary (µ-cell) 

suitable for the TCS 120 temperature-controlled sample holder unit from Anton Paar 

(Graz, Austria). While recording the temperature-dependent scattering data, temperature 

was adjusted by the TCS control unit for TCS sample stages from Anton Paar (Graz, 

Austria). Detection was performed via 2D-imaging plates, which were read out using the 

Storage Phosphor System Cyclone Plus by Perkin Elmer (Waltham, Massachusetts). The 

latter was operated by the software Optiquant. The 2D images obtained were transformed 

to an intensity profile, I(q), using the software 2D-SAXSquant. The raw data obtained 

were normalized to the primary beam intensity and corrected for the background using 

the pure solvent in SAXSquant 3.1 software provided with the SAXSess mc2 system. 

Further, the data were desmeared to compensate for instrumental broadening effects 

("slit-smearing") using the GNOM software [153]. The latter was also used to calculate 

the pair-distance distribution functions, p(r), using the indirect Fourier transformation 

method.  
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3.3. Results and discussion 
 

Conformational transitions of RNA can be detected by using Fourier-transform infrared 

(FTIR) spectroscopy, at both atmospheric pressure and HHP conditions by using a 

diamond anvil cell [114, 136, 137]. In the 1800 to 1500 cm-1 wavenumber region, IR 

bands that originate from nucleobase vibrations appear, which are sensitive to base 

stacking and base-pairing interactions. The bands mainly originate from in-plane double-

bond vibrations, which include C=C, C=N, and C=O stretching. A double strand to 

single strand transition results in a decrease in the intensity of the IR band at around 1696 

to 1684 cm-1 with a concomitant increase in the band at around 1677 to 1653 cm-1. The 

former arises due to the C6=O6 stretch of base-paired guanine plus the C2=O2 stretch 

of uracil. The latter band arises mainly from the stretching vibrations of C6=O6 of free 

(i.e., non-base paired) guanine, the C2=O2 stretch of free cytosine, and the C4=O4 

stretch of free uracil [114, 136]. 
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Figure 15. FTIR spectra of tRNAPhe at atmospheric pressure and high hydrostatic pressure 

conditions. Examples of a) temperature- and b) pressure-dependent FTIR spectra in the range of 1700–

1590 cm-1 for tRNAPhe (5 mg mL-1) in pure solvent (D2O) from 10 to 80 oC and tRNAPhe (90 mg mL-1) in 

50mM Tris buffer + 0.1 mM EDTA (pH 7.5) from 0.1 to 1000 MPa, respectively. (Selected data) 

a) 

b) 
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As representative examples, Figure 15 shows the temperature- and pressure-dependent 

FTIR spectra of tRNAPhe in D2O in the wavenumber region from 1740 to 1600 cm-1. 

Thermal unfolding can be easily detected by the decrease in absorbance (A) of the IR 

band at 1686 cm-1, which is characteristic of base paired GC vibrations, and the 

concomitant increase in IR intensity of unpaired nucleic acids at around 1658 cm-1.  

 

For better visibility, Figure 16a shows the temperature dependence of this band as 

difference spectra. Figure 16b depicts the temperature dependence of the 1686 and 1685 

cm-1 bands. In the absence of Mg2+, the melting transition extends over a wide 

temperature range from about 20 to 60 oC, with a midpoint melting temperature (Tm) of ≈ 

47 oC. In pure water, the Tm increases from around 47 oC to around 75 oC in the presence 

of the stabilizing Mg2+ cations. As expected, corresponding measurements in buffer and 

NaCl solution in the absence of Mg2+ ions lead to slightly higher melting temperatures: 

Tm increases to (54 ± 2) oC in 50 mM Tris-HCl buffer + 0.1 mM EDTA, and to (62 ± 2) 
oC in 50 mM Tris buffer + 0.1 mM EDTA + 100 mM NaCl (Figure 20). The increase in 

temperature stability can be attributed to the screening effect of the negative charges 

along the phosphate–sugar backbone of the tRNA. Conversely, the melting transition in 

the presence of 15 mM Mg2+ is hardly affected any further by the addition of other buffer 

components (50 mM Tris-HCl) and salts (100 mM NaCl). The onset temperature of the 

melting transition, for example,  is 66 to 68 oC for all solvent conditions chosen, that is, 

15 mM Mg2+ ions, 50 mM Tris-HCl buffer + 15 mM MgCl2, 50mM I Tris-HCl buffer+15 

mM MgCl2 + 100 mM NaCl.  
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Figure 16. Temperature-dependent FTIR of tRNAPhe. a) FTIR difference spectra [A(T) - A(T=10 
oC)] of tRNAPhe (1.1 mM) in D2O in the temperature range of 10 - 80 oC. The absorption spectrum at 

T=10 oC has been subtracted from absorption spectra taken at higher temperatures. b) Intensity decay of 

the IR band at 1686 cm-1 (characteristic of basepaired GC vibrations) and of the band at 1658/1659 cm-1 

(characteristic of unpaired bases) as a function of temperature for tRNAPhe in pure D2O and in the 

presence of 15 mM Mg2+. (Selected data) 

a) 

b) 
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As indicated by the much sharper transition, the cooperativity of the melting transition 

drastically increases in the presence of Mg2+ cations, that is, the slopes of the base-paired 

GC vibrations at 1686 cm-1 and of the 1658/1659 cm-1 band characteristic for unpaired G 

are much steeper (Figure 16). Consistently, the corresponding data for the single-strand 

vibrations of guanine (at ≈1669 cm-1) and of adenine (at ≈1621 cm-1) exhibit the opposite 

temperature course. 

 
Figure 17. Temperature-dependent FTIR of tRNAPhe at different salt conditions. Intensity decay of 

the IR band intensities at ≈ 1686 cm-1 (characteristic of basepaired GC vibrations) and of the band at ≈ 

1558 cm-1 (characteristic of unpaired base pairs) as a function of temperature for tRNAPhe in pure D2O 

and various buffer solutions (50 mM Tris buffer + 0.1 mM EDTA; 50 mM Tris buffer + 0.1 mM EDTA 

+ 100 mM NaCl) in the absence of 15 mM Mg2+ from 10 to 85 oC. The error bars cover the scattering of 

three independent measurements.  

 

 

A Boltzmann fit to the experimental data (Figure 16) give a Tm value of (47.5 ± 3) oC for 

the rather broad melting transition and a standard van ’t Hoff enthalpy change (∆H) of 

(132 ± 10) kJ mol-1 in the pure solvent. The value for the corresponding entropy change 
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(∆S) amounts to approximately 0.4 kJ mol-1 K-1. In the presence of Mg2+ cations, Tm 

increases by more than 30 oC. Owing to the high temperature stability of the Mg2+-

stabilized tRNAPhe, and thus the missing post-transitional baseline, no accurate 

thermodynamic values can be obtained in this case. Therefore, additional calorimetric 

measurements have been carried out. The DSC result present at Figure 18 is in full 

agreement with the FTIR data, the melting transition of tRNAPhe in pure water extends 

from 20 to 60 oC with a Tm value of approximately 45 oC, and the melting temperature 

and cooperativity increase dramatically in the presence of the stabilizing Mg2+ cations to 

give a Tm value of around 78 oC with 15 mM MgCl2. The sharp descending post-melting 

baseline of the DSC profile of the tRNA in the presence of Mg2+ ions may be due to 

heat-induced degradation/aggregation at elevated temperatures. The overall melting 

enthalpies (∆Hcal) in the absence and presence of Mg2+ amount to around 570 and 680 kJ 

mol-1. The corresponding ∆Scal values are approximately 1.8 and 1.9 kJ mol-1 K-1, 

respectively. The positive enthalpy and entropy changes upon melting are consistent with 

disruption of the secondary structure of the molecule. Large differences between van ’t 

Hoff and calorimetric ∆H and ∆S values in the case of the broad melting transition of 

tRNAPhe in pure solvent indicates a complex, multistage melting process for the tRNA, 

which is in agreement with the literature data [136, 138]. 
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Figure 18. Differential scanning calorimetry data of tRNAPhe in the presence and absence of Mg2+ 

ions. DSC data of tRNAPhe (0.5 mg mL-1) in D2O solution in the absence and presence of 15 mM MgCl2 

from 10 to 90 oC. (Seleted data) 

 

 

Figure 19 shows examples of temperature- and pressure-dependent intrinsic fluorescence 

spectra of the Y-base, which is located in the anticodon loop of tRNAPhe, and the 

fluorescence intensities (IF) and maxima (λmax) in the absence and presence of Mg2+.  
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Figure 19. Temperature- and pressure-dependent fluorescence spectra of the tRNAPhe Y-base. 

The Y-base (wybutine) is situated at the anticodon loop area and has intrinsic fluorescence, serving as a 

natural probe to follow modification at this region. a) Temperature-dependent fluorescence spectra of the 

Y-base of tRNAPhe (1.1 mM) in D2O from 10 to 80 oC. b) pressure-dependent fluorescence spectra of the 

Y-base of tRNAPhe (1.1 mM) in D2O from 0.1 to 250 MPa. (Selected data) 

a) 

b) 
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Generally, the fluorescence intensity decreases with increasing temperature, which is due 

to an increased quenching processes, and conformational changes play an additional role 

in the interpretation of the fluorescence intensity data at Figure 20a. The Y-base is 

normally found π-stacked between nucleotide base pairs and largely shielded from the 

bulk solvent in its Mg2+-complexed state. In this stacked-in, largely nonpolar 

environment, the Y-base fluoresces strongly and the fluorescence intensity has been 

found to decrease upon Mg2+ decomplexation [139]. Changes in the maximum of the 

fluorescence band (λmax) are generally indicative of conformational changes, such as those 

induced by the melting process of base-paired nucleic acids. Figure 20b reveals a more or 

less continuous increase in the λmax value of tRNAPhe (redshift) in pure solvent with 

increasing temperature, which indicates an increasing population of more solvent-exposed 

Y-bases in the ensemble of conformational substrates with increasing temperature. This 

observation is in line with the broad transition curves of Mg2+-free tRNAPhe as 

determined by the FTIR and DSC measurements. Complexation of the Y-base by Mg2+ 

leads to a small redshift in the fluorescence maximum, in agreement with the literature 

data [140], and λmax is not affected much by increased temperature up to the melting 

temperature owing to a significant shielding of the Mg2+-complexed Y-base (Figure 20b).  
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Figure 20. Temperature-dependent fluorescence intensity data of the tRNAPhe. a) Temperature-

dependent changes in the maximum intensity of the normalized fluorescence spectra with 1.1 mM of 

tRNAPhe in D2O in the absence and presence of 15 mM Mg2+. b) Temperature-dependent changes in the 

position of its maximum in the absence and presence of 15 mM Mg2+. The error bars cover the scattering 

of three independent measurements.  

a) 

b) 
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Figure 21 depicts the pressure-dependent data for the fluorescence intensity and maxima 

of the Y-base at ambient temperature (T = 20 oC). In contrast with the temperature-

dependent results, increasing the pressure up to 250 MPa has a smaller effect on the 

spectral changes of the Y-base. The fluorescence intensity of tRNAPhe in the presence of 

Mg2+ is hardly affected by pressure, whereas the IF value of the Y-base in the pure solvent 

decreases slightly with pressure (Figure 21a). The positions of the fluorescence maxima 

(λmax) are rather insensitive to pressure up to 220 MPa, which indicates the absence of 

significant conformational changes in the anticodon loop from ambient- pressure 

conditions up to 220 MPa. As the fluorescence intensity of the Y-base is known to 

decrease drastically upon solvent exposure [140], the data in Figure 21a indicate that 

pressure leads to a further destabilization of the tertiary structure of tRNA in the area of 

the Y-base in its Mg2+-free state upon mild pressurization. The slight increase in IF in the 

Mg2+ -complexed state upon compression may result from a further increase in packing 

density and thus shielding of the Y-base from the surrounding solvent. 
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Figure 21. Pressure-dependent fluorescence intensity data of the tRNAPhe. a) Pressure-dependent 

changes in the normalized fluorescence intensity at T = 20 oC in the absence and presence of 15 mM 

Mg2+ from 0.1 to 250 MPa (minor variations in initial Imax values derive from different spectrometer 

setups for the temperature- and pressure-dependent studies). b) Pressure-dependent changes in the the 

position of its maximum at T = 20 oC in the absence and presence of 15 mM Mg2+ from 0.1 to 250 MPa 

(minor variations in initial lmax values derive from different spectrometer setups for the temperature- and 

pressure-dependent studies). The error bars cover the scattering of three independent measurements. 

a) 

b) 
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To reveal corresponding changes in the overall shape of the tRNAPhe upon temperature 

change, small-angle X-ray scattering (SAXS) measurements were also carried out 

(performed by Melanie Berghaus). As an example, Figure 22 shows the temperature-

dependent intensity profiles of tRNAPhe in pure solvent (D2O) in the absence and 

presence of Mg2+. To gain information about changes in compactness and unfolding of 

the molecule, the data are also plotted in the Kratky representation (Figure 22, inset). In 

both cases, a compact form of tRNAPhe is observed at low temperatures, as can be seen 

from the Gaussian shape of the Kratky plots. With increasing temperature, we observed a 

gradual loss of compactness between 45 and 65 oC for tRNAPhe in the absence of Mg2+. 

In the presence of Mg2+, the loss of compactness takes place at significantly higher 

temperatures and within a much smaller temperature range (75–85 oC), in good 

agreement with the thermodynamic data for tRNAPhe unfolding [141] and DSC data 

(Figure 21).  
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Figure 22. Temperature-dependent SAXS data and analysis of tRNAPhe in D2O. a) tRNAPhe in the 

absence and b) tRNAPhe in the presence of 15 mM Mg2+. Intensity profiles were recorded in a temperature 

range from 5 (purple) to 90 oC (dark red) in steps of 5 oC. Solid lines represent fits obtained by using the 

indirect Fourier transformation method. Concentrations were 0.5 wt% in pure D2O and 3 wt% with 15 

mM Mg2+. Insets: Kratky plots of the respective data (performed by Melanie Berghaus). 

 

 

Clearly, no complete unfolding is seen here as observed in the presence of urea [142]. 

Measurements were also carried out in Tris-HCl buffer, which does not lead to significant 

changes in the temperature-dependent SAXS profiles compared with the data in pure 

solvent, however (Figure 23).  
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Figure 23. Temperature-dependent SAXS analysis of tRNAPhe in Tris-HCl Buffer. a) tRNAPhe in 

the absence and b) tRNAPhe in the presence of Mg2+. Intensity profiles were recorded in a temperature 

range starting from 5 °C (purple) in steps of 5 °C up to 90 °C (dark red). Open circles represent the 

corrected original data, the solid lines represent fits obtained using the indirect Fourier transformation 

method. Concentrations were 0.5 wt% tRNAPhe. Inserts: Kratky plots of the respective data (performed 

by Melanie Berghaus). 

 

 

The transition range in Tris-HCl buffer takes place between 50 and 60 oC without Mg2+ 

and between 80 and 90 oC with Mg2+. Further analysis of the scattering data (Guinier 

analysis, evaluation of the pair-distance correlation function p(r)) indicate that the radius 

of gyration, which is about 22 Å in the native state, does not change markedly for all 
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solution conditions upon raising the temperature, that is, the structural changes that take 

place seem to involve more internal structural rearrangements of the RNA molecule 

rather than complete unfolding to a random-coil kind of conformation, as often observed 

for temperature- induced unfolding of proteins [137]. Preliminary pressure- dependent 

data by using Synchrotron SAXS and a homebuilt pressure cell with diamond windows 

indicate that the tertiary structure of tRNAPhe is highly stable up to 400 MPa in both 

cases, in the presence and absence of Mg2+. Our observations are in good agreement with 

the FTIR measurements, which reveal only small changes in the secondary structure upon 

pressurization. However, minor changes in the tertiary structure, which have not been 

resolved so far by our measurements, cannot be ruled out. The high stability of tRNAPhe 

upon compression may be expected because HHP is known to stabilize helical forms and 

support the supercoiling of nucleic acids [143]. 

 

Figure 15b shows characteristic FTIR spectra of tRNAPhe as a function of pressure at 

ambient temperature (T = 20 oC). The diamond anvil technique, which can be used in the 

infrared experiments, also allows access to higher pressures ranges up to 1000 MPa. Also 

here, characteristic changes are clearly visible in the wavenumber region from 1696 to 

1684 cm-1 (double strand) and from 1677 to 1653 cm-1 (single strand), as discussed. 

Owing to pressure-induced background changes in the diamond anvil cell and to give a 

more accurate measure of the conformational changes that occur, the conformational 

changes in tRNAPhe have been determined in terms of the ratio of unpaired to duplexed 

GC pairs (Ifree/Iduplex) obtained from the infrared spectra recorded at around 1658 and 

1686 cm-1, respectively. Figure 24 shows the results for tRNAPhe in the absence and 

presence of Mg2+ as a function of temperature (a) and pressure (b) (for T = 20 oC). As 

can be clearly seen, the pressure-dependent changes are rather small, but still significant. 

At most, an increase of 15 % of unpaired bases is observed upon compression up to 1000 

MPa. For T = 20 oC, the Ifree/Iduplex ratio increases slightly up to about 200 and 350 MPa 

for tRNAPhe in the absence and presence of Mg2+, respectively. Upon further 

compression, constant Ifree/Iduplex values are observed up to approximately 600 MPa, 

which is again followed by a small increase in the number of unpaired base pairs and thus 

reveals a more phasic pressure effect on the structure of tRNAPhe upon pressurization. 
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For the higher temperature of 45 oC, the effect of pressure on the ratio of unpaired to 

paired base pairs is similar, but of a few percent only, that is, almost negligible. 

 

 
Figure 24. Ifree/Iduplex analysis of the temperature- and pressure-dependent FTIR data of tRNAPhe. 

a) Temperature-dependence of the ratio of unpaired to duplexed GC pairs (Ifree/Iduplex) as obtained from 

the infrared spectra recorded at ≈ 1658 cm-1 and ≈ 1686 cm-1, respectively, for tRNAPhe in the +/- of 15 

mM Mg2+ from 10 to 80 oC. b) pressure-dependence of the ratio of unpaired to duplexed GC pairs 

(Ifree/Iduplex) as obtained from the infrared spectra recorded at ≈ 1658 cm-1 and ≈ 1686 cm-1, respectively, 

for tRNAPhe in the absence and presence of 15 mM Mg2+. The error bars cover the scattering of three 

independent measurements. 

a) 

b) 
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The PPC data, do not reveal significant changes in the temperature-dependent expansivity 

data at Tm that would indicate a significant volume change upon RNA melting (Figure 

25). Which is in agreement with the pressure dependent FTIR where changes are rather 

small. 

 
Figure 25. Pressure perturbation calorimetric (PPC) of the tRNAPhe. The PPC data present the scan 

of 1 mg mL-1 of tRNAPhe in D2O solution in the absence and presence of 15 mM MgCl2. The time interval 

between pressure pulses has been 600 s, and the pressure-jump amplitude was +/- 5 bar (lines are guide to 

the eyes, only). The larger expansibility of the Mg2+-liganded tRNAPhe is probably due to a significantly 

larger hydration shell. No significant volume change upon melting is observed. (Selected data)  

 
 

3.4. Summary and conclusions 
 

A combined temperature- and pressure-dependent study was carried out to explore the 

conformational and free energy landscape of yeast tRNAPhe, an important model for 

RNA function. The goal was to elucidate the features and thermodynamic parameters that 

are essential in determining its stability, with the aim of also revealing its structural 

properties under extreme environmental conditions, such as low/high temperatures and 

high hydrostatic pressures. Owing to the strong ionic-strength dependence of the 

structure of nucleic acids, the effect of mono- and divalent ions on the temperature and 

 70 



Chapter 3: Exploring the free energy and conformational landscape of tRNA at high temperature and 
pressure conditions 

_____________________________________________________________________  
 

pressure stability of the tRNA was also explored. To this end, FTIR and fluorescence 

spectroscopy, SAXS, and calorimetric methods were applied. 

 

It has been shown that the native structure of tRNAPhe is disrupted upon removal of 

Mg2+, which leads to a markedly different temperature and pressure stability of the RNA. 

Addition of Mg2+ stabilizes the compact structure of the RNA against temperature, which 

thus increases the melting temperature of the RNA by about 30 oC and concomitantly 

increases the cooperativity of the melting transition. Mg2+ ions stabilize the tertiary 

structure in such a way that the entire structure melts essentially by a two-state transition, 

in accordance with the literature data [144]. The increase in the temperature stability can 

be attributed to an effective screening of the negative charges along the phosphate–sugar 

backbone of the tRNA. As expected, monovalent ions have a smaller effect (Figure 16), 

also in agreement with the literature data [145]. According to the SAXS data, the 

structural changes that take place upon melting seem to involve essentially internal 

structural rearrangements of the tRNA molecule, rather than a complete disruption of the 

tertiary structure. 

 

Compared with the pronounced temperature effect, the pressure-dependent changes in 

the secondary structure of tRNAPhe are rather small, however. A maximum increase of 

only about 15% unpaired bases is observed upon pressurization up to 1000 MPa. 

Interestingly, a more phasic pressure effect on the structure of tRNAPhe was observed in 

both the Mg2+-free and the Mg2+-complexed state, which indicates that different regions 

of the tRNAPhe possess different pressure stabilities. Remarkably, at high pressure, the 

stability is slightly decreased in the Mg2+-complexed state, probably owing to the creation 

of small voids in the compact native structure of tRNA. The fluorescence data of the Y-

base, which is located in the anticodon loop of tRNAPhe, indicate that pressure-induced 

melting of the base pairs takes place in other regions of the tRNA structure first (Figure 

21a). It can be speculated that structural changes in the hydrating solvent, that is, water, 

contribute to the pressure- induced changes observed. These changes would only be 

expected to appear at pressures above about 200 MPa, the pressure at which the 

structural changes of water start to take place by a steady increase in the number of 
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nearest neighbors, from approximately 4 to 6.5 at 500 MPa, which can be attributed to 

the penetration of non-hydrogen-bonded water molecules into the first shell [146]. To 

reveal the underlying contributions in detail, it would be helpful to carry out molecular 

dynamics simulations in future work. 

 

Duplex dissociation of nucleic acids is typically accompanied by a significant increase in 

solvent exposure and subsequent hydration of internal groups and a concomitant release 

of counterions to the bulk [147]. Whereas the overall volume change upon DNA melting 

(∆V) has often been found to be small and positive [109, 147], the spectroscopic data 

indicate that upon compression, the overall volume change of tRNAPhe is very small and 

slightly negative. This finding is in line with PPC data (Figure 25), which do not reveal 

significant changes in the temperature-dependent expansivity data at Tm that would 

indicate a significant volume change upon RNA melting, seen at Figure 25. Owing to the 

generally observed marked temperature dependence of ∆V [148], small negative values of 

∆V at lower temperatures and high pressures could still be envisioned, however. The 

decrease in volumetric effects at the higher temperatures would also explain the smaller 

pressure effect on Mg2+-complexed tRNAPhe at 45 oC. 

 

Generally, pressure stabilizes aromatic stacking and has little effect on the hydrogen-

bonding interactions that stabilize biomolecular structures. In contrast, pressure generally 

disrupts charge–charge interactions and favors full hydration of individual charged groups 

[126]. This effect arises from electrostriction of the water molecules around the individual 

ions, which causes these water molecules to have a higher density (smaller volume) than 

in bulk water. Other factors that can contribute to the observed ∆V value include 

differences in hydration of different conformational states and differences in the void 

volumes of these states. Void volumes arise from solvent-free cavities caused by 

imperfect packing of groups in the molecule. The different pressure stabilities of DNA 

and tRNA might be due to a significant void volume contribution to ∆V in the case of 

the less efficiently packed tRNA. In the case of DNA, ∆V is essentially determined by 

hydration changes upon melting [144]. In this way, RNA folding and unfolding differ 

fundamentally from protein folding and also from DNA melting. The pressure stability of 
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tRNAPhe seems to be similar to that of non-canonical DNA structures, such as G-

quadruplex DNA, which have also been found to be susceptible to pressure [89]. We 

must keep in mind, however, that the sign and magnitude of ∆V values generally appear 

to depend on the experimental temperature and the specific compositional characteristics 

of the nucleic acid structure in question [128, 149]. 

 

The biological implications of our findings would be that organisms living under high 

pressure conditions, such as in the deep sea, where pressures up to the 100 MPa (1 kbar) 

level are encountered [126, 127], would hardly be affected by the minor conformational 

changes that take place in tRNA up to this pressure. 
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4.1. Background 

 

The RNA hairpin structure is formed when a polynucleotide single strand folds back on 

itself to form intramolecular Watson-Crick base pairs, resulting in a helical stem capped 

by the loop (Figure 26). The hairpin is the predominant secondary structure of RNAs, 

and its amount varies depending on the RNA type and function. The amount of 

nucleotide residues at the hairpin loop also varies depending on the RNA molecule; for 

example, tRNA hairpin loops contain seven nucleotides while ribosomal hairpin loops 

contain four nucleotides. These variations may have an impact on RNA’s structural, 

thermodynamic, dynamical and hence functional properties [102]. It has been shown in 

the literature that 70% of all tetraloops in rRNA are either UNCG or GNRA (N is related 

to nucleotide and R is related to purines) [156], and they vary between organisms, from 

UUCG to GCAA for the same hairpin in closely related organisms [157]. Also, these 

RNA hairpins have significant thermodynamic stability due to the presence of several 

noncanonical interactions [46, 47]. They serve as nucleation site for RNA folding, ligand 

binding and tertiary folding initiation. Due to their importance, simplicity and size, small 

hairpins serve as prototype for folding dynamics and structure stability studies [41, 47, 53, 

55, 158, 159]. 
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Figure 26. Small RNA hairpin tetraloop, gcUUCGgc. (b) is 180o flipped over (a). The nucleotides at 

the duplex stem can be identified as GS1 (pink), CS2 (blue), GS3 (green) and Cs4 (light blue). The folded 

sRNAH has a fully formed helix stem. There is a non-canonical hydrogen bound, a G.U trans-wobble 

interaction, between GL4 (yellow) and UL1 (white) bases. UL2 (light pink) is flipped out and exposed to the 

solvent. There is also a hydrogen bond between CL3 (orange) and UL1 its 2OP1 site, leading to a marked 

stability of the tetraloop. According to X-ray data, CL3 would be stacked on UL1, however NMR data 

showed that CL3 is rotated out of plane in the backbone direction, and does not have an effective stack 

interaction on top of UL1 [48, 49] (Image of PDB: 1F7Y [48] created using Pymol Molecular Graphic 

System, Version 1.8 Schrödinger, LLC). 
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A molecular dynamics study from D. Chakraborty et al. (2014) [47] showed that the 

energy landscape of small tetraloop hairpins, UUCG and GCAA hairpin loops, is quite 

complex and that two-state kinetic profiles cannot accurately describe their folding 

mechanism (Figure 27). They also demonstrated that these structures are highly 

thermostable, so that even at temperatures as high as 1000 K in their simulations, 

extended-chain conformations are less populated compared to more compact 

conformational states. Through variations of counterion concentration coupled with 

temperature-jump analysis, folding pathways were analyzed and an amount of 86599 

transition states was estimated for the UUCG loop and 86599 transition states for the 

GCAA loop. 

 

 
 

Figure 27. Theoretically proposed free energy landscape of the small RNA hairpin with the 

gcUUGCgc sequence. Representation adapted from the theoretical free energy landscape proposed by 

D. Chakraborty et al. (2014) [47] where denatured compact states are more commonly found than 

extended stated. The different conformations are divided and classified as native, frayed, compact and 

extended states. The extended states lack any interaction between the nucleotides, compact states lack 

stem interactions but some loop interactions can be found, frayed states lack one of the stem interactions, 

and the native state comprises all stem and loop interactions. 
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The folding/unfolding equilibrium thermodynamics of the RNA tetraloop gcUUCGgc 

has been theoretically studied by Garcia & Paschek (2008) [55]. In this work, a calculation 

of the free energy landscape as a function of temperature and pressure was performed, 

resulting in a temperature-pressure elliptical-shaped stability phase diagram of the small 

RNA hairpin, which is accompanied by multiple conformational states (Figure 28). 

Recent molecular dynamics work by Miner et al. (2016) [103] characterized the 

thermodynamics and folding free energy landscape of the RNA tetraloop gcGCAAgc in 

more detail. They showed that the hairpin structure is primarily dominated by right-

handed A-RNA stems with diverse loop conformations. In addition, a left-handed stem 

Z-RNA, and a compact purine triplet has been found. Each of these structural 

configurations presented a different stability as a function of temperature and pressure. 

Under high hydrostatic pressure conditions, the A-RNA conformation is stabilized and its 

population is therefore increased. On the other hand, the Z-RNA conformation is 

destabilized and its population decreases. Changes in pressure also modulated the 

interaction of the RNA molecule with the solvent and ions. 

 

 
Figure 28. Theoretically proposed temperature-pressure elliptical-shaped stability phase diagram 

of the small RNA hairpin tetraloop gcUUCGgc (adapted from the diagram calculated in the 

literature [55]). According to this diagram, pressure should destabilize the hairpin structure at lower 

temperatures, and favor native or native-like conformatios of the hairpin at higher temperatures. 
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The ability of small RNA hairpins to adopt different configurations and its high 

thermodynamic stability exemplify the ability of RNA molecules to adapt to a certain 

environment of salt, temperature and pressure conditions. These transformations are 

crucial for the adaptation of biological function in diverse organisms. Therefore, revealing 

the free energy landscape of these structures, and explore the forces controlling their 

stability are highly important to understand the thermal and pressure stability of 

thermophilic and piezophilic organisms. The question about the adaptation mechanisms 

of these organisms is still largely unanswered. 

 

4.2. Experimental details 

 

4.2.1. RNA molecule 

 

The small RNA hairpin (sRNAH) molecule used in this study had a 5’-gcUUCGgc-3’ 

sequence. Fluorescent labeled sRNAH molecules were also used, for comparison with 

results from Förster resonance energy transfer (FRET) measurements performed in a 

parallel work by Dr. Salomé Pataraia. The fluorescent dyes were attached to the same 

molecule, with a final sequence of  5’-Cyanine 3 - GCUUCGGC- Cyanine 5 - 3’. These 

complimentary UV-vis and FTIR spectroscopy results of  the labeled sRNAH are found 

in the Appendix 8.1. 

 

4.2.2. Sample preparation 

 

The small RNA hairpins (sRNAH non-labeled: 5’-GCUUCGGC-3’; sRNAH labeled: 5’-

Cyanine 3 - GCUUCGGC- Cyanine 5 - 3’) were synthetized by IBA Life Solutions for 

Life Science GmbH (Goettingen, Germany), and were received as lyophilized powder. 

The sRNAH was suspended in a 0.1 mmol µL-1 nuclease free water solution, and stored 

at -80 oC. For the techniques applied, different sRNAH concentrations were used. The 

samples were lyophilized to remove H2O, and then suspended in pure 50 mM TRIS- HCl 

buffer + 0.1 mM EDTA, pH 7.5. The experiments were carried out multiple times, and 

different batches of RNA were used.  
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4.2.3. FTIR spectroscopy  

 

The infrared spectra of sRNAH were recorded and analyzed between 1750 and 1500 cm-1 

that is the region essentially associated with C=O stretching vibrations of paired and free 

nucleobases and imidazole ring vibrations. Each FTIR spectrum was obtained by 

recording 256 scans at a spectral resolution of 2 cm-1. Spectral evaluation was carried out 

by using Thermo GRAMS software as described in section 2.2.1.5, and the experimental 

data were fitted with Origin- Pro 9.0G software.  

 

4.2.3.1. Ambient pressure FTIR 

 

The labeled and non-labeled sRNAH samples were lyophilized overnight and then diluted 

in 50 mM Tris-HCl buffer + 0.1 mM EDTA, to a final concentration of 0.5 wt % in 50 

µL volume. The ambient-pressure FTIR measurements were carried out by using a 

Thermo Nicolet5700 spectrometer with a liquid-nitrogen-cooled MCT detector. An 

external water thermostat served as a temperature control. The sample chamber was 

continuously purged with dry air. The sample concentration chosen was 5 mg mL-1 in a 

50 µL sample cell that consisted of 0.4 mm thick CaF2 transmission windows and a 0.05 

mm spacer.  

 

4.2.3.2. High pressure FTIR 

  

The labeled and non-labeled sRNAH samples were lyophilized overnight and then diluted 

in 50 mM Tris-HCl buffer + 0.1 mM EDTA, to a final concentration of 4.5 wt% in 6 µL 

volume to give a sufficiently high signal-to-noise ratio. The pressure-dependent FTIR 

data were recorded by using a Nicolet Magna550 spectrometer equipped with a liquid-

nitrogen-cooled MCT detector. The infrared light was focused onto the pinhole of a gas-

membrane-driven diamond anvil cell with a brass spacer (Diacell Vivo DAC, Almax. 

easyLab). Fine BaSO4 powder was used as an internal pressure calibrant [146, 148, 155]. 

An external water thermostat served as temperature control. After each pressure change, 

the sample was equilibrated for 10 min before acquisition of the IR spectrum. Two 
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different temperatures were used, 20 oC and 70 oC for the FTIR measurements in the gas 

membrane (VivoDac) high-pressure cell.  

 

4.2.4. UV-vis spectroscopy 

 

A UV-1800 UV-vis spectrometer from Shimadzu was used to collect absorbance spectra 

of the small RNA hairpin. An external water bath connected to the cuvette holder kept 

the temperature constant during all measurements. The measurements were carried out 

using standard quartz cuvettes with 300 µL of RNA sample volume. The labeled and non-

labeled sRNAH samples were lyophilized overnight and then diluted in 50 mM Tris-HCl 

buffer + 0.1 mM EDTA, to a final concentration of 40 µM in 300 µL volume. The 

temperature varied from 10 to 80 oC in the cuvette. The sample temperature was 

equilibrated for 20 minutes before the acquisition of a new UV spectrum. 

 

4.3. Results and discussion 

 

4.3.1. Temperature-dependent analysis of  the small RNA hairpin 

 

4.3.1.1. Small RNA hairpin in-plane base vibrations sensitive to effects of  base 

pairing followed by FTIR spectroscopy 

 

Conformational transitions of RNA molecules can be followed by FTIR spectroscopy 

under varied conditions, such as different temperatures and high hydrostatic pressures. 

The RNA infrared signal can be divided into two main regions, from 1800 to 1500 cm-1 

(related to base pairing and base stacking interaction signals) and from 1500 to 1250 cm-1 

(related to glycosidic bond rotation, backbone conformation and sugar pucker). For 

detailed information on RNA IR band assignment, see Table 1 in section 2.2.1.5. In the 

1800 to 1500 cm-1 wavenumber region, the IR bands are originating from nucleobase 

vibrations which are sensitive to base stacking and base-pairing interactions. The IR 

bands are related to double or single strand vibrations, which include C=C, C=N, and 

C=O stretching of free and/or bonded nucleotides. A double strand to single strand 
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transition results in a decrease in the intensity of the IR band at around 1696 to 1684 cm-1 

with a concomitant increase in the band at around 1677 to 1653 cm-1. The former arises 

due to the C6=O6 stretch of base-paired guanine plus the C2=O2 stretch of uracil. The 

latter band arises mainly from the stretching vibrations of C6=O6 of free (i.e., non-base 

paired) guanine, the C2=O2 stretch of free cytosine, and the C4=O4 stretch of free uracil 

[114, 136]. For better analysis of the IR bands the 1800 to 1500 cm-1 region can be 

divided into two areas, from 1720 to 1600 cm-1, and from 1600 – 1550 cm-1. 
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Figure 29. Temperature-dependent normalized and second derivative spectra of the small RNA 

hairpin in the wavenumber region from 1740 to 1600 cm-1. Second derivative and normalized spectra 

of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 95 oC. In the 

normalized spectra, the IR band from 1696 to 1684 cm-1, related to base paired nucleotides, decreases 

with temperature (indicated by the arrow). The IR band from 1677 to 1653 cm-1, related to free 

nucleotides, increases with temperature (indicated by the arrow). The most important bands are indicated 

by the grey rectangles in the second derivative spectra. The highlighted bands are: 1694 cm-1, 1685 cm-1, 

1661 cm-1, 1653 cm-1, 1617-10 cm-1. (Selected data) 

 

 

Figure 29 shows the second derivative and normalized spectra of the temperature-

dependent FTIR analysis of the sRNAH in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM 

EDTA, from 10 to 95 oC, in the wavenumber region from 1740 to 1600 cm-1. Thermal 
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unfolding can be easily detected in the IR spectra by the significant decrease in 

absorbance (A) of the IR band at 1686 cm-1, which is characteristic of base paired G-C 

vibrations, and the concomitant significant increase in IR intensity of unpaired nucleic 

acids at around 1660 cm-1. It is shown in the second derivative spectra that the IR bands 

at 1696 cm-1 and 1685 cm-1, related to base paired vibrations of uracil and guanine, 

respectively, reveal a constant decrease until total denaturation. There is a concomitant 

increase of the bands at 1661 cm-1 and 1653 cm-1, related to free base vibrations of 

guanine and uracil, respectively. The band intensity displays a strong variation from 30 to 

60 oC, which can be related to total disruption of the Watson-Crick base pairs. The small 

IR band at 1610 cm-1 shift to 1617 cm-1 during melting, and which can be assigned to free 

base vibrations of uracil.  

 

The conformational changes in sRNAH have been determined in terms of the ratio of 

unpaired to paired G-C nucleotides pairs (Ifree/Iduplex), as seen in Figure 30, obtained from 

the IR bands of different recorded spectra (Figure 29), at around 1660 and 1686 cm-1, 

respectively. The sRNAH shows a gradual and significant increase in the intensity ratio 

with a broad “two-state model” like denaturation melting profile, with the melting 

transition temperature occurring around 50 oC. The RNA molecule does achieves a 

constant Iratio plateau from 70 to 95 oC. However, the sRNAH structure might not be 

fully unfolded as extended chain ensembles. In this temperature range, it may rather 

comprise various intermediate compact unfolded or coil like structures, as demonstrated 

in the literature [47]. Molecular dynamics studies have shown that a small RNA molecule, 

such as the sRNA (gcUUCGgc), is highly stable and can have numerous substates. These 

states can vary between native structure, frayed structures, compact unfolded/coil like 

structures, and extended/fully unfolded structures. However, the fully extended state is 

unpopulated even at a temperature of 1000 K [47].  

 

 

 86 



Chapter 4: Exploring temperature and pressure effects on the structure and stability of a small RNA 
hairpin 

_____________________________________________________________________  
 

 
Figure 30. Ifree/Iduplex analysis of the temperature-dependent FTIR data of the small RNA hairpin. 

Temperature-dependence of unpaired to duplexed GC pairs ratio (Ifree/Iduplex) as obtained from the 

infrared spectra recorded at ≈ 1658 cm-1 and ≈ 1686 cm-1, respectively, for 5 mg mL-1 small RNA hairpin 

in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 95 oC. The error bars cover the scattering of 

three independent measurements.  

 

 

4.3.1.2. UV-vis spectroscopy of the small RNA hairpin  

 

In order to confirm the FTIR melting profile, UV-vis spectroscopy measurements were 

carried out. Nucleic acids are known to have a strong absorbance in the region of 240 – 

275 nm. At neutral pH, the UV absorption maxima range from 275 nm for guanine, 270 

nm for cytosine, to 260 nm for uracil bases. Consequently, polymeric RNA shows a broad 

absorbance around 260 nm. When nucleotides are stacked, they are shielded from the 

solvent, and its absorbance is smaller compared to single stranded nucleic acid chains. 

The RNA denaturation is then followed by an increase in the absorbance around 260 nm.  
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Figure 31. Temperature-dependent UV-vis spectra of the small RNA hairpin. UV-vis spectra of 40 

µM small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 80 oC. The UV-vis 

absornce increases with increasing temperature (indicated by the arrow). (Selected data) 

 
Figure 32. Temperature-dependent UV-vis maximum absorbance at 259 nm of the small RNA 

hairpin. Maximum absorbance at 259 nm, standard marker of polymeric RNA at UV-vis, of 40 µM small 

RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 80 oC. The error bars cover the 

scattering of three independent measurements.  
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Figure 33. Temperature-dependent UV-vis maximum absorbance at 275 nm of the small RNA 

hairpin. Maximum absorbance at 275 nm, UV absorption maxima for guanine, of 40 µM small RNA 

hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 80 oC. The error bars cover the scattering 

of three independent measurements.  

 

 

The UV-vis spectroscopy results seen in Figures 32 and 33 are in good agreement with 

the FTIR data. The UV-vis data show a continuous denaturation until 50 oC. The UV-vis 

spectroscopy data suggest that the melting transition cannot be described as a two-state 

model denaturation profile, but rather a constant increase of the nucleotide free base 

vibrations until 50 oC. It can also be observed that with increase temperature a shoulder 

appears in the UV-vis spectra (Figure 31) at the wavelength of 275 nm. This UV signal 

can be related to the absorbance of free guanine, specifically, since the sRNAH stem only 

has G-C stem connections. The denaturation profile following the signal at 275 nm has 

the same trend as observed for the main UV signal at 259 nm (Figure 33 and 32 

respectively).  
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4.3.1.3. Small RNA hairpin in-plane base vibrations sensitive to effects of base 

stacking followed by FTIR spectroscopy 

 

 
Figure 34. Temperature-dependent normalized and second derivative spectra of the small RNA 

hairpin in the wavenumber region from 1600 to 1550 cm-1. Second derivative and normalized spectra 

of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 95 oC. In the 

normalized spectra, the IR band at 1590 to 1575 cm-1, related to ring vibrations of C4 = C5 and C5 – C6 

of free and base paired guanine, increases with temperature (indicated by the arrow). The IR band at 1568 

to 1564 cm-1, related to ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base paired 

guanine, decreases with temperature (indicated by the arrow). The most important bands are indicated by 

the grey rectangle in the second derivative spectra. The highlighted bands are: 1576 cm-1, 1564 - 60 cm-1. 

(Selected data) 
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Figure 34 shows the temperature-dependent FTIR spectra of sRNAH in 50 mM Tris-HCl 

buffer pH 7.5 + 0.1 mM EDTA, from 10 to 95 oC, in the wavenumber region from 1600 

to 1550 cm-1. In this region of the RNA spectra, two IR bands can be observed. One IR 

band around 1590 to 1575 cm-1 and another IR band around 1568 - 1564 cm-1. The 

former band arises from ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and 

base paired guanine. The latter band arises from ring vibrations of C4 = C5 and C5 – C6 

of free and base paired guanine (for a more detailed RNA IR band assignment 

description, see Table 1 in section 2.2.1.5). The intensity increase of the IR band at 1575 

cm-1 follows the denaturation of the sRNAH. Apparently, the IR band at 1560 cm-1 

decreases in intensity, howerver it shifts to higher wavenumbers, as seen in the second 

derivative spectra. These bands are also assigned in order to follow the behavior of free 

and base paired guanine of guanine rich regions. Changes in the position of the guanine 

doublet bands between 1590 – 1564 cm-1 are also related to changes in the environment 

of the guanine nucleotides [114]. Both bands show pronounced changes in intensity and 

wavenumber. The increase in intensity confirms loss of structure, and the wavenumber 

shift indicates that there are some changes in the guanine environment. However, the ring 

vibrational changes, or stacking interactions, are not as pronounced as the increase of free 

guanine base pairing vibrations at 1660 cm-1 (Figure 29).  

 

4.3.1.4. Small RNA hairpin base-sugar vibrations followed by FTIR spectroscopy 

 

The base sugar vibrations were also followed by FTIR spectroscopy. The wavenumber 

area ranges from 1500 to 1250 cm-1 (for a more detailed description of the IR band 

assignment, see Table 1 in section 2.2.1.5). In this region, the IR bands are originating 

from base-sugar vibrations which are sensitive to glycosidic bond rotation, backbone and 

sugar pucker conformations. The IR bands are related to backbone vibrations in A-, B- 

and Z-forms, sugar pucker in N- or S-type conformations and N7 site vibrations of 

purines. It is a spectral region where a wide variety of subbands can appear. However, the 

major IR bands in this spectra region cannot be assigned to the sRNAH, since its minimal 

sequence does not have, for example, adenine base, which is essential to correlate changes 

 91 



Chapter 4: Exploring temperature and pressure effects on the structure and stability of a small RNA 
hairpin 

_____________________________________________________________________  
 

in backbone conformation. There is no assignment in the literature for guanine, cytosine 

or uracil in relation to the bands recorded around 1464 cm-1 and 1440 cm-1 by FTIR. 

 

 
Figure 35. Temperature-dependent normalized and second derivative spectra of the small RNA 

hairpin in the wavenumber region from 1530 to 1380 cm-1. Second derivative and normalized spectra 

of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 95 oC. IR bands 

are originating from base-sugar vibrations that are sensitive to glycosidic bond rotation, backbone and 

sugar pucker conformations. The IR bands are related to backbone vibrations in A-, B- and Z-forms, 

sugar pucker in N- or S-type conformations and N7 site vibrations of purines. The most important bands 

are indicated by the grey rectangle in the second derivative spectra. The highlighted bands are: 1522 cm-1, 

1499 cm-1, 1476 – 60 cm-1, 1421 cm-1, 1402 cm-1. (Selected data) 
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Figure 35 shows the temperature-dependent FTIR spectra of the sRNAH in 50 mM Tris-

HCl buffer pH 7.5 + 0.1 mM EDTA, from 10 to 80 oC, in the wavenumber region from 

1530 to 1380 cm-1. The IR band at 1498 cm-1, which is assigned as in-plane vibrations of 

cytosine, shows a significant decrease with temperature. This can be related only to the 

shift from base paired cytosine to free cytosine during denaturation. An IR band can be 

observed at 1403 cm-1, which is assigned as RNA vibrations of an in-plane C – O – H 

deformation mode at the 2’ position of the ribose ring [160]. A small IR band at 1421 cm-

1 related to purine (guanine) sugar in S-type conformation (sugars at C2’– endo sugar 

pucker conformation of guanine in B-form) can also be observed. This band shows an 

increase in intensity during denaturation, indicating that there are environmental changes 

in the backbone of the sRNAH during melting which favors the B-form upon melting. 

The sugar pucker conformation is directly related to the backbone conformation.  

 

When the RNA molecule has A- and/or Z-forms, a right-handed more compact helix and 

a left-handed helix conformation appears, respectively, and the ribose sugar adopts a C3’-

endo conformation. It means that the C3 atom of the sugar pucker is above the plane in 

comparison to the nucleoside. This conformation brings the nucleotides closer, which in 

turn render the helix more compact than the B- helix. The Z-form has the guanine sugar 

pucker in C3’-endo conformation, but its cytosine stays in C2’-endo conformation (C2 

atom of sugar pucker is above the plane), which makes the Z-form adopt a left-handed 

helical conformation. The Z-form is an intermediate and less stable backbone 

conformation that one can find in RNA and DNA. C2’-endo sugar puckers are 

characteristic of a B-form helix, a less compact right-handed helix typical of the DNA 

backbone conformation.  

 

There are distinct changes of secondary structural features seen in the FTIR spectra of the 

sRNAH upon thermal denaturation. The double helical bonds of the native structure are 

lost, but apparently, some loop interactions remain. It can also be noted that changes in 

the intensity of the base pair vibration are more significant than the changes observed for 

ring stacking vibrations. These temperature-dependent FTIR results suggest that upon 
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denaturation, the sRNAH adopts a compact unfolded structure rather than a fully 

unfolded (extended chain) conformation, as suggested by a theoretical study [47].  

 

4.3.2. Pressure-dependent FTIR analysis of the small RNA hairpin 

 

4.3.2.1. Small RNA hairpin in-plane base vibrations sensitive to effects of  base 

pairing followed by FTIR spectroscopy 

 

High hydrostatic pressure (HHP) FTIR measurements were also performed for the 

sRNAH (for experimental details, see section 2.2.1.1 and/or 4.2.3). The HHP pressure 

measurements were performed for selected temperatures, in order to test the theoretical 

predictions in which a pressure – temperature (p – T) free energy diagram was calculated. 

According to the diagram, the hairpin structure would be destabilized by high hydrostatic 

pressure at lower temperature, and that at high temperature the denatured hairpin 

structure would be stabilized by high hydrostatic pressure [55].  
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Figure 36. Pressure-dependent normalized and second derivative spectra of the small RNA 

hairpin in the wavenumber region from 1740 to 1600 cm-1 at 20 oC. Second derivative and normalized 

spectra of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 0.1 to 400 

MPa at 20 oC. In the normalized spectra, the IR band from 1696 to 1684 cm-1, related to base paired 

nucleotides, decreases with temperature (indicated by the arrow) The IR band from 1677 to 1653 cm-1, 

related to free nucleotides, increases with temperature (indicated by the arrow). The most important bands 

are indicated by the grey rectangle in the second derivative spectra. The highlighted bands are: 1688 cm-1, 

1658 cm-1, 1661 cm-1, 1624 cm-1. (Selected data) 

 

 

Figure 36 shows the pressure-dependent FTIR spectra of sRNAH in 50 mM Tris-HCl 

buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 20 oC, in the wavenumber 

region from 1740 to 1600 cm-1. Pressure causes a small decrease in absorbance (A) of the 

 95 



Chapter 4: Exploring temperature and pressure effects on the structure and stability of a small RNA 
hairpin 

_____________________________________________________________________  
 

IR band at 1686 cm-1, which is characteristic of base paired G-C vibrations, and a 

concomitant increase in IR intensity of unpaired nucleic acids around 1660 cm-1. It can be 

seen that the sRNAH structure is destabilized by pressure, which is mainly due to the 

increase of single strand vibrations of guanine at 1660 cm-1. However, the structural 

destabilization is rather small when compared to the temperature dependent FTIR data 

(Figure 29). The pressure-induced destabilization of the sRNAH structure, at 20 oC, may 

be related to variations of non-native intermediate structures, where different base pair 

arrangements appear. For example, frayed intermediate ensembles vary between only one 

base pair the stem, the terminal base pair or the closing base pair, as seen in Figure 26 [47, 

103]. The FTIR result shows that the hyperstable sRNAH is not completely unfolded by 

pressure up to 400 MPa. Pressure apparently induces only small structural rearrangements 

of the native fold at 20 oC, probably due to changes in volume and hydration of the RNA 

molecule. 
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Figure 37. Pressure-dependent normalized and second derivative spectra of the small RNA 

hairpin in the wavenumber region from 1740 to 1600 cm-1 at 70 oC. Second derivative and normalized 

spectra of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 0.1 to 400 

MPa at 70 oC. In the normalized spectra, the IR band from 1696 to 1684 cm-1, related to base paired 

nucleotides, is not observed after denaturation. The IR band from 1677 to 1653 cm-1, related to free 

nucleotides, does not show significant changes under high hydrostatic pressure. The most important 

bands are indicated by the grey rectangle in the second derivative spectra. The highlighted bands are: 1660 

cm-1, 1658 cm-1, 1616 cm-1. (Selected data) 

 

 

Figure 37 shows the pressure-dependent FTIR spectra of sRNAH in 50 mM Tris-HCl 

buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 70 oC, in the wavenumber 
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region from 1740 to 1600 cm-1. Pressure does not cause changes in absorbance (A) of the 

IR band at 1660 cm-1, characteristic for unpaired guanine bases. Due to thermal 

denaturation of sRNAH molecule, there is no IR band at 1686 cm-1, which is 

characteristic of base paired G-C vibrations. The comparison between the IR band 

absorbance at 1660 cm-1 of the pressure dependent FTIR measurements at 20 oC and 70 
oC is shown in Figure 38 below. It can be seen that pressure does not promote refolding 

of the native sRNAH structure, since no IR signal for G-C base pairs can be detected. In 

addition, the compact unfolded structures are not further destabilized by pressure, as the 

signal of single strand vibrations of guanine at 1660 cm-1 does not change [47, 103].  

 
Figure 38. Pressure-dependent changes of the small RNA hairpin free base vibrations of guanine 

and uracil followed by FTIR. Pressure-dependence change of the intensity of unpaired GC pairs 

obtained from the infrared spectra recorded at ≈ 1658 cm-1 for 5 mg mL-1 small RNA hairpin in 50 mM 

Tris-HCl buffer + 0.1 mM EDTA from 0.1 to 400 MPa, at 20 oC and 70 oC.  
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4.3.2.2. Small RNA hairpin in-plane base vibrations sensitive to effects of base 

stacking followed by FTIR spectroscopy 

 

 
 
Figure 39. Pressure-dependent normalized and second derivative spectra of the small RNA 

hairpin in the wavenumber region from 1600 to 1550 cm-1 at 20 oC. Second derivative and normalized 

spectra of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 0.1 to 400 

MPa at 20 oC. In the normalized spectra, the IR band at 1590 to 1575 cm-1 is related to ring vibrations of 

C4 = C5 and C5 – C6 of free and base paired guanine and does not show significant changes. The IR 

band at 1568 to 1564 cm-1, related to ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base 

paired guanine, shows a small increase in intensity (indicated by the arrow). The most important bands are 

indicated by the grey rectangle in the second derivative spectra. The highlighted bands are: 1579 - 77 cm-1, 

1566 - 63 cm-1. (Selected data) 
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Figure 39 shows the pressure-dependent FTIR spectra of the sRNAH in 50 mM Tris-HCl 

buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 20 oC, in the wavenumber 

region from 1600 to 1550 cm-1. The two characteristic IR bands in this region are the 

bands around 1590 to 1575 cm-1, and 1568 to 1564 cm-1. Both of these bands arise from 

ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base paired guanine. 

Changes in the position of this band are related to environment changes of guanine, and 

they are also used to follow the behavior of guanine-rich areas. The intensity of both IRs 

band reduces when guanine forms base pairs (for more detailed RNA IR band 

assignment, see Table 1 in section 2.2.1.5). It can be observed that the sRNAH displays a 

very small increase of the IR band around 1566 cm-1, only. The intensity of the IR band 

around 1580 cm-1 does not exhibit significant changes with increasing pressure. These 

results show that the effect of high hydrostatic pressure even up to 400 MPa on the native 

structure of the sRNAH is rather small, especially when related to guanine ring vibrations.   
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Figure 40. Pressure-dependent normalized and second derivative spectra of the small RNA 

hairpin in the wavenumber region from 1600 to 1550 cm-1 at 70 oC. Second derivative and normalized 

spectra of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 0.1 to 400 

MPa at 70 oC. In the normalized spectra, the IR band at 1590 to 1575 cm-1, related to ring vibrations of 

C4 = C5 and C5 – C6 of free and base paired guanine,  shows a significant wavenumber shift (indicated 

by the arrow). The IR band at 1568 to 1564 cm-1, related to ring vibrations of C6 = O6, C5 – C6 and C4 

= C5 of free and base paired guanine, shows a small intensity decrease with increasing pressure (indicated 

by the arrow). The most important bands are indicated by the grey rectangle in the second derivative 

spectra. The highlighted bands are: 1586 - 81 cm-1, 1565 - 60 cm-1. (Selected data) 

 

 

Figure 40 shows the pressure-dependent FTIR spectra of the sRNAH in 50 mM Tris-HCl 

buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 70 oC, in the wavenumber 
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region from 1600 to 1550 cm-1. The two characteristic IR bands of this region are the 

bands around 1590 to 1575 cm-1, and 1568 to 1564 cm-1, respectively. Both of these 

bands arise from ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base 

paired guanine. Changes in the position of this band are related to the environment of 

guanine, and they are also used to follow the behavior of guanine-rich areas. The intensity 

of both IR bands reduce when guanine forms base pairs (for a more detailed RNA IR 

band assignment, see Table 1 in section 2.2.1.5). It can be observed that the IR band 

around 1576 cm-1 shifts to higher wavenumber, to ~ 1582 cm-1, but the intensity does not 

change upon pressurization. The intensity of the IR band around 1565 cm-1 reveals a 

small decrease with pressure, only. Obviously, high hydrostatic pressure does not have a 

significant effect on the ring vibrations of guanine of the sRNAH structure after thermal 

denaturation.  

 

The thermal denaturation results of the sRNAH reveal that, at 70 oC, the structure was 

largely denatured, probably assuming a compact unfolded state, where some loop 

connections may still be present. Therefore, pressure has a small effect on the base 

pairing and base stacking interactions of the sRNAH under these conditions. It might 

induce some minor structural rearrangements only and does not promote formation of 

new native stem connections after thermal denaturation. 
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4.3.2.3. Small RNA hairpin base-sugar vibrations followed by FTIR spectroscopy 

 
Figure 41. Pressure-dependent normalized and second derivative spectra of the small RNA 

hairpin in the wavenumber region from 1540 to 1380 cm-1 at 20 oC. Second derivative and normalized 

spectra of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 0.1 to 400 

MPa at 20 oC. IR bands originate from base-sugar vibrations that are sensitive to glycosidic bond rotation, 

backbone and sugar pucker conformations. The IR bands are related to backbone vibrations in A-, B- and 

Z-forms, sugar pucker in N- or S-type conformations and N7 site vibrations of purines. The most 

important bands are indicated by the grey rectangle in the second derivative spectra. The highlighted 

bands are: 1523 cm-1, 1500 cm-1, 1467 – 61 cm-1, 1403 cm-1. (Selected data) 

 

 

Figure 41 shows the pressure-dependent FTIR spectra of sRNAH in 50 mM Tris-HCl 

buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 20 oC, in the wavenumber 
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region from 1540 to 1380 cm-1. The IR band at 1522 cm-1, which is characteristic of in-

plane vibrations of cytosine shows small variations in intensity, only. The IR band at 1500 

cm-1, which is also characteristic of in-plane vibrations of cytosine shows a more 

significant intensity decrease than the former band. This intensity decrease could be 

related to small structural rearrangements caused by pressure. The IR bands observed 

from 1490 to 1420 cm-1 are assigned in the literature to adenine backbone vibrations, and 

unfortunately cannot be related to this sRNAH structure. An IR band can be observed at 

1403 cm-1, which is assigned to RNA vibrations of the in-plane C – O – H deformation 

mode at the 2’ position of the ribose ring [160]. These observations are in agreement with 

the others IR bands observed in the IR spectra of sRNAH, revealing that at lower 

temperatures, pressure has a small destabilizing effect on the sRNAH backbone and sugar 

pucker conformation only when compared to the thermal denaturation profile.   
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Figure 42. Pressure-dependent normalized and second derivative spectra of the small RNA 

hairpin in the wavenumber region from 1560 to 1360 cm-1 at 70 oC. Second derivative and normalized 

spectra of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 0.1 to 400 

MPa at 70 oC. IR bands originate from base-sugar vibrations that are sensitive to glycosidic bond rotation, 

backbone and sugar pucker conformations. The IR bands are related to backbone vibrations in A-, B- and 

Z-forms, sugar pucker in N- or S-type conformations and N7 site vibrations of purines. The most 

important bands are indicated by the grey rectangle in the second derivative spectra. The highlighted 

bands are: 1525 - 21 cm-1, 1500 cm-1, 1403 – 93 cm-1. (Selected data) 

 

 

Figure 42 shows the pressure-dependent FTIR spectra of sRNAH in 50 mM Tris-HCl 

buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 70 oC, in the wavenumber 

region from 1540 to 1380 cm-1. The IR band at 1522 cm-1, which is characteristic of in-
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plane vibrations of cytosine, shows a small shift to slightly higher wavenumber, only. The 

IR band at 1500 cm-1, which is also characteristic of in-plane vibrations of cytosine, has a 

more significant intensity decrease than the former band. This intensity decrease can be 

related to he small structural rearrangement caused by pressure, since the sRNAH is 

probably not fully unfolded. The sRNAH may consist of some unfolded/compact 

conformational states where small interactions between the nucleotides are still possible. 

The IR bands observed from 1490 to 1420 cm-1 are assigned in the literature to adenine 

backbone vibrations and cannot be related to this sRNAH structure. An IR band can be 

observed at 1400 cm-1, which is assigned to RNA vibrations of the in-plane C – O – H 

deformation mode at the 2’ position of the ribose ring [160].  

 

The pressure-dependent FTIR results show that pressure does not favor the stabilization 

of  more compact conformations and does not promote formation of  new native stem 

connection as proposed by an earlier molecular dynamics study [55]. This theoretical 

study proposed an elliptical p, T-stability diagram, where the structure of  the sRNAH 

(gcUUcggc) could be denatured at high hydrostatic pressure and low temperature, and 

high hydrostatic pressure could promote the refolding of  its native or near-native 

structure at high temperatures. In the present results, pressure revelead a small 

destabilizing effect at lower temperatures, but this seams to be a small fraction when 

compared to the thermal denaturation scenario. It has been shown in the literature that 

the free energy landscape of  the sRNAH could have a variety of  intermediate structures, 

classified as extended unfolded, compact unfolded, frayed and native [47]. These results 

together indicate that at high temperature, pressure may induce variations between 

different unfolded compact states, where many different loop arrangements can be found. 

At lower temperatures, pressure causes a minor destabilization of  the native 

conformation that could promote a shift between native-like and frayed conformations. 

 

4.4. Summary and conclusions 

 

The conformational changes of  the sRNAH, gcUUCGgc, were experimentally analyzed 

over a wide range of  temperatures and pressures, by UV-vis spectroscopy and FTIR 
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spectroscopy. The temperature-dependent FTIR results showed that the sRNAH 

structure might not be fully unfolded, as extended chain ensemble, but it rather populates 

intermediates states of  compact unfolded or coil like structures. In these compact 

unfolded structures, the double helical bonds of  the native structure are lost, but 

apparently some loop interactions still remain. In the literature, molecular dynamics 

calculation showed that the small RNA molecule is highly stable and can have around 

80,000 transition states, confirmed by the broad melting transition observed for the 

sRNAH. These states can vary between native structure, frayed structure, compact 

unfolded/coil like structure, and extended/fully unfolded structure. However, the fully 

extended state is an unpopulated state, and it can only be achieved under forced melting 

conditions [47].  

 

The secondary structural features observed for sRNAH, in the pressure-dependent FTIR 

analysis shows that pressure has a small influence on the sRNAh structure at lower 

temperature, and it does not promote formation of new native stem connections at higher 

temperatures, the opposite as proposed by an earlier molecular dynamics study [55]. This 

theoretical study proposed an elliptical p,T-stability diagram, where the structure of the 

small RNA hairpin (gcUUCGgc) could denature at high hydrostatic pressure and low 

temperature, and high hydrostatic pressure could promote refolding to its native or near-

native structure at higher temperatures. We show that pressure has a small destabilizing 

effect at lower temperatures, but this effect is rather small when compared to the thermal 

denaturation profile (Figure 43). Pressure can perturb the sRNAH structure and populate 

intermediate structures.  

 

The formation of the Z-form backbone conformation of the small RNA hairpin is 

unfavorable, but as an intermediate state, it can occasionally be induced. For example, 

some conditions such as high salt concentrations can promote its formation. Molecular 

dynamics studies by Miner et al. (2016) [103] showed that high hydrostatic pressure has a 

stabilizing effect on the A-form, and destabilizes the Z-form of the RNA tetraloop 

(gcGCAAgc). We show that pressure has a small effect on the sugar pucker conformation 

of the sRNAH structure at low and high temperatures. These small changes indicate that 
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pressure causes small rearrangements of A-form RNA, only, but as proposed by theory, 

pressure did not induce Z-form RNA. 

 

 
 
Figure 43.  Effect of temperature and pressure on the structure of the small RNA hairpin. a) Effect 

of pressure on the small RNA hairpin structure at 20 oC. The native hairpin structure is slightly 

destabilized by pressure, inducing variations between native and native-like structures. b) Effect of 

pressure on the small RNA hairpin structure at 70 oC. The denatured hairpin structure is not affected by 

high hydrostatic pressure until 400 MPa. 

 

 

Taken together, the temperature- and pressure-dependent FTIR results show that the 

small RNA hairpin is a highly stable secondary structure element, with a large free energy 

landscape and a wide variaty of intermediate structures. However, high hydrostatic 

pressure was not able to promote compact conformations, or any new native stem 

connections, in disagreement with earlier theoretically proposed elliptical p,T-stability 

phase diagram. The thermodynamic stability presented by the small RNA hairpin brought 

by this study is an important information and it helps to understand the stability of 

biological systems living under extreme conditions.  
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5.1. Background 
 

Ribozymes are catalytically active RNA molecules that can perform enzymatic reactions. 

Many ribozymes have been identified in the literature and they are responsible to perform 

different functions such as catalyzing peptide bond formation in the ribosome during 

protein synthesis, RNA splicing (self-cleaving RNA at groups I and II introns), 

convertion of transfer RNA from its precursor into transfer RNA by ribonuclease P, and 

also viral replication. The discovery of ribozymes contributed to the “RNA World” 

hypothesis, which suggests that early life arose from simple organisms, and RNA 

molecules were responsible for the storage of genetic information and metabolism. Those 

organisms would have developed under extreme conditions of temperature and pressure 

such as the deep-sea volcanic environment.  

 

The hairpin ribozyme is one of the major naturally occurring ribozymes. It is derived 

from the minus strand of the satellite RNA from tobacco ringspot virus and it was the 

first autocatalytic RNA characterized. These satellite RNAs are single-stranded RNA 

molecules that replicate via a rolling circle mechanism. This mechanism is important for 

processing the produced RNA that was replicated from a circular positive-strand 

template. Discovery of such catalytically active RNAs, which simultaneously can store 

genetic information and act as biocatalysts, greatly supported the "RNA world" 

hypothesis. 
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Figure 44. Hairpin ribozyme secondary and tertiary structures. a) Secondary structure of the hairpin 

ribozyme showing the conserved sequence of loop A and loop B, which are essential for catalysis. The 

cleavage site is indicated by a red arrow. b) Tertiary structure of the hairpin ribozyme in its active or 

docked state (Image of PDB: 1M5K [65] created using Pymol Molecular Graphic System, Version 1.8 

Schrödinger, LLC). 

 

 

The hairpin ribozyme is capable of catalyzing site-specific self-cleavage transesterification 

reactions at the RNA backbone (Figure 44a). The self-cleavage reaction involves the 

nucleophilic attack of the 2’-hydroxy group on the adjacent phosphorus atom, resulting in 

a 2’, 3’-cyclic phosphate and a 5’-hydroxyl terminus (Figure 49) [56, 58, 59]. The reaction 

is supposed to follow a SN2 mechanism, in which the reverse reaction (ligation) can also 

be catalyzed. In this case, a 5’-hydroxyl attacks a cyclic 2’, 3’-cyclic phosphate leading to 

ligation [60]. The hairpin ribozyme has about 50 conserved nucleotides in the RNA 

sequence necessary for it be catalytically active. The conserved nucleotides are found in 

loop A and loop B (Figure 44a), and the helix nucleotides can be substituted to favor 

synthesis or crystallization [62, 64, 65]. The hairpin ribozyme was widely studied and 

represents an ideal system to study the structure and behavior of catalytic RNAs [27 - 30, 

60 – 66]. The minimal two-way junction hairpin ribozyme structure, derivatived from the 

four-way junction structure, can be separated into two stems, stem A and stem B (Figure 

G+1 
A-1 

G8 

A38

 
G36

 

C25 

Stem A 

Stem B 
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44a). The correct folding and interaction between these two domains of the ribozyme are 

essential to promote catalysis (Figure 44b). In the satellite RNA, the stems A and B are 

part of a four-helix junction ribozyme, but most experiments in the literature were carried 

out with the minimal two-helix RNA structure, yet catalytically active. The interaction 

between these loops, also called docking, is responsible to generate the active 

conformation of the hairpin ribozyme (Figure 45). Catalysis happens at loop A, between 

nucleotides A5 and G6. It is known that the correct folding of nucleic acids is facilitated 

by the presence of cations, and also the docking is facilitated by the cooperativity of 

cations such as Mg2+, excess of Na+ or the inert cobalt(III) hexammine, which is isosteric 

with Mg(H2O)6
2+, but it cannot directly coordinate with water or RNA ligands. However, 

it has been shown in the literature that the hairpin ribozyme does not use cations to 

perform the self-cleavage reaction [60, 63, 65, 66].  
 

 
Figure 45. Hairpin ribozyme docking and cleavage process. Schematic representation of the hairpin 

ribozyme’s self-cleavage process, which involves correct folding and docking of loop A upon loop B and 

further correct alignment of the nucleotides inside the cleavage pocket to favor the SN2-type 

transesterification reaction. After cleavage of the backbone and undocking of the loops, a small single 

strand product is released.  

 

 

The hairpin ribozyme’s structure is rearranged during the docking process, where stem A 

and B interact. Mutagenesis studies showed that the purine bases G8, A9, A10 and A 38 

have an active function during catalysis. Analysis of the hairpin ribozyme crystal structure 

have shown that the scissile phosphate, G+1 (5’-hydroxyl product), actually adopts the 

proposed syn conformation and an in line arrangement with A-1 (2’-OH product) which 

enables the transition state of the SN2 transesterification reaction.  Docking enables G+1 
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to make a Watson-Crick pair with C25, a hydrogen bond with G36 and A38, which highly 

stabilizes the cleavage pocket (Figure 46). It has been shown that mutations of G+1, C25 

and A38 to any other nucleotides abolishes the hairpin ribozyme’s activity [27, 28, 65].  

 

 
Figure 46. Hairpin ribozyme nucleotides interaction in the cleavage pocket (ribozyme 

zipper/docked or active state). Nucleotides directly involved in the SN2-type transesterification reaction 

resulting in a 2’, 3’-cyclic phosphate (A-1) and a 5’-hydroxyl terminus (G+1). 

 

 

The application of high hydrostatic pressure to modulate the enzymatic activity of the 

hairpin ribozyme would help to characterize the structure, thermodynamics as well as 

kinetic parameters of its reaction [67, 68, 70 – 75]. There are a few studies in the literature 

about the effect of pressure on the catalytic reaction of the hairpin ribozyme. Kinetics 

studies using the wild type RNA sequence and modified RNA sequence of the hairpin 

ribozyme were performed under high hydrostatic pressure conditions. A positive 

activation volume (ΔV≠) of 34 ± 5 mL mol-1 was determined, which was associated with a 

compaction of the ribozyme structure during docking, which must be accompanied by a 

consequent release/movement of water molecules and dehydration of the molecule. 

Osmotic shock experiments also showed that 78 ± 4 water molecules were released per 

RNA molecule during the docking process [104 – 106].   
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Many organisms experience environmental stress such as extreme temperature and/or 

pressure, as found in the deep sea, hydrothermal vents and volcanic environments. In 

these places, up to kbar pressures are encountered. Moreover, such harsh environment 

was proposed to be the birthplace of life on Earth, or at least a similar one. High 

hydrostatic pressure studies are of particular interest to investigate ribozyme’s 

conformational modifications necessary for catalysis.  

 

5.2. Experimental details 
 

5.2.1. RNA molecules 

 

The different hairpin ribozyme molecules, non-labeled wild-type hairpin ribozyme, 

fluorescent labeled wild-type hairpin ribozyme and fluorescent labeled modified hairpin 

ribozyme, were synthetized by IBA Life Solutions for Life Science GmbH (Goettingen, 

Germany), and were received as lyophilized powder. The ribozymes were suspended in a 

0.1 nmol µL-1 nuclease free water solution, and stored at - 80 oC. 

 

Fluorescent labeled wild-type hairpin ribozyme molecules, with cyanine 3 and cyanine 5, 

were used in the Förster resonance energy transfer (FRET) measurements, performed in 

parallel studies by Dr. Salomé Pataraia. The fluorescent labeled modified hairpin ribozyme 

molecules were used in order to compare with molecular dynamics simulations performed 

in collaboration with Prof. Dr. Dominik Marx’s group. The analysis for the modified 

hairpin ribozyme can be found in the Appendix 8.2. 

 

5.2.1.1. Wild type hairpin ribozyme sequence 

 

 

 

The wild type hairpin ribozyme (wtHpRz) creates a two-way junction hairpin ribozyme 

that independently folds in a helical domain, which is a simple model system of  the 

original four-way junction tobacco ringspot virus satellite RNA.  

 

5’-AAACAGAGAAGUCAACCAGAGAAACACACGUUGUGGUAUAUUACCUGG 
UACCCCCUGACAGUCCUGUUU-3' 
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5.2.1.1. FRET-labeled modified hairpin ribozyme sequence 

 

 

 

The labeled modified hairpin ribozyme sequence (modHpRz) sequence is based on the 

well resolved crystal structure (resolution 2.05 Å) from Salter et al. (PDB ID: 2OUE) 

[108]. The experimental data was used to complement molecular dynamics simulations 

done in collaboration with Prof. Dr. Dominik Marx (Ruhr-Universität Bochum). It is a 

well resolved structure in its precatalytic form and suits the simulation purpose. Since 

only essential nucleobases are required for proper activity, the self-cleavage process is 

identical in wtHpRz, FRET-wtHpRz and FRET-modHpRz [59].  

 

5.2.2. Sample preparation 

 

Different HpRz concentrations were lyophilized to remove H2O, and were then 

suspended in pure 50 mM TRIS- HCl buffer + 0.1 mM EDTA, pH 7.5, to half of the 

final reaction volume. Samples were subjected to denaturation and renaturation steps 

(heated to 90 oC for 1 min and slowly cooled till 25 oC in 3 oC min-1 steps) to ensure 

proper folding of  the RNA loops. The cleavage reaction started by addition of  the last 

half  volume to the mixture, a 2X buffer solution of  50 mM TRIS- HCl + 0.1 mM EDTA 

+ 12 mM MgCl2 or 24 mM Cobalt (III) hexamine + 200 mM NaCl, pH 7.5. Final salt 

concentrations in the reaction medium were 6 mM MgCl2 or 12 mM Cobalt (III) 

hexamine + 100 mM NaCl. The experiments were carried out multiple times, and 

different lots of RNA were used.  

 

5.2.3. Fourier transform infrared spectroscopy 

 

5.2.3.1. Time dependent kinetics at ambient pressure: The wtHpRz samples were 

lyophilized overnight and then diluted in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA with 6 mM MgCl2 or 12 mm[Co(NH3)6]Cl3 + 100 mM NaCl, to a final 

concentration of 0.5 wt % in 50 µL volume. The duration of each 

measurement was 12 hours. The temperature was maintained at 25 oC in the 

5'-cyanine 5-ACGGUGAGAAGGGAGGCAGAGAAACACAC-cyanine 3-GUCGU 
GGUACAUUACCUGCCACCCCCUCCCAGUCCACCGU-3' 
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FTIR cell. The sample temperatures were equilibrated for 20 minutes before 

the acquisition of a new IR spectrum. The dead time between cell assembly 

and first spectrum collection should be as little as possible, and was about 10 

minutes. 

 

5.2.3.2. Time dependent kinetics at high pressure: The wtHpRz samples were 

lyophilized overnight and then diluted in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA with 6 mM MgCl2 or 12 mm[Co(NH3)6]Cl3 + 100 mM NaCl, to a final 

concentration of 4.5 wt % in 6 µL volume. The duration of each measurement 

was 12 hours. Three pressures were selected for this study and they are 50 

MPa, 100 MPa and 150 MPa. The temperature was maintained at 25 oC in the 

FTIR cell. Tthe dead time between cell assembling and first spectrum 

collection should be as little as possible, and was about 30 minutes. 

 

5.2.4. PAGE analysis of the reaction of hairpin ribozyme kinetics 

 

5.2.4.1. Time dependent hairpin ribozyme reaction at ambient pressure: The 

ambient pressure reactions were carried out in a thermoshaker (cooling thermal 

shake touch, VWR) with an accuracy of ± 2%. The lyophilized wtHpRz and 

the labeled-modHpRz samples were then dissolved in 50 mM Tris-HCl buffer, 

pH 7.5, with 0.1 mM EDTA, at a final concentration of 28.7 µM. These 

samples were subjected to denaturation and renaturation. The self-cleavage 

reaction started by mixing the RNA solution 1:1 with 12 mM MgCl2 or 24 mM 

[Co(NH3)6]Cl3 + 200 mM NaCl buffer solution. All reactions were conducted 

at 25 oC, and the time varied from 0 to 360 min. The ribozyme’s self-cleavage 

reaction was stopped by adding 1:1 stopping buffer (7 M urea + 50 mM 

EDTA, pH 7.5), with further addition of RNA loading buffer 2X 

(AMRESCO®), and stored in ice. Final aliquots of 10 µL were stored at -80 
oC.  

 

5.2.4.2. Time dependent hairpin ribozyme reaction at high pressure: The high 

hydrostatic pressure reactions were carried out in a home-built high-pressure 
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vessel connected to a manual hydraulic pump, using water as pressure-

transmitting medium. The temperature was controlled by an external water 

bath. The lyophilized wtHpRz and the labeled-modHpRz samples were then 

dissolved in 50 mM Tris-HCl buffer, pH 7.5, with 0.1 mM EDTA, at a final 

concentration of 28.7 µM. These samples were subjected to denaturation and 

renaturation. The self-cleavage reaction started by mixing the RNA solution 

1:1 with 12 mM MgCl2 or 24 mM [Co(NH3)6]Cl3 + 200 mM NaCl buffer 

solution in the home-built high pressure Teflon bottles. All reactions were 

conducted at 25 oC. The HpRz samples were maintained at different pressures, 

1000 bar, 2000 bar and 3000 bar, from 0 to 360 min. Each data point, at each 

different time, was measured with a freshly prepared sample. The ribozyme’s 

self-cleavage reaction was stopped by adding 1:1 stopping buffer (7 M urea + 

50 mM EDTA, pH 7.5), with further addition of RNA loading buffer 2X 

(AMRESCO®), and stored in ice. Final aliquots of 10 µL were stored at -80 
oC.  

 

5.2.4.3. PAGE analysis  

 

The reaction products of the hairpin ribozyme were analyzed by denaturing Urea 

Polyacrylamide Gel Electrophoresis (Urea PAGE) using the XCell SureLock® Mini-Cell 

system (ThermoFisher) with Novex® 15% TBE-Urea gels (ThermoFisher) and TBE 

running buffer (Ambion®). Cleavage reaction’s aliquots of 10 µL containing 3.6 µM of 

RNA were applied to the gels. After electrophoresis, the gels were directly stained with 

SYBR® Gold (Molecular Probes™), and the bands were analyzed by an ultraviolett (UV) 

transilluminator (AlphaImager Mini, ProteinSimple). The light intensity of each RNA 

fragment band was then quantified using ImageJ software (N.I.H., USA) [125], and the 

reaction product is presented by the percentage of cleaved RNA over the total RNA 

amount (cleaved RNA + native RNA). 
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5.3. Results and discussion 
 

The pressure-induced effect on the self-cleavage reaction of the hairpin ribozyme was 

analyzed by PAGE and FTIR techniques. These combined techniques enable overall self-

cleavage and structural analysis, respectively.  

 

5.3.1. PAGE analysis of the hairpin ribozyme self-cleavage reaction 

 

Several self-cleavage reactions were carried out at ambient and high hydrostatic pressure, 

and analyzed by PAGE as described in section 5.2. The PAGE results were analyzed by 

the ImageJ software [125], and the intensity of each band was quantified as percentage 

of the fraction cleaved and plotted against time. Two different bands can be observed in 

the PAGE image of wild type hairpin ribozyme (Figure 47). The first one, close to the 70 

base marker, is the native/non cleaved ribozyme (fraction native), and the second band is 

smaller, of around 60 bases size, is related to the large reaction product (fraction cleaved). 

The smallest reaction product was not efficiently detected. The fraction cleaved observed 

at the very beginning, denoted time 0’ of the reaction, was considered the background of 

the self-cleavage reaction.  

 

In Figure 50, the TBE-Urea PAGE image of the wild type hairpin ribozyme reaction at 

different pressure and ionic conditions is shown. It can be observed that, in the presence 

of MgCl2 and at atmospheric pressure, there is an increase in the cleaved fraction band 

compared to the native fraction until 6 hours of measurement. The analysis of the hairpin 

ribozyme’s catalysis without cations clearly shows that, until 6 hours of reaction, there is 

no change of the band representing the cleaved fraction. However, the hairpin ribozyme 

already has cleaved molecules even in the absence of cations. This observation is in 

agreement with the literature saying that the hairpin ribozyme does not require cations for 

its activity [66, 104 – 108], and that the inert [Co(NH3)6]3+ is also capable to promote the 

hairpin ribozyme reaction without site interaction [108]. However, the PAGE image 

shows that cations favor the correct active conformation, hence favoring the self-cleavage 

reaction.  
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Figure 47. TBE-Urea PAGE of the hairpin ribozyme’s self-cleavage reaction. a) The wtHpRz 

control reaction in pure Tris-HCl buffer + 0.1 mM EDTA pH 7.5 and in Tris-HCl buffer + 0.1 mM 

EDTA + 6 mM MgCl2 pH 7.5, during 6 hours at 25 oC. b) The wtHpRz reaction in Tris-HCl buffer + 0.1 

mM EDTA + 6 mM MgCl2 pH 7.5, during 6 hours, from 100 to 300 MPa, at 25 oC. c) The wtHpRz 

reaction in pure Tris-HCl buffer + 0.1 mM EDTA pH 7.5 and in Tris-HCl buffer + 0.1 mM EDTA + 12 

mM [Co(NH3)6]Cl3 + 100 mM NaCl pH 7.5, during 6 hours, from 100 to 300 MPa, at 25 oC. (Selected 

data) 

 

 

The RNA fragment bands were quantitatively analyzed by ImageJ [125], and the reaction 

product could be plotted against time for better interpretation of the data.  
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Figure 48. Time evolution of the hairpin ribozyme’s self-cleavage reaction with MgCl2 at different 

pressures. Fraction of cleaved wtHpRz after addition of 6 mM MgCl2. Self-cleavage reaction conditons 

were: 50 mM Tris-HCl buffer + 0.1 mM EDTA + 6 mM MgCl2, pH 7.5, 25 oC at 0.1 MPa (blue), 100 

MPa (green), 200 MPa (red) and 300 MPa (black). RNA final reaction aliquots, with 3.6 µM, were analyzed 

by TBE-Urea PAGE and quantified by ImageJ [125]. 

 

 

It can be seen in Figure 48 and Figure 49 that the self-cleavage reaction rapidly reaches an 

equilibrium, which is achieved after 60 minutes of reaction for both MgCl2 and 

[Co(NH3)6]Cl3. The percentage of fraction cleaved decreases for both MgCl2 and 

[Co(NH3)6]Cl3 conditions at pressures up to 300 MPa, hence the overall self-cleavage 

activity of the hairpin ribozyme is decelerated upon pressurization. However, a small 
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activity can still be observed in the first hour of reaction until equilibrium is reached. In 

addition, the maximum activity of the hairpin ribozyme at 1 bar in the presence of 

[Co(NH3)6]Cl3, around 45% of the fraction cleaved, is smaller than the fraction cleaved in 

the presence of MgCl2, which amount to ~ 60% (Figure 48 and 49). The wtHpRz was less 

efficient in the presence of the [Co(NH3)6]Cl3 than in the presence of fully hydrated 

magnesium ions. In order to analyze which structure rearrangements affect the wtHpRz 

active state under high hydrostatic pressure, FTIR studies were performed. 

 
Figure 49. Time evolution of the hairpin ribozyme’s self-cleavage reaction with [Co(NH3)6]Cl3 at 

different pressures. Fraction of cleaved wtHpRz after addition of 12 mM [Co(NH3)6]Cl3 + 100 mM 

NaCl. Self-cleavage reaction conditions were: 50 mM Tris-HCl buffer + 0.1 mM EDTA + 12 mM 

[Co(NH3)6]Cl3 + 100 mM NaCl, pH 7.5, 25 oC at 0.1 MPa (dotted line), 100 MPa (blue), 200 MPa (red) 

and 300 MPa (black). RNA final reaction aliquots, with 3.6 µM, were analyzed by TBE-Urea PAGE and 

quantified by ImageJ [125]. 

 

0.1 MPa 

100 MPa 

200 MPa 
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5.3.2. FTIR analysis of the hairpin ribozyme’s self-cleavage reaction  

 

Conformational transitions of RNA molecules can be followed by FTIR spectroscopy 

under varied conditions. The RNA infrared signal can be divided into two main regions, 

from 1800 to 1500 cm-1 (related to base pairing and base stacking interaction signals) and 

from 1500 to 1250 cm-1 (related to glycosidic bond rotation, backbone conformation and 

sugar pucker). Detailed IR band assignment can be found in Table 1 in section 2.2.1.5.  

 

5.3.2.1. Time-dependent analysis of  the structure and reaction of  the hairpin 

ribozyme at ambient pressure 

 

5.3.2.1.1. Hairpin ribozyme in-plane base vibrations sensitive to effects of  base 

pairing followed by FTIR spectrsocopy 

 

In the 1800 to 1500 cm-1 wavenumber region, the IR bands are originating from 

nucleobase vibrations, which are sensitive to base stacking and base-pairing interactions. 

The IR bands are related to double or single strand vibrations, which include C=C, C=N, 

and C=O stretching of free and/or bonded nucleotides. A double strand to single strand 

transition results in a decrease in the intensity of the IR band at around 1696 to 1684 cm-1 

with a concomitant increase in the band at around 1677 to 1653 cm-1. The former arises 

from the C6=O6 stretch of base-paired guanine plus the C2=O2 stretch of uracil. The 

latter band arises mainly from the stretching vibrations of C6=O6 of free (i.e., non-base 

paired) guanine, the C2=O2 stretch of free cytosine, and the C4=O4 stretch of free uracil 

[114, 136]. For better analysis of the IR bands the 1800 to 1500 cm-1 region can be 

divided into two areas: from 1720 to 1600 cm-1, and from 1600 – 1550 cm-1. 
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A. Hairpin ribozyme in the absence of  cations  

 

 
Figure 50. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme without cations at atmospheric pressure, in the wavenumber region from 1720 to 1580 

cm-1. Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 

mM EDTA from 10 to 600 minutes at 25 oC and 0.1 MPa. In the normalized spectra, the IR band from 

1696 to 1684 cm-1 is related to base paired nucleotides and does not change with time, and the IR band 

from 1677 to 1653 cm-1 is related to free nucleotides and also does not change with time. The most 

important bands are indicated by the grey rectangle at the second derivative spectra. The highlighted 

bands are: 1695 cm-1, 1684 cm-1, 1661 cm-1, 1653 cm-1, 1622 cm-1. (Selected data) 

 

 

Figure 50 shows the time-dependent FTIR spectra of the wtHpRz in 50 mM Tris-HCl 

buffer pH 7.5 + 0.1 mM EDTA at 25 oC, during 600 minutes, in the wavenumber region 

 124 



Chapter 5: Pressure modulation of hairpin ribozyme structure and self-cleavage reaction 
_____________________________________________________________________ 

from 1720 to 1600 cm-1. Structural changes of the ribozyme due to its self-cleavage 

activity can be followed by changes in the IR band around 1683 cm-1 and 1655 cm-1. The 

self-cleavage activity is detected by a decrease in absorbance (A) of the IR band at 1684 

cm-1, which is characteristic of base paired G-C vibrations, and the concomitant increase 

in IR intensity of unpaired nucleic acids at around 1654 cm-1, which is a combination of 

free base vibrations of guanine and uracil. There is not any significant change at these 

bands without cations, as seen in the normalized spectra. The second derivative spectra 

show that there are small variations at the IR band intensities only. Most of the IR bands 

intensity fluctuates between higher and lower values during the entire 10 hours of 

measurement.  

 

The IR bands observed are described as follows. The IR band at 1696 cm-1 is related to 

the C2=O2 stretch of uracil. The IR band at 1684 cm-1, related to C6=O6 base paired 

vibrations of guanine, can be related to the formation of single stranded product and/or 

undocking. The IR at 1661 cm-1 is assigned to C6=O6 free base vibrations of guanine. 

The IR band at 1653 cm-1 is related to free base vibrations of uracil (C4=O4 stretch), 

which can also be related to product formation. A concomitant IR band at 1645 cm-1 is 

related to C2=O2 stretch of cytosine, and it can also be related to undocking/release of 

the product, since this band decrease when cytosine is base paired, however no changes 

are observed in this wavenumber region. The IR band at 1623 cm-1, related to C=N and 

C=C ring vibrations of adenine and/or in-plane vibrations of cytosine, does also shows 

no change during the 10 hours of measurement. 
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B. Hairpin ribozyme in the presence of  MgCl2  

 

 
 
Figure 51. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with MgCl2 at atmospheric pressure, in the wavenumber region from 1740 to 1590 cm-1. 

Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA + 6 mM MgCl2 from 10 to 600 minutes at 25 oC (0.1 MPa). In the normalized spectra, the IR band 

from 1696 to 1684 cm-1 is related to base paired nucleotides and decreases in intensity with time (indicated 

by the arrow). The IR band from 1677 to 1653 cm-1 is related to free nucleotides and increases in intensity 

with time (indicated by the arrow). The most important bands are indicated by the grey rectangle at the 

second derivative spectra. The highlighted bands are: 1716 cm-1, 1697 cm-1, 1684 cm-1, 1653 cm-1, 1622 

cm-1. (Selected data) 
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The normalized and second derivative time-dependent FTIR spectra of the wtHpRz in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 6 mM MgCl2 at 25 oC are shown, during 

660 minutes in the wavenumber region from 1720 to 1600 cm-1 in Figure 51. Ribozyme’s 

self-cleavage reaction includes creation of new base pairs during docking (at ≈ 1682 cm-1), 

and further increase of free bases (at ≈ 1654 cm-1) after undocking and release of the 

product. Some specific bands related to the ribozyme’s conformational change are 

highlighted in the second derivative spectra. The IR band at 1717 cm-1, involved in 

Hoogsteen third strand binding (G*C-C), decreases over the first hour of the reaction. 

This IR band can be related to the third strand binding of G36*G+1.C25 found in the 

crystal structure of a hairpin ribozyme docked conformation [65]. The band disappears 

after one hour of measurement, when the ribozyme achieves the reaction equilibrium as 

observed in the PAGE results (Figure 48). In addition, this IR band is not observed in the 

spectra of wtHpRz without cations (Figure 50).  

 

 The IR band at 1696 cm-1 is related to C2=O2 stretch of uracil and disappears until the 

reaction equilibrium is reached. The IR band at 1684 cm-1, characteristic of base paired G-

C vibrations, shows a decrease in intensity and a small shift to higher wavenumbers, 

which can be related to the formation of single stranded product and/or undocking. It 

can be observed, in the second derivative spectra, that the IR band at 1684 cm-1 shows a 

pronounced decrease during the first hour of the reaction. In addition, it splits into two 

different IR bands, with lower and higher wavenumbers, indicating that the wtHpRz 

consist of different non-active structural components after achieving reaction equilibrium. 

The IR band at 1653 cm-1, related to free base vibrations of uracil (C4=O4 stretch), 

decreases with time and shifts to higher wavenumbers, which can be related to product 

formation. The IR band at 1623 cm-1, related to C=N and C=C ring vibrations of adenine 

and/or in-plane vibrations of cytosine, also decreases during the self-cleavage reaction. 

 

The changes observed in the IR bands (1696 cm-1, 1684 cm-1 and 1653 cm-1) in the 

hairpin ribozyme’s spectra without and with MgCl2, in the wavenumber region from 1720 

– 1600 cm-1, revealed that cations are responsible for the stabilization of the active state 

of the ribozyme and favors the self-cleavage reaction. 
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C. Hairpin ribozyme in the presence of  [Co(NH3)6]Cl3 

 
Figure 52. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with [Co(NH3)6]Cl3 at atmospheric pressure, in the wavenumber region from 1760 to 

1600 cm-1. Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 

0.1 mM EDTA + 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl from 10 to 600 minutes at 25 oC, 0.1 MPa. In 

the normalized spectra, the IR band from 1696 to 1684 cm-1 is related to base paired nucleotides and 

decreases in intensity with time (indicated by the arrow). The IR band from 1677 to 1653 cm-1 is related to 

free nucleotides and exhibits a small increase in intensity with time (indicated by the arrow). The most 

important bands are indicated by the grey rectangle in the second derivative spectra. The highlighted 

bands are: 1716 cm-1, 1697 cm-1, 1688 cm-1, 1677 cm-1, 1665 cm-1, 1657 - 53 cm-1, 1623 cm-1. (Selected 

data) 
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Figure 52 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 12 mM 

[Co(NH3)6]Cl3 + 100 mM NaCl at 25 oC, 0.1 MPa, during 660 minutes, in the 

wavenumber region from 1720 to 1600 cm-1. It can be observed in the normalized spectra 

that there is a decrease in intensity of the IR band at 1684 cm-1, which is related to the C6 

= O6 stretch vibrations of base paired guanine and C4 = O4 stretch vibrations of base 

paired uracil, with a concomitant increase of the IR band at 1654 cm-1, assigned to the C6 

= O6 stretch of free guanine and C4 = O4 stretch of free uracil. The intensity changes 

during 3 hours of the reaction and it reaches an equilibrium. However, the PAGE result 

(Figure 52) shows that, at atmospheric pressure, the reaction reaches equilibrium in one 

hour. This indicates that many of the structural rearrangements observed by FTIR result 

from these variations of base paired and free base vibrations, but they are not directly 

related to cleavage and product formation during the entire 6 hours of measurement.  

 

It is indicated in Figure 52, in the second derivative spectra, that some specific IR bands 

are related to the ribozyme’s conformational changes. The IR band at 1717 cm-1, involved 

in Hoogsteen third strand binding (G*C-C  G36*G+1.C25) [65], rapidly decreases in 

the first 30 minutes of the reaction. This band disappears after 30 minutes of 

measurement as observed for MgCl2 (Figure 51). However, the ribozyme achieves 

equilibrium after one hour of reaction, only (Figure 52). The IR bands at 1700 cm-1 and 

1696 cm-1 are related to the C2=O2 stretch of uracil and they also disappear after 30 

minutes of the reaction. The IR band at 1684 cm-1, characteristic of base paired vibrations 

of guanine, displays also a rapid decrease in 30 minutes of reaction. It does not show the 

same behavior as with MgCl2, indicating that different conformations and interactions are 

promoted, depending on the ion present. The IR band at 1676 cm-1 is related to C4=O4 

stretch vibrations of uracil and gradually decreases during 3 hours of reaction. This IR 

band is not observed in the wtHpRz FTIR spectra in the presence of MgCl2, while a 

strong signal is detected in the presence of [Co(NH3)6]Cl3. This clearly indicates that, in 

the presence of the [Co(NH3)6]Cl3 complex, the wtHpRz adopts different conformations 

when compared with the ones found in the presence of MgCl2.  
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The IR band at 1665 cm-1 appears during the reaction time and increases until 3 hours of 

the reaction. It is assigned to C6=O6 stretch vibrations of free guanine. The IR band at 

1653 cm-1, related to free base vibrations of uracil (C4=O4 stretch), decreases in 30 

minutes of the reaction and shifts to 1657 cm-1, indicating that different populations are 

favored with time. A concomitant IR band at 1645 cm-1 related to C2=O2 stretch of 

cytosine, increases during 3 hours of reaction. These IR bands, 1665 cm-1 and 1657 cm-1 

can be related to undocking/release of the single stranded product. The IR band at 1623 

cm-1, related to C=N and C=C ring vibrations of adenine and/or in-plane vibrations of 

cytosine, increases in intensity during 3 hours of the self-cleavage reaction.  

 

It has been shown in the work of D. Lambert et al. (2006) [162], through photo crosslink 

studies of the active residues U+2 and C+3, that they adopt different conformations in 

the presence of [Co(NH3)6]Cl3 when compared to the crystal structure in the presence of 

MgCl2. [Co(NH3)6]Cl3 is able to induce covalent interaction between U+2.G36. The FTIR 

spectra (Figure 52) clearly show that several IR bands exhibits a different behavior in the 

presence of [Co(NH3)6]Cl3, and new IR bands appear, such as of 1700 cm-1 and 1665 cm-

1, indicating that the reaction in the presence of [Co(NH3)6]Cl3 promotes different 

conformations and interactions between the nucleotides. However, these conformational 

changes do not result in more product formation (Figure 52), but probably in different 

non-active conformational states. 
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5.3.2.1.2. Hairpin ribozyme in-plane base vibrations sensitive to effects of  base 

stacking followed by FTIR spectroscopy 

 

A. Hairpin ribozyme in the absence of  cations  

 
Figure 53. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme without cations at atmospheric pressure, in the wavenumber region from 1600 to 1540 

cm-1. Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 

mM EDTA from 10 to 600 minutes at 25 oC and 0.1 MPa. In the normalized spectra, the IR band has its 

maximum at 1565 cm-1 and its intensity increases slightly with time. In the second derivative spectra, two 

distinct IR band are highlighted: the IR band at 1590 to 1575 cm-1 is related to ring vibrations of C4 = C5 

and C5 – C6 of free and base paired guanine and has small variations in intensity, and the IR band at 1568 

to 1564 cm-1, related to ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base paired 

guanine, also shows small variations in intensity. These bands are indicated by the grey rectangle in the 

second derivative spectra. The highlighted bands are: 1572 cm-1, 1560 cm-1. (Selected data) 
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Figure 53 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA at 25 oC (0.1 MPa), 

during 600 minutes, in the wavenumber region from 1600 to 1540 cm-1. In general, in this 

region of the RNA spectra, two IR bands can be observed: one IR band around 1590 to 

1575 cm-1 and another IR band around 1568 - 1564 cm-1. These former band arises from 

ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base paired guanine. The 

latter band arises from ring vibrations of C4 = C5 and C5 – C6 of free and base paired 

guanine. The intensity of these IR bands decreases when guanine forms base pairs. The 

intensity of the IR band at 1576 cm-1 exhibits small variations during the entire 10 hours 

of measurements, only. Additionally, the IR band at 1560 cm-1 also shows small variations 

of intensity. These bands are assigned in order to follow the behavior of free and base 

paired guanine of guanine rich regions. Changes in the position of the guanine doublet 

bands between 1590 – 1564 cm-1 is also related to changes in the environment of the 

guanine nucleotides [114]. Both bands do not show significant changes in wavenumber, 

indicating that there are not significant changes in the environment of guanines. 

Apparently, without the presence of cations, the wtHpRz structure fluctuates between 

different undocked populations that have difficulties to overcome the repulsion between 

the negatively charged backbones. This might be a signature of the complexity 

conformational changes occurring during the self-cleavage reaction. 
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B. Hairpin ribozyme in the presence of  MgCl2  

 

 

Figure 54. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with MgCl2 at atmospheric pressure, in the wavenumber region from 1600 to 1530 cm-1. 

Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA + 6 mM MgCl2 from 10 to 600 minutes at 25 oC (0.1 MPa). In the normalized spectra, the IR band 

at 1590 to 1575 cm-1 is related to ring vibrations of C4 = C5 and C5 – C6 of free and base paired guanine 

and shifts to lower wavenumber (indicated by the arrow), while the IR band at 1568 to 1564 cm-1 is related 

to ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base paired guanine and shows small 

changes, only. The most important bands are indicated by the grey rectangle in the second derivative 

spectra. The highlighted bands are: 1583 - 72 cm-1, 1563 - 60 cm-1. (Selected data) 
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The normalized and second derivative time-dependent FTIR spectra of the wtHpRz in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 6 mM MgCl2 at 25 oC, during 660 

minutes, in the wavenumber region from 1600 to 1530 cm-1, is shown at Figure 54. The 

intensity of the IR band at 1576 cm-1 decreases with time, and a new band at 1582 cm-1 

appears. Additionally, the IR band at 1560 cm-1 shifts to higher wavenumber, around 

1564 cm-1, while the intensity does not change. These bands are assigned to ring 

vibrations of free and base paired guanine of guanine rich regions. Changes in the 

position of both guanine bands between 1590 – 1564 cm-1 are related to changes in the 

environment of the guanine [114].  

 

It can be observed in the second derivative spectra that, in the presence Mg2+, both IR 

bands show pronounced changes in wavenumber. This indicates significant changes in 

the environment of guanine, which is due to docking/undocking and formation of 

intermediate active/non active populations of conformers. These changes where not 

observed in the absence of cations (Figure 53). It can be noticed, in the second derivative 

spectra, that an intermediate band appears at 1568 cm-1 and disappears after one hour of 

reaction. In addition, a band at 1540 cm-1 is present and exhibits small changes during the 

reaction, but there is no literature data regarding the nature of this vibrational band. These 

details demonstrate the complexity involved in the conformational dynamics occurring 

during the self-cleavage reaction, where different active and non-active structure 

conformers are encountered.   
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C. Hairpin ribozyme in the presence of  [Co(NH3)6]Cl3 

 

 
Figure 55. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with [Co(NH3)6]Cl3 at atmospheric pressure, in the wavenumber region from 1600 to 

1510 cm-1. Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 

0.1 mM EDTA + 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl from 10 to 600 minutes at 25 oC, 0.1 MPa. In 

the normalized spectra, the IR band at 1590 to 1575 cm-1 is related to ring vibrations of C4 = C5 and C5 – 

C6 of free and base paired guanine and shows an intensity decrease and a small shift to lower 

wavenumbers (indicated by the arrow), while the IR band at 1568 to 1564 cm-1, related to ring vibrations 

of C6 = O6, C5 – C6 and C4 = C5 of free and base paired guanine, increases in intensity (indicated by the 

arrow). The most important bands are indicated by the grey rectangle at the second derivative spectra. The 

highlighted bands are: 1577 cm-1, 1564 - 59 cm-1, 1523 cm-1. (Selected data) 
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Figure 55 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 12 mM 

[Co(NH3)6]Cl3 + 100 mM NaCl at 25 oC, 0.1 MPa, during 660 minutes, in the 

wavenumber region from 1600 to 1510 cm-1. In this region of the RNA normalized 

spectra, two different IR bands related to ring vibrations of free and base paired guanine 

can be observed: from 1590 to 1575 cm-1 (C4 = C5 and C5 – C6), and from 1560 to 1530 

cm-1 (C4 = C5 and C5 – C6). There appears also a third IR band from 1530 to 1510 cm-1, 

which is related to ring vibrations of free and base paired cytosine. The intensity of these 

bands drastically decreases upon duplexation. The intensity of the IR band around 1576 

cm-1 and 1522 cm-1 decreases with time (for more detailed RNA IR band assignment, see 

Table 1 in section 2.2.1.5).  

 

It can be observed, in the second derivative spectra, that the IR band at 1576 cm-1 rapidly 

decreases with time. However, the new IR band at higher wavenumber (1582 cm-1), 

observed with MgCl2, is not observed. This shows that different conformations are 

formed depending on the ion, which is expected to have a direct effect on the efficiency 

of the self-cleavage reaction. The IR band at 1559 cm-1 also shows a rapid intensity 

decrease after a few minutes of the reaction. The IR band at 1522 cm-1 drastically 

decreases with time, indicating base pair formation. However, the PAGE result (Figure 

52) shows that in one hour of reaction the equilibrium was reached. 

 

These IR bands present pronounced changes in intensity and less pronounced changes in 

wavenumbers. However, more subbands can be observed in the second derivative, when 

compared to the spectra with MgCl2 (Figure 57). Apparently, [Co(NH3)6]Cl3 promotes the 

formation of different conformational states within the active/non active ensemble. 

These results show that in the presence of [Co(NH3)6]Cl3, even after one hour of 

reaction, docked states can be formed, but they do not result in product formation. Also, 

the [Co(NH3)6]Cl3 interaction with the wtHpRz did not result in drastic environmental 

changes for the guanine nucleotides as observed with MgCl2, which could be related to 

the lack of hydration regarding the [Co(NH3)6]Cl3 complex. It has been proposed in 

literature that water molecules would play an essential role in the catalytic activity of the 

wtHpRz [28, 29, 58, 108].  
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5.3.2.1.3. Hairpin ribozyme base-sugar vibrations followed by FTIR spectroscopy 

 

The base sugar vibrations were also followed by FTIR spectroscopy, the wavenumber 

area ranges from 1500 to 1250 cm-1 (for more detailed RNA IR band assignment, see 

Table 1 in section 2.2.1.5). In the 1500 to 1250 cm-1 wavenumber region, the IR bands 

originate from base-sugar vibrations that are sensitive to glycosidic bond rotation, 

backbone conformation and sugar pucker. The IR bands are related to backbone 

vibrations in A-, B- and Z-forms, sugar pucker in N- or S-type conformations and N7 site 

vibrations of purines. It is a spectral region where a wide variety of subbands can appear.  

 

The sugar pucker conformation is directly related to the backbone conformation. When 

the RNA molecule takes A- and/or Z-forms, i. e. a right-handed more compact helix and 

a left-handed helix conformation, respectively, the ribose sugar adopts a C3’-endo 

conformation. This means that the C3 atom of the sugar pucker is above the plane in 

comparison to the nucleoside. This conformation brings the nucleotides closer, which in 

turns makes the helix more compact than the B-form helix. The Z-form has the guanine 

sugar pucker in C3’-endo conformation, but its cytosine stays in C2’-endo conformation 

(C2 atom of sugar pucker is above the plane), and this makes the Z-form adopt a left-

handed helix conformation. The Z-form is an intermediate and less stable backbone 

conformation, and can be found in RNA and DNA. C2’-endo sugar puckers are 

characteristic of a B-form helix, a less compact right-handed helix typical for DNA 

backbone conformations. However, the position of these bands are very sensitive to the 

RNA sequence. Reference literature regarding these interactions are mostly available on 

simple RNA sequences, only, therefore any deeper structural analysis is not possible at 

this point.  
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A. Hairpin ribozyme in the absence of  cations  

 
Figure 56. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme without cations at atmospheric pressure, in the wavenumber region from 1550 to 1300 

cm-1. Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 

mM EDTA from 10 to 600 minutes at 25 oC and 0.1 MPa. IR bands originate from base-sugar vibrations 

that are sensitive to glycosidic bond rotation, backbone and sugar pucker conformations. These IR bands 

are related to backbone vibrations in A-, B- and Z-forms, sugar pucker in N- or S-type conformations and 

N7 site vibrations of purines. The most important bands are indicated by the grey rectangle in the second 

derivative spectra. The highlighted bands are: 1522 cm-1, 1499 cm-1, 1478 cm-1, 1467 - 60 cm-1, 1435 cm-1, 

1422 cm-1, 1400 cm-1. (Selected data) 

 

Figure 56 depicts the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA at 25 oC (0.1 MPa), 

during 600 minutes, in the wavenumber region from 1550 to 1300 cm-1. In the 

normalized spectra, the IR band at 1522 cm-1 is assigned to in-plane vibrations of 
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cytosine, and its intensity decreases when cytosine is paired. This band shows a small 

decrease in intensity during the first 30 minutes of the measurement. The IR band at 1497 

cm-1, which is assigned to in-plane vibration of cytosine, also shows a small intensity 

decrease. The decrease of both bands is assigned to cytosine, and indicates that only small 

structural rearrangements occur in the overall secondary structure of the ribozyme.  

 

In the second derivative spectra, it can be observed that the IR band at 1478 cm-1, which 

is assigned to ring vibrations of adenine and guanine at its N7 site, decreases slightly  in 

intensity. Changes in the position or intensity of this band are related to interactions at 

N7 sites or changes in hydration in the major groove of the helix. It has been shown in 

the literature that G+1 receives a hydrogen bond at its N7 site from 2’-OH of A38 at the 

cleavage pocket. However, it was observed through PAGE (Figure 47), that there is no 

marked increase in product formation during 6 hours of reaction without cations besides 

the same initial amount. This indicates that at these “no cations” condition the wtHpRz 

undergoes several structural rearrangements, i.e. experiences different non-active 

populations. The IR bands at 1466 cm-1 and 1460 cm-1 are not assigned in the literature, 

but also reinforce the presence of strong variations of intermediate structures.   

 

The IR band at 1434 cm-1 shows very small variation of intensity only; it is assigned to 

adenine vibrations in Z -form backbone conformation. A small IR band at 1421 cm-1 can 

be observed in the second derivative spectra, which is assigned to purine vibrations 

(adenine and guanine) in B-form helices with C2’-endo ribose pucker. The IR band 

observed at 1400 cm-1 does not vary in intensity, and is assigned as RNA vibrations of an 

in-plane C – O – H deformation mode at the 2’ position of the ribose ring [160]. A small 

IR band at 1386 cm-1 and 1347 cm-1 can be observed, but there are not assignments in the 

literature for these vibrations (see section 5.3.2.1.3 for more information on sugar pucker 

and backbone conformations). These small variations in backbone and sugar pucker 

vibrations indicate that very few conformational rearrangements occur in the absence of 

cations. 

 

 

 

 139 



Chapter 5: Pressure modulation of hairpin ribozyme structure and self-cleavage reaction 
_____________________________________________________________________ 

 B. Hairpin ribozyme in the presence of  MgCl2  

 
Figure 57. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with MgCl2 at atmospheric pressure, in the wavenumber region from 1530 to 1360 cm-1. 

Second derivative and normalized spectra, of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA + 6 mM MgCl2 from 10 to 600 minutes at 25 oC (0.1 MPa). IR bands originate from base-sugar 

vibrations that are sensitive to glycosidic bond rotation, backbone and sugar pucker conformations. These 

IR bands are related to backbone vibrations in A-, B- and Z-forms, sugar pucker in N- or S-type 

conformations and N7 site vibrations of purines. The most important bands are indicated by the grey 

rectangle in the second derivative spectra. The highlighted bands are: 1522 cm-1, 1500 cm-1, 1479 cm-1, 

1460 cm-1, 1423 cm-1, 1400 cm-1, 1380 cm-1, 1365 cm-1. (Selected data) 

 

Figure 57 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 6 mM MgCl2 at 25 
oC, during 660 minutes, in the wavenumber region from 1530 to 1360 cm-1. It can be 
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clearly observed that Mg2+ induces pronounced structural rearrangements at the ribozyme 

backbone, when compared to Figure 56, and these changes are probably directly related 

to the increased catalytic activity. The IR band at 1522 cm-1 is assigned to in-plane 

vibrations of cytosine, and its intensity decreases when cytosine is paired. This band 

shows a significant decrease in intensity until the reaction achieves equilibrium. The IR 

band at 1500 cm-1, which is assigned to in-plane vibrations of cytosine, appears only in 

the presence of Mg2+, also shows a significant intensity decrease. The decrease of both 

bands assigned to cytosine indicates that several structural rearrangements occur in the 

ribozyme’s secondary structure.  

 

The IR band at 1477 cm-1, which is assigned to ring vibrations of adenine and guanine at 

its N7 site, reveals an increase in intensity, the opposite behavior when in the absence of 

cation (Figure 56). Changes in the position or intensity of this band are related to 

interactions at N7 sites or changes in hydration in the major groove of the helix. Changes 

at this band position are expected since it was shown in the literature that G+1 receives a 

hydrogen bond at its N7 site from 2’-OH of A38 at the cleavage pocket [65]. The IR band 

at 1460 cm-1 increases with time until 6 hours of the reaction. It is assigned to adenine 

vibrations of B/A-form backbone. The IR band observed at 1422 cm-1, which is assigned 

to N-type or C3’-endo sugar pucker conformations in A-form helices, increases in 

intensity until 6 hours of the reaction. The IR band observed at 1400 cm-1 decreases in 

intensity until 6 hours of the reaction. It is assigned to RNA vibrations of the in-plane C – 

O – H deformation mode at the 2’ position of the ribose ring [160].  

 

A small IR band at 1380 cm-1 is related to purine (guanine) sugar in anti conformation 

(sugars at C2’ / C3’ – endo sugar pucker conformation of guanine in B/A-form) and can 

also be observed. This band shows a decrease in intensity, indicating that there occur 

environmental changes in the A-form backbone of the wtHpRz. This IR band can also be 

related to structural changes upon docking. A-1 and G+1 are twisted out of the helical 

stack, leading the ribose to form C2’-endo puckers, B-form like twists. These structural 

rearrangements result in alignments of the two nucleotides, and consequently alignment 

of the nucleophile 2’-OH of A-1 and the leaving group 5’-oxo of G+1 [65]. The IR band 

at 1365 cm-1 is related to cytosine in anti-conformation, sugar pucker at C2’/C3’-endo. 
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This band shows a small decrease in intensity during 3 hours of reaction time. These 

variations in backbone and sugar pucker vibrations indicate that many conformational 

rearrangements occur during the reaction.  

 

C. Hairpin ribozyme in the presence of  [Co(NH3)6]Cl3 

 
Figure 58. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with [Co(NH3)6]Cl3 at atmospheric pressure, in the wavenumber region from 1520 to 

1320 cm-1. Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 

0.1 mM EDTA + 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl from 10 to 600 minutes at 25 oC, 0.1 MPa. IR 

bands originate from base-sugar vibrations that are sensitive to glycosidic bond rotation, backbone and 

sugar pucker conformations. These IR bands are related to backbone vibrations in A-, B- and Z-forms, 

sugar pucker in N- or S-type conformations and N7 site vibrations of purines. The most important bands 

are indicated by the grey rectangle in the second derivative spectra. The highlighted bands are: 1523 cm-1, 

1500 cm-1, 1485 - 77 cm-1, 1460 cm-1, 1424 cm-1, 1402 cm-1, 1381 cm-1, 1364 cm-1. (Selected data) 
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Figure 58 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 12 mM 

[Co(NH3)6]Cl3 + 100 mM NaCl at 25 oC, during 600 minutes, in the wavenumber region 

from 1520 to 1320 cm-1. The IR band at 1500 cm-1, which is assigned to in-plane 

vibrations of cytosine, shows a significant intensity decrease. This information 

complements the decrease of intensity observed for the band at 1522 cm-1 (Figure 55), 

indicating that the RNA structure undergoes many structural rearrangements. The IR 

band at 1477 cm-1, which is assigned to ring vibrations of adenine and guanine at its N7 

site, has a very small signal that decreases with time, and the band shifts to higher 

wavenumbers. This IR band has a different behavior in the presence of Mg2+. However, 

changes of this band are expected, since G+1 receives a hydrogen bond at its N7 site 

from 2’-OH of A38 in the cleavage pocket [65]. It has been shown in the literature that 

this interaction, considered essential for catalysis, is maintained at the ribozyme zipper 

(which is formed by the interactions between the nucleotides in the loop A and B during 

docking) in the presence of [Co(NH3)6]Cl3 [162].  

 

The IR band at 1460 cm-1 increases with time until 6 hours of the reaction, and is 

assigned to adenine vibrations of the B/A-form backbone. There is no IR band related to 

vibrations in Z-form helices, as observed in the presence of MgCl2. The IR band 

observed at 1422 cm-1, which is assigned to S-type or C2’-endo sugar pucker 

conformation in B-form helices, decreases in intensity until 3 hours of the reaction. The 

IR band observed at 1400 cm-1, assigned to RNA vibrations [161], decreases in intensity 

until 3 hours of the reaction. A small IR band at 1380 cm-1, related to purine (guanine) 

sugar in anti conformation (sugars at C2’ / C3’ – endo sugar pucker conformation of 

guanine in B/A-form), can also be observed. This band shows a decrease in intensity, 

indicating that there are environmental changes in the B/A-form backbone variations 

during the self-cleavage reaction of the wtHpRz in the presence of [Co(NH3)6]Cl3, as 

observed for Mg2+ (Figure 57). The IR band at 1365 cm-1, related to cytosine in anti-

conformation, sugar pucker at C2’/C3’-endo, displays a significant decrease in intensity 

during the measurement time (6 hours). These variations at the backbone and sugar 

pucker vibrations indicate that many conformational rearrangements are involved during 

the reaction at this ionic conditions.  

 143 



Chapter 5: Pressure modulation of hairpin ribozyme structure and self-cleavage reaction 
_____________________________________________________________________ 

The backbone rearrangement and sugar pucker formation are not the same when 

comparing the MgCl2 and [Co(NH3)6]Cl3 conditions. The signal of the IR band at 1477 

cm-1 related to the N7 site interaction is more pronounced in the presence of MgCl2, 

which might explain the higher cleavage efficiency (product formation) observed in the 

PAGE result (Figures 48 and 49). The presence of [Co(NH3)6]Cl3 induced significant 

changes in the behavior of guanine and cytosine related bands, which can be explained by 

changes in C+3, C8+, G36 and G8 position and pairing upon this ionic condition. These 

changes also affect the environment and pairing/stacking interaction of U+2 and G+1 

[162]. These interactions are all important for formation of the active docked complex, 

and these changes explain the lower efficiency of the wtHpRz in the presence of 

[Co(NH3)6]Cl3 compared to the biologically relevant MgCl2.  

 

5.3.2.2. Time-dependent analysis of  the structure and reaction of  the hairpin 

ribozyme at high hydrostatic pressure 

 

The same analysis was carried out for the FTIR measurement under high hydrostatic 

pressure conditions. Two different pressures, 50 and 100 MPa, were chosen for analysis 

of the Mg2+ condition. One pressure value was chosen for analysis of the [Co(NH3)6]Cl3 

condition. In the 1800 to 1500 cm-1 wavenumber region, the IR bands are originated 

from nucleobase vibrations, which are sensitive to base stacking and base-pairing 

interactions. The IR bands are related to double or single strand vibrations, which include 

C=C, C=N, and C=O stretching of free and/or bonded nucleotides. A double strand to 

single strand transition results in a decrease in the intensity of the IR band at around 1696 

to 1684 cm-1 with a concomitant increase in the band at around 1677 to 1653 cm-1. The 

former arises from the C6=O6 stretch of base-paired guanine plus the C2=O2 stretch of 

uracil. The latter band arises mainly from the stretching vibrations of C6=O6 of free (i.e., 

non-base paired) guanine, the C2=O2 stretch of free cytosine, and the C4=O4 stretch of 

free uracil [114, 136]. For better analysis of the IR bands the 1800 to 1500 cm-1 region can 

be divided into two regions: from 1720 to 1600 cm-1, and from 1600 – 1550 cm-1 (for 

more detailed RNA IR band assignment, see Table 1 in section 2.2.1.5). 
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5.3.2.2.1. Hairpin ribozyme in-plane base vibrations sensitive to effects of  base 

pairing followed by FTIR spectroscopy 

 

D. Hairpin ribozyme in the presence of  MgCl2 at 50 MPa 

 

 
Figure 59. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with MgCl2 at 50 MPa, in the wavenumber region from 1760 to 1600 cm-1. Second 

derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM EDTA + 

6 mM MgCl2 from 30 to 600 minutes at 25 oC, 50 MPa. In the normalized spectra, the IR band from 1696 

to 1684 cm-1 is related to base paired nucleotides and shows only very small variations with time. The IR 

band from 1677 to 1653 cm-1 is related to free nucleotides and increases slightly in intensity with time 

(indicated by the arrow). The most important bands are indicated by the grey rectangle in the second 

derivative spectra. The highlighted bands are: 1716 cm-1, 1697 cm-1, 1684 cm-1, 1653 cm-1, 1622 cm-1. 

(Selected data) 
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The normalized and second derivative time-dependent FTIR spectra of the wtHpRz in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 6 mM MgCl2 at 25 oC, 50 MPa, during 

600 minutes, in the wavenumber region from 1720 to 1600 cm-1, are presented in Figure 

59. In Figure 59, in the second derivative spectra, some specific bands related to the 

ribozyme’s conformational change can be found. The IR band at 1716 cm-1, involved in 

Hoogsteen third strand binding (G*C-C), disappear just after 30 minutes of 

pressurization. This IR band can be related to the third strand binding of G36*G+1.C25 

found in the crystal structure of a hairpin ribozyme docked conformation [65]. 

Apparently, pressure destabilizes the third strand interaction found in the active pocket 

during docked states, which agrees with the reduction in product formation observed in 

the PAGE results (Figure 49).  

 

The IR band at 1696 cm-1 is related to the C2=O2 stretch of uracil and disappears in 30 

minutes after pressurization. The IR band at 1684 cm-1, characteristic of base paired G-C 

vibrations, shows only small variations in intensity, as seen in the normalized spectra. This 

can be related to minor changes in product formation and/or undocking. It can be 

observed, in the second derivative spectra, that this IR band decreases after pressurization 

without further changes in intensity. In addition, it splits into different IR bands with 

lower and higher wavenumbers after one hour of the reaction. This indicates that the 

wtHpRz at 50 MPa achieved the reaction equilibrium faster, but there is less product 

formation, indicating that there are different non-active docked conformations.  

 

The IR band at 1653 cm-1, assigned to free base vibrations of uracil (C4=O4 stretch), can 

be related to product formation. It displays a less pronounced intensity decrease with 

time, compared to ambient pressure (Figure 54), and shifts to higher wavenumbers upon 

pressurization. The IR band at 1623 cm-1, related to C=N and C=C ring vibrations of 

adenine and/or in-plane vibrations of cytosine, also decreases after pressurization without 

further changes.  

 

Small differences can be observed between the FTIR spectra of the wtHpRz at 0.1 MPa 

and 50 MPa. These changes indicate that ressure did not induce the formation of new 
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interactions or destabilization of the docked states while favoring undocked states. But 

pressure favors the docked state, and accelerates its formation. 

 

E. Hairpin ribozyme in the presence of  MgCl2 at 100 MPa 

 
Figure 60. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with MgCl2 at 100 MPa, in the wavenumber region from 1760 to 1600 cm-1. Second 

derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM EDTA + 

6 mM MgCl2 from 30 to 600 minutes at 25 oC, 100 MPa. In the normalized spectra, the IR band from 

1696 to 1684 cm-1 is related to base paired nucleotides and shows only very small variations with time. 

The IR band from 1677 to 1653 cm-1 is related to free nucleotides and shows a small increase in intensity 

with time (indicated by the arrow). The most important bands are indicated by the grey rectangle in the 

second derivative spectra. The highlighted bands are: 1716 cm-1, 1697 cm-1, 1688 cm-1 - 1684 cm-1 – 1679 

cm-1, 1653 cm-1, 1622 cm-1. (Selected data) 
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Figure 60 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 6 mM MgCl2 at 25 
oC, 100 MPa, during 600 minutes, in the wavenumber region from 1760 to 1600 cm-1. 

The second derivative spectra show some specific bands related to the ribozyme’s 

conformational changes. The IR band at 1717 cm-1, involved in Hoogsteen third strand 

binding (G*C-C), disappears just after pressurization at 100 MPa. This IR band can be 

related to the third strand binding of G36*G+1.C25 found in the active pocket of the 

crystal structure of the hairpin ribozyme’s docked conformation [65]. As observed for the 

50 MPa data, pressure destabilizes the third strand interaction found in the active pocket 

during docking, leading to the formation of non-active docked conformations, which is in 

agreement with the reduced amount of reaction product found in the PAGE results 

(Figure 51).  

 

The IR band at 1696 cm-1 is related to theC2=O2 stretch of uracil and disappears after 

pressurization. The IR band at 1684 cm-1, characteristic of base paired G-C vibrations, 

displays a small decrease in intensity, as seen in the normalized spectra, which can be 

related to a small formation of product and/or undocking. It can be observed, in the 

second derivative spectra, that this IR band decreases after pressurization, and it splits 

into two different IR bands with lower and higher wavenumbers after 30 minutes of the 

reaction at 100 MPa. This indicates that 100 MPa, just as 50 MPa, promotes the 

formation of docked states found only after a few hours of the reaction at 0.1 MPa. The 

IR band at 1653 cm-1, assigned to free base vibrations of uracil, which can be related to 

product formation, reveals an intensity decrease after pressurization at 100 MPa. It also 

shifts to 1657 cm-1, as seen in the second derivative spectra. The IR band at 1623 cm-1, 

related to C=N and C=C ring vibrations of adenine and/or in-plane vibrations of 

cytosine, shows a small increase after pressurization without further changes, when 

compared to the 0.1 MPa spectra (Figure 51).  

 

This FTIR result at 100 MPa confirms that pressure does not induce new interactions, as 

seen in the FTIR at 50 MPa (Figure 59). Pressure also did not favor destabilized 

undocked states. On the other hand, pressure favored the formation of docked states. 

However, the majority of these docked states were not active (Figure 51).  
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F. Hairpin ribozyme in the presence of  [Co(NH3)6]Cl3 at 100 MPa 

 
Figure 61. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with [Co(NH3)6]Cl3 at 100 MPa, in the wavenumber region from 1750 to 1600 cm-1. 

Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA + 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl from 30 to 600 minutes at 25 oC, 100 MPa. In the 

normalized spectra, the IR band from 1696 to 1684 cm-1 is related to base paired nucleotides and 

decreases in intensity with time (indicated by the arrow). The IR band from 1677 to 1653 cm-1 is related to 

free nucleotides and increases in intensity with time (indicated by the arrow). The most important bands 

are indicated by the grey rectangle in the second derivative spectra. The highlighted bands are: 1716 cm-1, 

1697 cm-1, 1688 cm-1, 1677 cm-1, 1665 cm-1, 1657 - 53 cm-1, 1623 cm-1. (Selected data) 
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Figure 61 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 12 mM 

[Co(NH3)6]Cl3 + 100 mM NaCl, 100 MPa, at 25 oC, during 660 minutes, in the 

wavenumber region from 1750 to 1600 cm-1. It can be observed, in the normalized 

spectra, that there is a small decrease in intensity of the IR band at 1682 cm-1, which is 

related to base paired guanine and base paired uracil, with a concomitant increase of the 

IR band at 1654 cm-1, which is assigned to C free guanine and free uracil vibrations. The 

intensity changes are observed during the first 3 hours of the reaction, and then it reaches 

an equilibrium. The IR band related to free base vibrations shows a more significant 

increase compared to the small intensity decrease of the base paired band. The PAGE 

result (Figure 49) showed that under 100 MPa the product formation is decreased until 

one hour compared to the 0.1 MPa reaction. However, until 6 hours of reaction at 100 

MPa and in the presence of [Co(NH3)6]Cl3, the wtHPRz still undergoes conformational 

changes, which are not observed at higher pressures or in the presence of MgCl2 at 100 

MPa (Figure 63). This indicates that [Co(NH3)6]Cl3 favors different structural 

rearrangements,  resulting in alternative docked states. However, some of these states 

were still active under 100 MPa.  

 

It can be observed in the second derivative spectra, that some specific bands are related 

to the ribozyme’s conformational changes. The IR band at 1717 cm-1, involved in 

Hoogsteen third strand binding (G*C-C  G36*G+1.C25), rapidly decreases after 

pressurization. This interaction is found in the crystal structure of the hairpin ribozyme 

docked conformation, and this interaction is maintained by [Co(NH3)6]Cl3 [65, 162]. This 

IR band disappears after pressurization of the system. However, the ribozyme achieves 

equilibrium after one hour of reaction (Figure 52). The IR band at 1696 cm-1 is related to 

free and base paired uracil and disappears after pressurization of the system. The IR band 

at 1684 cm-1, characteristic of base paired vibrations of guanine, shows also a rapid 

decrease after pressurization at 100 MPa and disappears after one hour of reaction.  

 

The wtHpRz does not have the same behavior as with MgCl2 at 100 MPa, as the IR band 

at 1684 cm-1 reveals a small intensity decrease and splits into two different bands with 

higher and lower wavenumbers. This indicates that [Co(NH3)6]Cl3 stabilizes different 
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ribozyme conformations with different cleavage efficiency. The IR band at 1677 cm-1, 

related to C4=O4 stretch vibrations of uracil, shows small intensity variations, only. This 

IR band is not observed in the wtHpRz FTIR spectra in the presence of MgCl2 at both 

atmospheric and high hydrostatic pressure. However, a strong signal is detect in the 

presence of [Co(NH3)6]Cl3. It has been shown in the literature that the residues U+2 and 

C+3, in the active core, adopt different conformations in the presence of [Co(NH3)6]Cl3 

when compared to the crystal structure in the presence of MgCl2 [162]. The small change 

of this IR band indicates that pressure has a smaller effect on these new interactions 

formed at the ribozyme zipper by [Co(NH3)6]Cl3. The IR band at 1665 cm-1, assigned to 

vibrations of free guanine and observed during the reaction at 0.1 MPa, is not observed 

during the reaction at 100 MPa.  The IR band at 1653 cm-1, related to free base vibrations 

of uracil, decreases in 30 minutes of the reaction and shifts to 1657 cm-1, indicating that 

different populations are favored with time. The IR band at 1623 cm-1 is related to ring 

vibrations of adenine and/or in-plane vibrations of cytosine, and the intensity varies 

during the entire measurement (for more detailed RNA IR band assignment, see Table 1 

in section 2.2.1.5).  
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5.3.2.2.2. Hairpin ribozyme in-plane base vibrations sensitive to effects of  base 

stacking followed by FTIR 

 

D. Hairpin ribozyme in the presence of  MgCl2 at 50 MPa 

 
Figure 62. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with MgCl2 at 50 MPa, in the wavenumber region from 1600 to 1530 cm-1. Second 

derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM EDTA + 

6 mM MgCl2 from 30 to 600 minutes at 25 oC, 50 MPa. In the normalized spectra, the IR band at 1590 to 

1575 cm-1 is related to ring vibrations of C4 = C5 and C5 – C6 of free and base paired guanine and has a 

small shift to lower wavenumber, while the IR band at 1568 to 1564 cm-1 is related to ring vibrations of 

C6 = O6, C5 – C6 and C4 = C5 of free and base paired guanine and shows very small changes, only. The 

most important bands are indicated by the grey rectangle in the second derivative spectra. The highlighted 

bands are: 1583 - 75 cm-1, 1563 - 60 cm-1. (Selected data) 
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Figure 62 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 6 mM MgCl2 at 25 
oC, 50 MPa, during 600 minutes, in the wavenumber region from 1600 to 1530 cm-1. In 

general, in this region of the RNA spectra two IR bands can be observed: one IR band 

around 1590 to 1575 cm-1 and another IR band around 1568 - 1564 cm-1. Both IR bands 

are related to ring vibrations of free and base paired guanine, and the intensity of these IR 

bands decreases when guanine forms base pairs.  

 

There are only small changes observable in the normalized spectra, and the most 

prominent is a change in wavenumber of the IR band at 1576 cm-1. It can be observed, in 

the second derivative spectra, that the intensity of the IR band at 1576 cm-1 decreases 

when pressurized. In addition, after 30 minutes of reaction, under 50 MPa, the IR band at 

1576 cm-1 disappears with a concomitant increase of the band at 1584 cm-1. The IR band 

at 1560 cm-1 shifts to higher wavenumbers, to around 1564 cm-1, with a small increase in 

intensity. These IR bands present the same behavior at 0.1 MPa and 50 MPa. However, 

pressure rapidly induced the wavenumber shift observed only after one hour of reaction 

at 0.1 MPa.  

 

These bands are also assigned in order to follow the behavior of free and base paired 

guanine of guanine rich regions. Changes in the position of the guanine doublet bands 

between 1590 – 1564 cm-1 are also related to changes in the environment of the guanine 

nucleotides [114]. Both bands present pronounced changes in wavenumber, indicating 

that there are significant changes in the environment of guanine due to 

docking/undocking and formation of intermediate active/non active conformers. These 

results suggest that pressure induces conformational changes achieved only at reaction 

equilibrium.  
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E. Hairpin ribozyme in the presence of  MgCl2 at 100 MPa 

 

 
Figure 63. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with MgCl2 at 100 MPa, in the wavenumber region from 1600 to 1530 cm-1. Second 

derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM EDTA + 

6 mM MgCl2 from 30 to 600 minutes at 25 oC, 100 MPa. In the normalized spectra, the IR band at 1590 

to 1575 cm-1 is related to ring vibrations of C4 = C5 and C5 – C6 of free and base paired guanine and 

shows a small shift to lower wavenumber, while the IR band at 1568 to 1564 cm-1 related to ring 

vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base paired guanine, displays very small changes, 

only. The most important bands are indicated by the grey rectangle in the second derivative spectra. The 

highlighted bands are: 1584 - 76 cm-1, 1564 - 60 cm-1. (Selected data) 
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Figure 63 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 6 mM MgCl2 at 25 
oC, 100 MPa, during 600 minutes, in the wavenumber region from 1600 to 1530 cm-1. In 

general, this region of the RNA spectrum shows two IR bands: one IR band around 1590 

to 1575 cm-1 and another IR band around 1568 - 1564 cm-1. These bands arise from ring 

vibrations of free and base paired guanines. The intensity of these IR bands decreases 

when guanine forms base pairs.  

 

There are only small changes observable in the normalized spectra, and the most 

prominent is a change in wavenumber of the IR band at 1576 cm-1, as observed at 50 

MPa (Figure 65). The second derivative spectra show that the intensity of the IR band at 

1576 cm-1 decreases when the sample is pressurized. After 30 minutes of reaction under 

100 MPa, the IR band at 1576 cm-1 disappears with a concomitant increase of the band at 

1584 cm-1. Additionally, the IR band at 1560 cm-1 shifts to higher wavenumbers, around 

1564 cm-1, with a small increase in intensity. These IR bands present the same behavior at 

0.1 MPa and 50 MPa. As observed at 50 MPa, both IR bands present pronounced 

changes in wavenumber at 100 MPa, but the changes are more prominent at 100 MPa 

than at 50 MPa. This indicates that there are changes in the environment of guanine 

during docking/undocking, and that pressure favors conformational changes achieved 

only after hours of reaction at 0.1 MPa. However, as mentioned before, these changes do 

not favor cleavage, and an increase of product formation is not observed (figure 48).  
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F. Hairpin ribozyme in the presence of  [Co(NH3)6]Cl3 at 100 MPa 

 

 
Figure 64. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with [Co(NH3)6]Cl3 at 100 MPa, in the wavenumber region from 1600 to 1530 cm-1. 

Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA + 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl from 30 to 600 minutes at 25 oC, 100 MPa. In the 

normalized spectra, the IR band at 1590 to 1575 cm-1 is related to ring vibrations of C4 = C5 and C5 – C6 

of free and base paired guanine and decreases in intensity (indicated by the arrow), while the IR band at 

1568 to 1564 cm-1 is related to ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base paired 

guanine, and displays no significant change. The most important bands are indicated by the grey rectangle 

in the second derivative spectra. The highlighted bands are: 1582 - 77 cm-1, 1564 - 60 cm-1, 1523 cm-1. 

(Selected data) 

 

 

The normalized and second derivative time-dependent FTIR spectra of the wtHpRz in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl, 
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100 MPa, at 25 oC, during  600 minutes, in the wavenumber region from 1600 to 1540 

cm-1, are presented at Figure 64. In this region of the RNA normalized spectra, two IR 

bands can be observed: a first IR band from 1590 to 1570 cm-1, and a second IR band 

from 1560 to 1530 cm-1. Both bands arise from ring vibrations of free and base paired 

guanine and the intensity of these IR bands decreases when guanine forms base pairs.  

 

It can be observed in the normalized spectra that pressure causes a decrease in intensity 

of the IR band at ≈ 1580 cm-1, until it reaches constant intensity values after 3 hours of 

the reaction. The second IR band, at ≈ 1564 cm-1, shows no significant modification 

under 100 MPa during 6 hours. It can be observed, in the second derivative spectra, that 

the intensity of the IR band at ≈ 1576 cm-1, decrease rapidly upon pressurization at 100 

MPa, and shifts to higher wavenumbers (1582 cm-1), as observed in the presence of 

MgCl2 conditions (Figure 63). The IR bands at 1567 cm-1 and 1560 cm -1, also observed at 

0.1 MPa, reveal a small increase in intensity. In addition, pressure accelerates the shift of 

this IR band to 1564 cm-1. These bands are also assigned in order to follow the behavior 

of free and base paired guanine of guanine rich regions.  

 

There are small differences between the spectra at 100 MPa  in the presence of MgCl2 or 

[Co(NH3)6]Cl3. This can be related to the formation of different conformational states 

induced by [Co(NH3)6]Cl3, which were not observed in the presence of MgCl2. This may 

include population of alternative active/non active intermediate states.  

 

5.3.2.2.3. Hairpin ribozyme base-sugar vibrations followed by FTIR spectroscopy 

 

The base sugar vibrations were also followed by FTIR spectroscopy under high 

hydrostatic pressure, in the wavenumber region from 1500 to 1250 cm-1. In the 1500 to 

1250 cm-1 wavenumber region, the IR bands originate from base-sugar vibrations that are 

sensitive to glycosidic bond rotation, backbone conformation and sugar pucker. The IR 

bands are related to backbone vibrations in A-, B- and Z-forms, sugar pucker in N- or S-

type conformations and N7 site vibrations of purines. It is a spectral region where a wide 

variety of subbands can appear. Detailed information on IR band assignment can be 

found in section 5.3.2.1.3 and/or Table 1 in section 2.2.1.5. The position of these bands 
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are very sensitive to the RNA sequence and reference literature of these interactions 

describes mostly simple RNA sequences, therefore any deeper structural analysis is not 

possible.   

 

D. Hairpin ribozyme in the presence of  MgCl2 at 50 MPa 

 
Figure 65. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with MgCl2 at 50 MPa, in the wavenumber region from 1550 to 1350 cm-1. Second 

derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM EDTA + 

6 mM MgCl2 from 30 to 600 minutes at 25 oC, 50 MPa. IR bands originate from base-sugar vibrations 

which are sensitive to glycosidic bond rotation, backbone and sugar pucker conformations. These IR 

bands are related to backbone vibrations in A-, B- and Z-forms, sugar pucker in N- or S-type 

conformations and N7 site vibrations of purines. The most important bands are indicated by the grey 

rectangle in the second derivative spectra. The highlighted bands are: 1522 cm-1, 1500 cm-1, 1478 cm-1, 

1460 cm-1, 1424 cm-1, 1400 cm-1, 1382 cm-1, 1364 cm-1. (Selected data) 
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Figure 65 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 6 mM MgCl2 at 25 
oC, 50 MPa, during 600 minutes, in the wavenumber region from 1550 to 1350 cm-1. The 

IR band at 1522 cm-1 is assigned to in-plane vibrations of cytosine, and its intensity 

decreases when cytosine is paired. This band shows a small variation in intensity under 50 

MPa, only. The IR band at 1500 cm-1, which is assigned to in-plane vibrations of cytosine, 

displays a significant intensity decrease. However, pressure has a small influence on the 

behavior of this particular band. The decrease of both bands assigned to cytosine 

indicates that several structural rearrangements occur in the ribozyme’s secondary 

structure during the reaction and pressure seams to promote and accelerate these 

rearrangements. The IR band at 1478 cm-1, which is assigned to ring vibrations of adenine 

and guanine at its N7 site, shows small changes in intensity. Changes in the position or 

intensity of this band are related to interactions at N7 sites or changes in hydration in the 

major groove of the helix. It was shown in the literature that G+1 receives a hydrogen 

bond at its N7 site from the 2’-OH group of A38 in the cleavage pocket [65]. It can be 

observed, in the second derivative spectra, that pressure seams to stabilize the N7 site 

interactions of purines, and there is no change in intensity or wavenumber upon 

pressurization.   

 

The IR band at 1460 cm-1 displays a small increase upon pressurization, only. It is 

assigned to adenine vibrations in B/A-form of backbone. There are no adenine vibrations 

in Z-form helices at 50 MPa. The IR band observed at 1423 cm-1, which is assigned as S-

type or C2’-endo sugar pucker conformation in B-form helices, increases slightly after 

pressurization without further changes during the 6 hours of the reaction. The IR band 

observed at 1400 cm-1 shows a small decrease in intensity. It is assigned to RNA 

vibrations of the ribose ring [160]. The small IR band at 1380 cm-1 is related to purine 

(guanine) sugar in anti conformation (sugars at C2’ / C3’ – endo sugar pucker 

conformation of guanine in B/A-form) and can also be observed. This band displays a 

small decrease in intensity after pressurization with no further changes. This indicates that 

the changes occurring in the A-form backbone of the wtHpRz during the reaction at 0.1 

MPa cannot be observed at 50 MPa after 30 minutes of reaction.  
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The presence of both IR bands, at 1423 cm-1 and 1380 cm-1, can also be related to 

structural changes during docking. A-1 and G+1 are twisted out of the helical stack, 

leading the ribose into C2’-endo puckers, B-form like twists. These structural 

rearrangements result in alignment of the two nucleotides, and consequent alignment of 

the nucleophile 2’-OH of A-1 and the leaving group, 5’-oxo of G+1. The IR band at 1365 

cm-1 is related to cytosine in anti-conformation, sugar pucker at C2’/C3’-endo, and it 

displays a minor decrease in intensity after pressurization. These changes in backbone and 

sugar pucker vibrations indicate that many conformational rearrangements occur in the 

course of the reaction.  

 

Small changes can be observed between the FTIR spectra of the wtHpRz at 0.1 MPa and 

50 MPa. Pressure did not induce the formation of new interactions or destabilization of 

the docked states while favoring undocked states. The FTIR results indicate that pressure 

favors the docked state, and accelerates its formation. Pressure induces the ribozyme 

molecules to achieve docked state conformations, but does not increase product 

formation, as observed by PAGE (Figure 48 and 49). Therefore, pressure accelerates the 

formation of docked states but these conformational states do not seem to be active, 

thereby reducing the overall self-cleavage activity and product formation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 160 



Chapter 5: Pressure modulation of hairpin ribozyme structure and self-cleavage reaction 
_____________________________________________________________________ 

E. Hairpin ribozyme in the presence MgCl2 at 100 MPa 

 

 
 
Figure 66. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with MgCl2 at 100 MPa, in the wavenumber region from 1550 to 1300 cm-1. Second 

derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM EDTA + 

6 mM MgCl2 from 30 to 600 minutes at 25 oC, 100 MPa. IR bands originate from base-sugar vibrations 

which are sensitive to glycosidic bond rotation, backbone and sugar pucker conformations. These IR 

bands are related to backbone vibrations in A-, B- and Z-forms, sugar pucker in N- or S-type 

conformations and N7 site vibrations of purines. The most important bands are indicated by the grey 

rectangle in the second derivative spectra. The highlighted bands are: 1523 cm-1, 1500 cm-1, 1479 cm-1, 

1460 cm-1, 1424 cm-1, 1402 cm-1, 1381 cm-1, 1364 cm-1. (Selected data) 
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The normalized and second derivative time-dependent FTIR spectra of the wtHpRz in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 6 mM MgCl2 at 25 oC, 100 MPa, during 

600 minutes, in the wavenumber region from 1550 to 1300 cm-1 are shown at Figure 69. 

The IR band at 1523 cm-1 is assigned to in-plane vibrations of cytosine, and its intensity 

decreases when cytosine is paired. This band shows a small increase in intensity during 

the first one hour after pressurization, then stays constant. The IR band at 1500 cm-1, 

which is assigned as in-plane vibrations of cytosine, reveal a very small increase in 

intensity during the reaction at 100 MPa. However, at 0.1 MPa, this IR band displays a 

significant intensity change, indicating that pressure has a significant influence on the 

behavior of the in/plane interactions of cytosine. The small decrease of both bands 

assigned to cytosine, when compared to the 0.1 MPa measurements, indicates that 

pressure inhibits structural rearrangements that occur in the wtHpRz’s secondary 

structure during the self-cleavage reaction.  

 

The IR band at 1478 cm-1 is assigned to ring vibrations of adenine and guanine at its N7 

site. Changes in the position or intensity of this band are related to interactions at N7 sites 

(G+1 receives a hydrogen bond at its N7 site from 2’-OH of A38 in the cleavage pocket 

[65]) or to changes in hydration in the major groove of the helix. It can be observed, in 

the normalized and second derivative spectra, that pressure seams to stabilize the N7 site 

interactions of purines, and there is no significant change in intensity or wavenumber 

after pressurization.  The IR band at 1460 cm-1, assigned to adenine vibrations in B/A-

form backbone, shows a small decrease after pressurization, only.  

 

The IR band observed at 1424 cm-1, which is assigned to S-type or C2’-endo sugar pucker 

conformation of adenine and guanine in B-form helices, shows very small variations in 

intensity during the 6 hours of reaction. The IR band observed at 1402 cm-1, assigned to 

RNA vibrations of the ribose ring [160], also shows small variations in intensity after 

pressurization only. The small IR band at 1381 cm-1 is related to purine (guanine) sugar in 

anti conformation (sugars at C2’ / C3’ – endo sugar pucker conformation of guanine in 

B/A-form), and it displays a small increase in intensity after pressurization at 100 MPa. 

This indicates that there are some environmental changes occurring in the B/A-form 

backbone of the active wtHpRz upon pressurization. This IR band can also be related to 
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structural changes that take place during docking, as mentioned before, due to formation 

of B-form like twists (C2’-endo puckers) during docking. These structural rearrangements 

result in alignment of the two nucleotides, and consequently alignment of the nucleophile 

2’-OH of A-1 and the leaving group, 5’-oxo of G+1. The IR band at 1365 cm-1, which is 

related to cytosine in anti-conformation, sugar pucker at C2’/C3’-endo, displays a small 

decrease in intensity after pressurization.  

 

Small variations can be observed between the spectra of the wtHpRz at 0.1 MPa, 50 MPa 

and 100 MPa. Pressure did not induce the formation of new interactions or destabilize the 

docked states while favoring undocked states. The pressure-dependent FTIR 

measurements started after 30 minutes of the reaction, due to the time needed to 

assemble the high pressure system (for more details, see section 2.2.1) and to reach a 

stable background recording. During this time, the wtHpRz had already half of the 

product cleaved (according to the PAGE data from Figures 48 and 49). These combined 

results indicate that pressure promotes the formation of docked states, but these states are 

non-active docked (folded) states, leading to stagnation of the self-cleavage, probably 

since some structural interactions and rearrangements cannot take place under high 

hydrostatic pressure. Pressure also seems to induce the purine B-form sugar pucker at the 

active core, while purine vibrations in A-form (more compact conformation) were 

favored. Therefore, high pressure seems to modulate the structural rearrangement and the 

kinetics of the wtHpRz by favoring folded/docked states, but non-productive states, and 

the overall self-cleavage activity and product formation is reduced upon pressurization, as 

observed in the PAGE data shown in Figure 48. 
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F. Hairpin ribozyme in the presence of  [Co(NH3)6]Cl3 at 100 MPa 

 

 
Figure 67. Time-dependent normalized and second derivative FTIR spectra of the hairpin 

ribozyme with [Co(NH3)6]Cl3 at 100 MPa, in the wavenumber region from 1530 to 1380 cm-1. 

Second derivative and normalized spectra of 45 mg mL-1 wtHpRz in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA + 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl from 30 to 600 minutes at 25 oC, 100 MPa. IR bands 

originate from base-sugar vibrations which are sensitive to glycosidic bond rotation, backbone and sugar 

pucker conformations. These IR bands are related to backbone vibrations in A-, B- and Z-forms, sugar 

pucker in N- or S-type conformations and N7 site vibrations of purines. The most important bands are 

indicated by the grey rectangle in the second derivative spectra. The highlighted bands are: 1523 cm-1, 

1500 cm-1, 1483 - 76 cm-1, 1460 cm-1, 1424 cm-1, 1402 cm-1. (Selected data) 
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Figure 67 shows the normalized and second derivative time-dependent FTIR spectra of 

the wtHpRz in 50 mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA + 12 mM 

[Co(NH3)6]Cl3 + 100 mM NaCl, 100 MPa, at 25 oC, during 600 minutes, in the 

wavenumber region from 1530 to 1380 cm-1. The IR band at 1520 cm-1, assigned to in-

plane vibrations of cytosine, drastically decreases upon pressurization and there are small 

variations in intensity observable during the reaction time, indicating base pair formation. 

The PAGE result (Figure 49) showed that, in one hour of reaction, the maximum of 

product formation should be achieved. However, there is still some conformational 

change occuring until 6 hours of measurement under 100 MPa. These results show that in 

the presence of [Co(NH3)6]Cl3, even after one hour of reaction, docked/folded states can 

be formed, but they do not result in product formation. The IR band at 1500 cm-1, which 

is assigned to in-plane vibrations of cytosine, shows a significant intensity increase instead 

of the decrease observed at 0.1 MPa.  

 

The IR band at 1477 cm-1, which is assigned as ring vibrations of adenine and guanine at 

its N7 site, shows an intensity decrease with time and the band shifts to higher 

wavenumber. These changes are more pronounced at 100 MPa than with [Co(NH3)6]Cl3 

at 0.1 MPa or with MgCl2 at 100 MPa. It has been shown in the literature that the N7 site 

interaction from the 2’-OH group of A38 at the cleavage pocket with G+1, which is 

considered essential for catalysis, is maintained in the presence of [Co(NH3)6]Cl3 [162]. 

The intensity of the IR band at 1460 cm-1, which is assigned to adenine vibrations in 

B/A-form backbone, increases during the first hour of the reaction. The IR band 

observed at 1426 cm-1, which is assigned to S-type or C2’-endo sugar pucker 

conformation in B-form helices, decreases in intensity upon pressurization, but then its 

intensity increases during the first hour of reaction. When the ribozyme is docked the 

nucleotides in the active pocket are twisted out of the helical stack, resulting in B-form 

like twists [65]. The intensity of this IR band decreases at 0.1 MPa. The IR band observed 

at 1400 cm-1 that is assigned to RNA vibration, decreases in intensity until 3 hours of 

reaction.  

 

Small differences can be observed between the spectra of the wtHpRz at 0.1 MPa and 

100 MPa and in the presence of 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl. The wtHpRz 
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had already 30 minutes of reaction at atmospheric pressure when the pressure-dependent 

FTIR measurements started (for more details, see section 2.2.1). This is half of the time 

until reaction equilibrium is reached (Figure 49). The high pressure FTIR result indicates 

that [Co(NH3)6]Cl3 favors different conformations of the wtHpRz, as shown in the 

literature [162]. The wtHpRz showed to be less efficient in the presence of [Co(NH3)6]Cl3 

and this may be related to the formation of different intramolecular interactions at the 

active pocket of the ribozyme. The wtHpRz backbone and sugar pucker conformations 

showed to be more pressure sensitive in the presence of [Co(NH3)6]Cl3 if compared with 

the MgCl2 data (Figures 66 and 67). These results indicate that pressure favors docked 

states, but the majority of conformers is composed of non-active states. Therefore, the 

overall self-cleavage activity and product formation is reduced upon pressurization. 

 

The backbone rearrangement and sugar pucker formation are not the same when 

comparing the MgCl2 (Figure 69) and [Co(NH3)6]Cl3 data (Figure 67). The signal of the 

IR band at 1477 cm-1, related to N7 site interaction, is more pronounced in the presence 

of MgCl2, which might explain the higher cleavage efficiency (product formation) 

observed in the PAGE result (Figures 48 and 49). The presence of [Co(NH3)6]Cl3 induced 

significant changes in the behavior of guanine and cytosine related bands, which can be 

explained by changes in C+3, C8+, G36 and G8 position and pairing depending on the 

conditions. These changes also affect the environment and pairing/stacking interaction of 

U+2 and G+1 [162]. Pressure induced the formation of more compact docked states at 

both MgCl2 and [Co(NH3)6]Cl3 conditions, but these conditions favors different 

conformational states and intramolecular interactions. Therefore, these states might have 

different compressibility and hence behave differently under high hydrostatic pressure, 

which explains different amounts of product formation after 6 hours of reaction. These 

interactions are important for formation of different active docked complexes, and might 

also explain the lower efficiency of the wtHpRz in the presence of [Co(NH3)6]Cl3 

compared to the biologically relevant MgCl2.  
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5.3.2.3. Iratio analysis of  unpaired to paired nucleotides of  the hairpin ribozyme 

self-cleavage reaction 

 

The overall conformational changes in the structure of  the wtHpRz during the self-

cleavage reaction have been determined in terms of  the Iratio of  unpaired to paired 

guanine and uracil nucleotides (Ifree/Iduplex), as seen in Figure 68, using band intensity at 

1660 and 1686 cm-1, respectively. 

 

5.3.2.3.1. Iratio analysis of  the ambient and high hydrostatic pressure conditions in 

the presence of  MgCl2  

 

Data were obtained from the IR bands of different recorded spectra in the presence of 

MgCl2 at 0.1 MPa, 50 MPa and 100 MPa. 

 
Figure 68. Ifree/Iduplex analysis of the time-dependent FTIR data of the hairpin ribozyme with 

MgCl2 from 0.1 to 100 MPa. Temperature-dependence of the ratio of unpaired (free) to duplexed GC 

pairs (Ifree/Iduplex) as obtained from the infrared spectra recorded at ≈ 1658 cm-1 and ≈ 1686 cm-1, 

respectively, for 45 mg mL-1 wild type hairpin ribozyme in 50 mM Tris-HCl buffer + 0.1 mM EDTA + 6 

mM  MgCl2 at 25 oC. Pressures analyzed were 0.1 MPa, 50 MPa and 100 MPa. The error bars cover the 

scattering of three independent measurements.  
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It can be observed, at Figure 68, that at 0.1 MPa the structural rearrangements between 

free and base paired nucleotides take place until 6 hours of the reaction, when a plateau is 

achieved. However, PAGE analysis shows that the reaction equilibrium is reached in one 

hour. This indicates that these conformational states are mainly non-active. In addition, 

the Iratio is greatly reduced at high pressures, but there is only a small difference between 

50 MPa and 100 MPa. It can be observed that pressure reduces the ribozyme’s structural 

rearrangements, and the plateau is achieved after 3 hours of the reaction. The Iratio and IR 

band analysis combined indicate that docked states may be favored by pressure, where 

mainly non-active conformers are encountered (Figure 48).  

 

5.3.2.3.2. Iratio analysis of  the ambient and high hydrostatic pressure conditions 

with the presence of  [Co(NH3)6]Cl3 

 

Data were obtained from the IR bands of different recorded spectra in the presence of 

[Co(NH3)6]Cl3 and NaCl at 0.1 MPa and 100 MPa. 

 
Figure 69. Ifree/Iduplex analysis of the time-dependent FTIR data of the hairpin ribozyme with 

[Co(NH3)6]Cl3 from 0.1 to 100 MPa. Temperature-dependence of the ratio of unpaired (free) to 

duplexed GC pairs (Ifree/Iduplex) as obtained from the infrared spectra recorded at ≈ 1658 cm-1 and ≈ 1686 

cm-1, respectively, for 45 mg mL-1 wild type hairpin ribozyme in 50 mM Tris-HCl buffer + 0.1 mM EDTA 

+ 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl at 25 oC. Pressures analyzed were 0.1 MPa and 100 MPa. The 

error bars cover the scattering of three independent measurements.  
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Figure 69 shows the pressure-dependent Ifree/Iduplex analysis of the IR bands around 1654 

cm-1 and 1686 cm-1 in the presence of [Co(NH3)6]Cl3. There are significant structural 

rearrangements between free and base paired nucleotides until 6 hours of the reaction, 

when a plateau is achieved. However, these conformers are not prone to cleavage (Figure 

49). In addition, the Iratio is greatly reduced at high pressure, as observed for the MgCl2 

data (Figure 68). This indicates that docked states may be favored by pressure, where 

mainly non-active conformers are encountered, as seen at the PAGE data (Figure 49).  

 

5.3.2.3.3. Iratio analysis of  the ambient and high hydrostatic pressure conditions in 

the presence of  MgCl2 or [Co(NH3)6]Cl3 

 
Figure 70. Ifree/Iduplex analysis of the time-dependent FTIR data of the hairpin ribozyme with 

MgCl2 or [Co(NH3)6]Cl3 from 0.1 to 100 MPa. Temperature-dependence of the ratio of unpaired (free) 

to duplexed GC pairs (Ifree/Iduplex) as obtained from the infrared spectra recorded at ≈ 1658 cm-1 and ≈ 

1686 cm-1, respectively, for 45 mg mL-1 wild type hairpin ribozyme in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA + 6 mM MgCl2 or 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl at 25 oC. Pressures analyzed were 0.1 

MPa and 100 MPa. The error bars cover the scattering of three independent measurements.  
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Figure 70  presents the combination of the Iratio results for wtHpRz in the presence of 6 

mM MgCl2 and 12 mM [Co(NH3)6]Cl3. It can be observed that the Iratio is greatly reduced 

at high pressures for both conditions. However, [Co(NH3)6]Cl3 shows a greater increase 

of Iratio if compared to MgCl2 at 0.1 MPa, which is mostly related to a significant increase 

of free base vibrations. This indicates that the wtHpRz structure varies in many different 

conformers, but the self-cleavage reaction is less efficient when compared to the reaction 

in the presence of MgCl2 (Figure 48 and 49), suggesting that different undocked states not 

prone for cleavage can be formed. These results also confirmed that pressure indeed 

shifts the population of different structures toward docked/folded states, but those are 

mostly non-active docked states. 

 

5.4. Summary and conclusion 
 

A combined PAGE and FTIR spectroscopy study was performed using the minimal 

model of the wild-type hairpin ribozyme, derived from the minus strand of the tobacco 

ringspot virus, under atmospheric and high hydrostatic pressure. The FTIR results 

showed that there are only small differences between the IR spectra of the wtHpRz 

secondary structure at 0.1 MPa, 50 MPa and 100 MPa in the presence of MgCl2. Some 

interactions characteristic of the active state are destabilized by pressure, such as the triple 

strand Hoogsteen binding and B-form backbone and S-type (C2”-endo) sugar pucker, 

while pressure stabilizes the A-form (compact) backbone. Thereby, high hydrostatic 

pressure leads to a stagnation of the self-cleavage reaction by shifting the conformational 

ensembles toward folded/docked states that are not prone to cleavage, with consequent 

reduction of the overall product formation.  

 

The effect of high hydrostatic pressure on the activity and structure of the wild-type 

hairpin ribozyme was also analyzed in the presence of 12 mM [Co(NH3)6]Cl3 and 100 mM 

NaCl at atmospheric and high hydrostatic pressure (100 MPa). [Co(NH3)6]Cl3 is an inert 

complex that mimics the hexahydrate magnesium. The FTIR results indicate that 

[Co(NH3)6]Cl3 favors different conformations of the wtHpRz, in accordance to the 

literature data [162]. These different conformations are less catalytically active than the 

conformations favored in the presence of MgCl2. The wild-type hairpin ribozyme 
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achieved a maximum of cleaved product of 60% and 45% in the presence of MgCl2 and 

[Co(NH3)6]Cl3, respectively.  This difference may be related to the formation of different 

intramolecular interactions in the active pocket of the ribozyme, and destabilization of the 

backbone and sugar pucker conformations. These wtHpRz showed to be more pressure 

sensitive in the presence of [Co(NH3)6]Cl3 than MgCl2. However, pressure shifts the 

ribozyme’s conformational equilibrium from undocked/native toward docked states, in 

the presence of [Co(NH3)6]Cl3, and this population is composed of undocked and 

docked/folded states not prone to cleavage.  

 

The intensity ratio (Iratio) analysis showed that the structural equilibrium is shifted by 

pressure to the docked state for both MgCl2 and [Co(NH3)6]Cl3 conditions, where 

populations of active docked and non-active docked states are encountered. Some 

cleavage reaction can still take place at these conditions, as confirmed by the PAGE 

results. Higher hydrostatic pressures, such as 100 MPa, favor mostly non-active docked 

population, and the most significant decay of cleavage activity occurs from 0.1 to 100 

MPa. However, [Co(NH3)6]Cl3 shows a marked increase of Iratio when compared to MgCl2 

at 0.1 MPa. This is indicated by the significant increase of free base vibrations, suggesting 

that different undocked states not prone for cleavage (docking) were formed. Despite the 

structural changes being more pronounced in the presence of [Co(NH3)6]Cl3, the overall 

cleavage reaction was less efficient.  

 

The formation of the docked state, a folded/compact pre-catalytic conformational state 

where the two helixes come close in contact, is necessary for the self-cleavage reaction [27 

– 29, 58 – 66]. [Co(NH3)6]Cl3 can support the folding and activity of the hairpin ribozyme 

as analog of hexahydrate magnesium, but it cannot make the inner-sphere interactions 

with the RNA structure [161]. The presence of [Co(NH3)6]Cl3 induces different 

conformational states through different intramolecular interactions. The hairpin ribozyme 

showed to be less active in the presence of [Co(NH3)6]Cl3 when compared to MgCl2. One 

can say that increased pressure favors the self-cleavage reaction, since pressure favors the 

formation of more compact conformational states. However, the combined study of the 

wild-type hairpin ribozyme self-cleavage activity, and the structural features related to it 

under high hydrostatic pressure showed that the overall equilibrium between undocked, 
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docked and cleaved state is shifted to the docked state by pressure in the presence of 

MgCl2 and [Co(NH3)6]Cl3. These docked states were less prone to cleavage at both ionic 

conditions, despite having greater catalytically efficiency at high hydrostatic pressure in 

the presence of MgCl2 than [Co(NH3)6]Cl3. Therefore, high hydrostatic pressure can 

modulate the structural rearrangement and the kinetics of the wild-type hairpin ribozyme 

by shifting the conformational equilibrium toward the folded/docked state, but these 

states are mainly not prone to cleavage, and the product formation is reduced upon 

pressurization.  
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The “RNA World” is a 50-year-old conceptual idea, which states that, in the early history 

of life on Earth, RNA, or RNA-like molecules were precursors and carried out most of 

information processing and metabolic transformations for living organisms [76]. Studies 

have demonstrated the evolutionary capabilities of RNA to perform different tasks as 

carrier of genetic information, essential participation during protein expression and 

catalysis of enzymatic reaction, which emphasize the possibility that life started with 

RNA. It has also been shown that catalytic RNA molecules vary from riboswitches to 

autocatalytic ribozymes. However, in the modern world, most ribozymes require protein 

for efficient catalysis in vivo, and the majority of ribozyme destitute of protein interaction 

have been found only in a few virus-like forms [77]. 

 

Little is known about the effect that temperature and pressure have on the structure 

stability of nucleic acids. The tertiary structure of biomolecules is stabilized by inter- and 

intramolecular interactions, which comprise covalent and non-covalent interactions. The 

non-covalent interactions are weaker and easily perturbed by temperature, but pressure 

can also perturb molecular interactions, mainly due to the overall system’s volume change. 

Therefore, properties that depend on hydration and degree of packing, such as volume, 

compressibility and expansibility, will set how pressure can affect the structure, and also 

how it can shift the equilibrium between denatured and native states. The general high-

pressure approaches for studies on biomolecules range from 0.1 MPa to 1000 MPa, where 

the non-covalent bonds in the tertiary structure are essentially affected, only [82-84]. It 

has been shown in the literature that structural changes in DNA are very small, and that 

major changes take place in the hydration layer, which will influence and alter the way 

DNA interacts with proteins and the overall transcriptional process [83]. In addition, the 

binding of proteins and drugs to DNA is weakened under pressure [85], and the RNA 

polymerase activity is reduced as well [86, 87]. Therefore, the study of biomolecules under 

extreme conditions, including high hydrostatic pressure, is of fundamental biological and 

biotechnological importance. Elucidation of the mechanistic details involved in the 

stability of biomolecules under extreme conditions, such as the deep sea, hydrothermal 

vents and volcanic environment, also proposed to be the likely birthplace of life, is 

important to understand how piezophiles could adapt and survive where high pressures 

are easily encountered [88].  
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To this end, the goal of this work was to combine temperature- and pressure-dependent 

studies, using different techniques in order to reveal the conformational and free energy 

landscape of different RNA molecules: the transfer RNAPhe, a small RNA hairpin and 

hairpin ribozymes.  

 

Exploring the free energy and conformational landscape of tRNA at high 

temperature and pressure conditions 
 

A combined temperature- and pressure-dependent study was carried out to explore the 

conformational and free energy landscape of yeast tRNAPhe, a well-known model for 

RNA function studies. To this end, FTIR and fluorescence spectroscopy, SAXS, and 

calorimetric methods were applied. The temperature and pressure stability of the tRNAPhe 

structure is highly dependent on the presence of Mg2+. This ion is responsible for 

screening the negatively charged phosphate-sugar backbone and stabilizes the tRNA 

structure against temperature increases the melting transition and the cooperativity of the 

melting transition. According to the FTIR data, the tertiary structure stabilized by Mg2+ 

melts following a two-state model transition, in agreement with the literature [144]. Na+ 

ions have a smaller effect on screening the negative charges of the tRNA backbone, as 

seen in the literature [145]. According to the SAXS data, the structural changes that take 

place upon melting seem to involve essentially internal structural rearrangements of the 

tRNA molecule, rather than a complete disruption of the tertiary structure. The pressure-

dependent changes in the secondary structure of the tRNAPhe are rather small compared 

to the temperature dependent effect. A maximum increase of only about 15% unpaired 

bases is observed upon pressurization up to 1000 MPa. The tRNAPhe presents a different 

behavior in Mg2+-free and Mg2+-complexed states, which indicates that different regions 

of the tRNA possess different pressure stabilities. The stability is slightly decreased at 

high pressure in the Mg2+-complexed state, probably owing to the creation of small voids 

in the compact native structure of tRNA. The fluorescence data of the Y-base, which is 

located in the anticodon loop of tRNAPhe, show that the Mg2+-complexed state is highly 

stable under high pressure, which indicates that pressure-induced melting of the base 

pairs takes place in other regions of the tRNA structure first. Structural changes in the 

hydrating solvent, water, may also contribute to the pressure-induced changes observed 

 176 



Chapter 6: Global summary 
_____________________________________________________________________ 

[146]. The spectroscopic data indicate that upon compression, the overall volume change 

of tRNAPhe is very small and slightly negative. It is confirmed by PPC data, which do not 

reveal significant changes in the temperature-dependent expansivity at Tm that would 

indicate a significant volume change upon RNA melting. Conversely, an overall volume 

change upon DNA duplex melting (ΔV) is small and positive [109, 147]. The pressure 

stability of tRNAPhe seems to be similar to that of non-canonical DNA structures 

(negative ∆V) [89]. The different pressure stabilities of DNA and tRNA might be due to 

a significant void volume contribution to ΔV in the case of the less efficiently packed 

tRNA.  

 

These findings have biological implications regarding organisms living under high-

pressure conditions, such as in the deep sea, where pressures up to the 100 MPa (1 kbar) 

level are encountered [126, 127]. In this pressure range, the tRNA is highly stable and 

only minor conformational changes are observable. Therefore, tRNA molecules would 

hardly be affected up to this pressure range in living organisms. 

 

Exploring temperature and pressure effects on the structure and stability of a 

small RNA hairpin 

 

In a second project, the temperature- und pressure-dependent stability of a small RNA 

hairpin, having the sequence gcUUCGgc, was explored. It is known as the smallest RNA 

entity that serves as nucleation site for RNA folding, ligand binding and tertiary folding 

initiation. It is also present in different RNA molecules such as the tRNA and ribozymes. 

Due to their importance, simplicity and size, small RNA hairpins serve as a prototype for 

folding dynamics and structure stability studies. An early MD simulation study proposed 

an elliptical p,T-stability diagram, where the structure of the small RNA hairpin 

(gcUUCGgc) could be denatured at high hydrostatic pressure and low temperature, and 

high hydrostatic pressure could promote refolding to its native or near-native structure at 

high temperatures [55]. To this end, FTIR and UV-vis spectroscopy methods were 

applied. The temperature-dependent FTIR data show that the small RNA hairpin 

structure might not be fully unfolded at high temperatures, forming extended chain 

ensembles, but rather to population of still compact unfolded or coil like structures. In 
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these compact unfolded structures, the double helical bonds of the native structure are 

lost, but apparently, some loop interactions remain. In the literature, molecular dynamics 

calculation showed that the small RNA molecule is highly stable and can populate 

numerous transition states, which is in accord with the broad melting transition observed 

for the small RNA hairpin. These states can vary between native structure (all native stem 

connections are present), frayed structure (conformations that lack one of the native stem 

connections), compact unfolded/coil like structure (conformations that lack both native 

stem connections, but retain the loop interaction), and extended/fully unfolded structures 

(neither stem nor loop connections are retained). However, the fully extended 

conformation is an unpopulated state, which is likely be achieved under forced melting 

conditions, only [47]. The pressure-dependent FTIR data reveal that pressure has a small 

destabilizing effect on the native structure of the small RNA hairpin at temperatures 

below thermal denaturation. Moreover, high-pressure does not promote formation of 

new native stem connections in denatured states, as proposed by the molecular dynamics 

study. This clearly indicates that pressure can perturb the small RNA hairpin structure 

and favor a large number of near-native intermediate structures, but high-pressure is not 

able to promote unfolding or refolding of the structure. Further, the FTIR data indicate 

that pressure has a small effect on the sugar pucker conformation of the small RNA 

hairpin structure at low and high temperatures. These small changes indicate that pressure 

causes small rearrangements of A-form RNA type, pressure does not induce Z-form 

RNA type conformations. This is consistent with a recent MD simulation study showing 

that high hydrostatic pressure has a stabilizing effect on the A-form helix, and destabilizes 

the Z-form helix of the RNA tetraloop backbone (gcGCAAgc) [103].  

 

Overall, these findings indicate that the small RNA hairpin is a highly stable secondary 

structure element, with a rough free energy landscape and a wide variety of intermediate 

structures. These intermediates can be populated by pressure perturbation of the RNA 

structure, thereby increasing the population of near native structures. However, high 

hydrostatic pressure is not able to favor compact conformers or new native stem 

connections in the denatured ensemble. The earlies theoretically proposed elliptical p,T-

stability phase diagram could not be proven experimentally.  
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Pressure modulation of the hairpin ribozyme’s structure and self-cleavage reaction 

 

In a last project, the structure and self-cleavage reaction of the [-]TRSV hairpin ribozyme 

was examined under atmospheric and high hydrostatic pressure conditions using PAGE 

and FTIR spectroscopy. The hairpin ribozyme features a four-way junction and is capable 

of catalyzing a site-specific self-cleavage transesterification reaction at the RNA backbone. 

The self-cleavage reaction follows a SN2-type mechanism, in which the reverse reaction 

(ligation) can also be catalyzed under specific conditions [56-60].  

 

The ribozyme’s negatively charged structure is stabilized by cations, favoring folding of 

the RNA to the docked state, where the two helixes come into close contact, forming 

new specific interactions that favor the cleavage reaction. The hairpin ribozyme was the 

first naturally occurring ribozyme to be characterized. It was widely studied and is a great 

model to study catalytic reactions of ribozymes [27, 29, 58-66, 106]. In this work, it could 

be shown that pressure favors the formation of the docked state for the Mg2+-complexed 

state. However, some intramolecular interactions characteristic of the ribozyme’s active 

state are probably destabilized by pressure, such as the triple strand, B-form backbone 

and S-type (C2´-endo) sugar pucker, while it stabilizes the more compact A-form 

backbone. Therefore, high hydrostatic pressure is responsible for the overall observed 

stagnation of the self-cleavage reaction by shifting the conformational equilibrium of 

substates structure populations toward folded/docked states that are not prone to 

cleavage, finally leading to a with consequent reduction of the overall self-cleavage 

reaction and product formation.  

 

Further, the effect of high hydrostatic on the activity and structure of the hairpin 

ribozyme was also analyzed in the presence of [Co(NH3)6]Cl3 and NaCl at atmospheric 

and high hydrostatic pressure. [Co(NH3)6]3+ is an inert complex and is often used in 

theoretical work to mimic Mg2+-hexahydrate. In this work, it could be shown that 

[Co(NH3)6]3+ favors different conformations of the hairpin ribozyme in agreement with 

the literature [163], and these conformations are more pressure sensitive. In the presence 

of [Co(NH3)6]3+ and at ambient pressure, the hairpin ribozyme features increased free 

base vibrations, suggesting that different undocked states not prone for docking/cleavage 
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were formed. Despite the structural changes being more pronounced in the presence of 

[Co(NH3)6]3+, the overall cleavage reaction is less efficient. Also, pressure shifts the 

[Co(NH3)6]3+-complexed ribozyme’s conformational ensemble from undocked/native 

toward docked states that are not prone to cleavage. The [Co(NH3)6]3+-complexed states 

are also less catalytically active than the Mg2+-complexed states.  

 

In addition, a modified hairpin ribozyme, featuring no junction, was studied in the 

presence of [Co(NH3)6]3+ and Mg2+. Complementary MD simulations have been 

performed by collaborators. The modified hairpin ribozyme’s self-cleavage activity is 

more efficient compared to the wild-type hairpin ribozyme. The [Co(NH3)6]3+-complexed 

state is more reactive at atmospheric and high pressure than the Mg2+-complexed state. 

Hence, modified sequence has a significant positive effect on the activity and stability of 

the ribozyme, which is in agreement with the literature that showed that [Co(NH3)6]3+ 

favors the stabilization of catalytically prone conformations of the hairpin ribozyme 

mutant. The overall self-cleavage reaction decelerated under pressure, but the 

[Co(NH3)6]3+-complexed state retained the same amount of product formation up to 300 

MPa as the Mg2+-complexed state at atmospheric pressure.      
 

In summary, the comparison of the wild type and the mutant ribozyme at different ionic 

conditions shows that high hydrostatic pressure can modulate the structural 

conformations and the kinetics of the hairpin ribozyme, by shifting the conformational 

ensemble toward the folded/docked state. However, these states are mainly not prone to 

cleavage and the overall self-cleavage activity and product formation is reduced upon 

pressurization. The effect of pressure on the self-cleavage step itself could not be 

evaluated. 

 

In conclusion, the pressure studies on tRNAPhe, the small RNA hairpin and the hairpin 

ribozyme show that pressure hardly affects secondary structure elements, but minor 

changes of tertiary structures can lead to significant effects on the function and activity of 

the RNA. Therefore, the results of the here presented work underline the importance of 

the structure-function relationships for RNA molecules. Nevertheless, under natural high-

pressure conditions, such as the deep sea, where pressures up to 100 MPa are 
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encountered [126, 127], the RNA molecules studied were not affected drastically by 

pressure.   
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Die RNA-Welt Theorie ist eine 50 Jahre alte konzeptionelle Idee, die besagt, dass in der 

frühen Geschichte des Erdenlebens RNA oder RNA-ähnliche Moleküle als Bausteine zur 

Informationsspeicherung und zur metabolischen Umwandlung in lebenden Organismen 

dienten und somit Vorläufermoleküle der heuten Biomoleküle darstellen [76]. Studien 

haben bereits die evolutionären Fähigkeiten der RNA gezeigt. Sie besitzen vielfältige 

Funktionen. Dazu gehören die Speicherung von genetischen Informationen, die 

essentielle Beteiligung an der Proteinexpression und die Katalyse von enzymatischen 

Reaktionen. Dies bekräftigt die Hypothese, dass die RNA ein wichtiger Baustein für die 

Entstehung des Lebens darstellt. Zusätzlich wurde gezeigt, dass katalytische RNA 

Moleküle eine große strukturelle Vielfalt aufweisen; sie reicht von Riboswitches bis zu 

Ribozymen. In der modernen Welt benötigen Ribozyme allerdings Proteine um eine 

effiziente Katalyse in vivo zu gewährleisten. Ribozyme, die ohne Protein-Bindungspartner 

auskommen, wurden bisher nur in wenigen Viren-ähnlichen Formen gefunden [77].   

 

Wenig ist bekannt über den Einfluss von Temperatur und Druck auf die Strukturstabilität 

von Nukleinsäuren. Die Tertiärstruktur von Biomolekülen wird durch inter- und 

intramolekulare Wechselwirkungen, die aus kovalenten und nicht-kovalenten 

Interaktionen bestehen, stabilisiert. Die nicht-kovalenten Wechselwirkungen sind dabei 

wesentlich schwächer und können leicht durch Temperatur beeinflusst werden. 

Druckänderungen dagegen führen zu Perturbationen von Wechselwirkungen, die 

ausschließlich mit Änderungen des Volumens einhergehen. Deshalb können 

Eigenschaften wie Volumen, Kompressibilität und Expansibilität, die von der 

Hydratation und dem Packungsgrad abhängen, bestimmen, wie sich Druck auf die 

Struktur und insbesondere auf die Verschiebung des Gleichgewichtes zwischen 

denaturierten und nativen Zuständen auswirkt. In der Regel werden 

Druckuntersuchungen an Biomolekülen zwischen 0,1 und 1000 MPa durchgeführt, 

sodass im Wesentlichen nicht-kovalente Wechselwirkungen in Tertiärstrukturen 

beeinflusst werden [82-82]. Aus der Literatur ist bekannt, dass druckinduzierte 

Strukturänderungen von DNA-Doppelsträngen sehr klein sind, sodass die wesentlichen 

Änderungen in der Hydrathülle zu erwarten sind. Diese können Interaktionen von DNA 

mit Proteinen und gar dadurch den Transkriptionsprozess beeinflussen und verändern 

[83]. Bei erhöhtem Druck werden Bindungen von Proteinen und Arzneimitteln an die 
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DNA geschwächt [85] und die Aktivität der RNA Polymerase reduziert [86, 87]. Deshalb 

ist die Untersuchung von Biomolekülen unter Extrembedingungen wie hoher 

hydrostatischer Druck von fundamentaler Bedeutung für die Biologie und 

Biotechnologie. Eine mechanistische Aufklärung der Stabilitäten von Biomolekülen unter 

extremen Umweltbedingungen wie Tiefsee, hydrothermalen Quellen und vulkanischen 

Umgebungen gibt Hinweise auf die Adaptationsstrategie der druckliebenden Organismen 

(Piezophile). Die Entstehung des Lebens fand wahrscheinlich ebenfalls unter solchen 

extremen Umweltbedingungen statt [88]. 

 

Das Ziel dieser Arbeit war es, mit Hilfe von verschiedenen Messmethoden die 

Konformations- und Energielandschaft verschiedener RNA Moleküle temperatur- und 

druckabhängig zu untersuchen. Dazu gehörten die Transfer-RNA tRNAPhe, eine kleine 

RNA Haarnadel und ein Haarnadel-Ribozym. 

 

Untersuchung der Energie- und Konformationslandschaft einer tRNA unter dem 

Einfluss von hohen Temperaturen und Drücken 

 

Als Modell für temperatur- und druckabhängige Studien wurde die bereits gut untersuchte 

tRNAPhe aus Hefe gewählt, um deren Energie- und Konformationslandschaft zu 

untersuchen. Als Messmethoden dienten FTIR- und Fluoreszenz-Spektroskopie sowie 

SAXS und Kalorimetrie. Es wurde gezeigt, dass die Anwesenheit von Mg2+-Ionen für die 

Temperatur- und Druckstabilität der tRNAPhe von entscheidender Bedeutung ist. Sowohl 

eine thermische Stabilisierung als auch ein Anstieg der Kooperativität während der 

Entfaltung konnten beobachtet werden. Dies ist durch die Abschirmung des negativ 

geladenen Zucker-Phosphat-Rückgrats durch Mg2+-Ionen zu erklären. Im Einklang mit 

Literaturdaten bestätigten FTIR Untersuchungen die Annahme eines Zweizustand-

Modells für die Entfaltung [144]. Na+-Ionen hingegen sind weniger effizient in der 

Abschirmung der Phosphatgruppen [145]. Ferner zeigten SAXS Untersuchungen, dass 

die Strukturänderung der tRNA während des Schmelzens im Wesentlichen durch eine 

interne strukturelle Umorientierung des Moleküls hervorgerufen wurde, wobei die 

Tertiärstruktur nicht vollständig zerstört wurde. Die druckinduzierten Änderungen in der 

Sekundärstruktur der tRNAPhe sind im Vergleich dazu geringer. Nur 15% der 
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Basenpaarungen wurden durch Druckapplikation bis zu 1000 MPa aufgebrochen. Die 

tRNAPhe wies unterschiedliches Verhalten in der Mg2+-freien und Mg2+-gebundenen 

Form auf, was darauf hindeutet, dass verschiedene Regionen der tRNA unterschiedliche 

Druckstabilitäten besitzen. In der Mg2+-gebundenen Form nahm die Druckstabilität der 

tRNA geringfügig ab. Dies kann durch die Bildung von kleinen Hohlräumen in der 

kompakten und nativen Struktur der tRNA erklärt werden. Fluoreszenz-Untersuchungen 

an der Anticodon-Schleife der tRNA ergaben, dass diese in der Mg2+-stabilisierten Form 

sehr druckresistent war. Daraus kann geschlossen werden, dass die druckinduzierten 

Konformationsänderungen der tRNA von anderen Regionen des Moleküls ausgehen. 

Druck kann ebenfalls die Hydrathülle der tRNA beeinflussen und somit indirekt die 

beobachteten Strukturänderungen der tRNA induzieren [146]. Spektroskopische Daten 

zeigten, dass das Gesamtvolumen der tRNA während des Schmelzvorgangs nur 

geringfügig abnahm. In der Druck-Perturbations-Kalorimetrie (PPC) wurde ebenfalls 

keine signifikante Änderung des thermischen Expansionskoeffizienten am 

Entfaltungsübergang beobachtet. Volumenänderungen von DNA Doppelsträngen (ΔV), 

die mit dem Schmelzvorgang einhergehen, sind zumeist klein und positiv [109, 147]. Das 

Druckverhalten der tRNA ist vergleichbar mit der von nicht-kanonischen DNA 

Strukturen wie G-Quadruplexen (negatives ΔV) [89]. Die unterschiedlichen 

Druckstabilitäten der Nukleinsäuren fußen auf der Packungseffizienz und somit der 

Bildung von Hohlräumen, die einen signifikanten ΔV-Beitrag aufweisen.  

 

Die Ergebnisse dieser Studie liefern somit wichtige Erkenntnisse für das Verständnis des 

Lebens bei Hochdruckbedingungen wie in der Tiefsee (bis zu 100 MPa) [126, 127]. In 

diesem Druckbereich ist die tRNA stabil und nur sehr geringe Konformationsänderungen 

sind zu beobachten, sodass eine signifikante Beeinträchtigung der tRNA-Funktion durch 

Druck in vivo nicht zu erwarten ist.  

 

Untersuchung der Struktur und der Stabilität einer kleinen RNA-Haarnadel unter 

dem Einfluss von hohen Temperaturen und Drücken 

 

In einer zweiten Studie wurde die kleine RNA-Haarnadel mit der Sequenz gcUUCGgc im 

Hinblick auf ihre Temperatur- und Druckstabilität untersucht. Diese RNA-Haarnadel 
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stellt die kleinste RNA-Einheit dar, die Faltung von Sekundär- und Tertiärstrukturen 

sowie Ligandenbindung ermöglicht, und ist als Strukturmotiv in vielen verschiedenen 

RNA-Molekülen wie tRNAs und Ribozymen verankert. Aufgrund ihrer Größe, 

Einfachheit und Wichtigkeit dienen solche kleinen RNA-Haarnadeln oft als Modelle für 

Faltungsdynamik- und Strukturstabilitätsstudien. Eine frühe MD Simulationsstudie 

postulierte ein ellipsenförmiges Druck-Temperatur-Stabilitätsdiagramm für die 

gcUUCGgc RNA-Haarnadel; entsprechend sind Entfaltungsprozesse bei hohen Drücken 

und niedrigen Temperaturen sowie Faltung bei hohen Drücken und hohen Temperaturen 

zu erwarten [55]. Mittels FTIR und UV/Vis Spektroskopie konnte im Rahmen dieser 

Arbeit gezeigt werden, dass sich die RNA-Haarnadel in dem untersuchten 

Temperaturbereich nicht vollständig entfalten konnte, sondern ein Ensemble intermediär 

kompakter oder Coil-ähnlicher Strukturen formte. In diesen kompakten und entfalteten 

Konformationen waren die Doppelhelix-Wechselwirkungen der gefalteten Struktur 

aufgehoben, während einige Interaktionen in der Schleife höchstwahrscheinlich bestehen 

blieben. Ferner wurde ein sehr breiter Schmelzübergang beobachtet. Diese Ergebnisse 

sind im Einklang mit einer weiteren MD Simulation, die zeigt, dass die RNA-Haarnadel 

sehr stabil ist und zahlreiche Übergangszustände besitzt. Diese Zustände können 

zwischen der nativen Struktur (beide Basenpaarungen sind intakt), einer „frayed“ 

(zerfasert) Struktur (mit einer Basenpaarung), einer kompakten und entfalteten/Coil-

ähnlichen Struktur (nur Schleifen-Interaktionen) und schließlich einer ausgedehnten und 

vollständig entfalteten Konformation variieren. Allerdings ist die vollständig ausgedehnte 

Konformation kein besetzter Zustand und dieser kann nur unter erzwungenen 

Schmelzbedingungen erreicht werden [47]. Bei tiefen Temperaturen wurden im 

Gegensatz nur sehr geringe Druckeffekte, die sich destabilisierend auf die 

Haarnadelstruktur auswirkten, gefunden. Auch eine druckinduzierte Rückfaltung der 

denaturierten RNA konnte nicht beobachtet werden. Bei hohen Drücken wurde zwar das 

Einnehmen von quasi nativen Intermediatstrukturen bevorzugt, aber keine Entfaltung 

oder Faltung der Haarnadel induziert. Der Druckeinfluss auf die Konformation des 

Zuckers in der A-Form der RNA Helix war ebenfalls gering. Analoge Beobachtungen 

wurden in einer aktuellen MD Simulation gemacht: Hoher hydrostatischer Druck wirkt 

sich stabilisierend auf die A-Helix und destabilisierend auf die Z-Helix der Haarnadel aus 

[103].   
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Insgesamt haben die Ergebnisse dieser Studie gezeigt, dass die kleine RNA-Haarnadel ein 

sehr stabiles Sekundärstrukturelement darstellt. Es weist eine raue Energielandschaft und 

eine Vielzahl von Intermediatstrukturen auf. Diese werden bei hohen Drücken favorisiert, 

sodass die Population der quasi nativen Strukturen zunimmt. Das früher theoretisch 

postulierte Druck-Temperatur-Stabilitätsdiagramm der RNA-Haarnadel konnte allerdings 

nicht experimentell bestätigt werden; denn eine druckinduzierte Entfaltung (bei tiefen 

Temperaturen) oder Faltung (bei hohen Temperaturen) konnte nicht beobachtet werden.  

 

Druckmodulation der Struktur und der Selbstspaltungsreaktion von einem 

Haarnadel-Ribozym 

 

In einem letzten Projekt wurden die Struktur und die Selbstspaltungsreaktion des [-]TRSV 

Haarnadel-Ribozyms bei verschiedenen Drücken untersucht. Das Haarnadel-Ribozym 

weist in seiner Tertiärstruktur eine „4-way junction“ auf und katalysiert eine 

seitenspezifische Selbstspaltung durch eine Umesterung des RNA-Rückgrats. Diese 

Reaktion kann durch einen SN2-Mechanismus beschrieben werden, so dass unter 

spezifischen Bedingungen die Rückreaktion (Ligation) ebenfalls katalysiert werden kann 

[56-60]. In Anwesenheit von Ionen wird das Ribozym in einen angedockten Zustand 

gefaltet. In dieser Konformation treten zwei Helices in Kontakt und bilden neue 

spezifische Interaktionen, sodass die Selbstspaltungsreaktion bevorzugt wird. Das 

Haarnadel-Ribozym gehört zu den ersten untersuchten natürlich vorkommenden 

Ribozymen und stellt ein gutes Modellsystem für die Untersuchung von 

ribozymkatalysierten Reaktionen dar [27, 29, 58-66, 106]. Im Rahmen dieser Arbeit 

konnte gezeigt werden, dass in Anwesenheit von Mg2+-Ionen und bei hohen Drücken die 

Ausbildung der „docked“-Konformation bevorzugt wurde. Allerdings wurden einige 

intramolekulare Interaktionen, die für den aktiven Zustand des Ribozyms charakteristisch 

sind, durch Druckapplikation destabilisiert. Dazu gehörten der Dreifachstrang, ein RNA 

Rückgrat in der B-Form und die C2`-endo-Konformation des Zuckers (S-Typ). Unter 

hohen Drücken wurde das Ribozym in der kompakten A-Form stabilisiert. Als Folge 

wurde insgesamt eine Reduktion der Selbstspaltungsaktivität beobachtet. 

Druckapplikation führte somit zu einer Verschiebung des Gleichgewichtes in Richtung 
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gefalteter “docked“-Zustände, die die Katalyse der Selbstspaltungsreaktion nicht 

begünstigten und eine Stagnation der Reaktion verursachten.  

 

Ferner wurde die Struktur und die Enzymaktivität des Haarnadel-Ribozyms in 

Anwesenheit von [Co(NH3)6]Cl3 und NaCl untersucht. [Co(NH3)6]3+ ist ein inerter 

Komplex und wird in theoretischen Arbeiten oft als Mg2+-Hexahydrat-Analogon 

verwendet. Im Einklang mit der Literatur konnte gezeigt werden, dass in Anwesenheit 

von [Co(NH3)6]3+ verschiedene Konformationen des Haarnadel-Ribozyms bevorzugt 

wurden [163]. Diese wiesen eine erhöhte Anzahl an freien Basen auf, was auf eine 

strukturelle Vielfältigkeit hindeutet. Dies korrelierte jedoch nicht mit der katalytischen 

Effizienz des Haarnadel-Ribozyms. Eine deutlich erniedrigte Reaktionsrate der 

Selbstspaltung wurde beobachtet. Bei Druckapplikationen wurde eine erhöhte 

Drucksensitivität des Haarnadel-Ribozyms festgestellt. Auch hier wurde eine 

druckinduzierte Verschiebung des Gleichgewichts in Richtung „docked“-Zustände 

gemessen. Allerdings waren diese Konformationszustände weniger katalytisch aktiv als die 

der Mg2+-komplexierten.      

 

Weiterhin wurde ein modifiziertes Haarnadel-Ribozym, das keine Kreuzungstellen 

aufweist, im Hinblick auf die Komplexierung durch Mg2+ und [Co(NH3)6]3+ untersucht. 

Ergänzende MD Simulationen wurden in Kollaboration durchgeführt. Im Vergleich zu 

dem Wildtyp zeigte das modifizierte Ribozym eine deutlich erhöhte 

Selbstspaltungsaktivität. Sowohl bei atmosphärischem als auch bei hohem Druck wurde 

für die [Co(NH3)6]3+-gebundene Form eine höhere katalytische Effizienz gefunden. Die 

modifizierte Sequenz wirkte sich somit positiv auf die Aktivität und Stabilität des 

Ribozyms aus. Literaturdaten zeigen ebenfalls, dass in Anwesenheit von [Co(NH3)6]3+ 

Katalyse-freundliche Konformationen der Ribozym-Mutante stabilisiert und bevorzugt 

werden. Bei hohen Drücken wurde die Selbstspaltungsreaktion insgesamt verlangsamt, 

aber bei 300 MPa besaß die [Co(NH3)6]3+-gebundene Mutante immer noch die gleiche 

Umsatzrate wie die Mg2+-gebundene Variante bei atmosphärischem Druck. 

Informationen über dem Einfluss von Druck auf den alleinigen Schritt der Selbstspaltung 

konnten nicht erhalten werden.  
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Insgesamt hat der Vergleich des Wildtyp Ribozyms und dessen Mutante in verschiedenen 

ionischen Umgebungen gezeigt, dass hoher hydrostatischer Druck die Konformationen 

und als Folge die Enzymkinetik des Haarnadel-Ribozyms modulieren kann. Dabei werden 

kompakte Strukturensembles bevorzugt, die die Katalyse der Selbstspaltungsreaktion 

insgesamt erschweren.  

 

Druckstudien an tRNAPhe, eine kleine RNA-Haarnadel und das Haarnadel-Ribozym 

haben insgesamt gezeigt, dass Sekundärstrukturelemente von Nukleinsäuren durch Druck 

kaum moduliert werden, während geringfügige Veränderungen in der Tertiärstruktur 

signifikante Auswirkung auf die Funktion und Aktivität von RNA haben können. Die 

Ergebnisse der vorliegenden Arbeit unterstreichen somit die Wichtigkeit der Struktur-

Funktionsbeziehung für RNA Moleküle. Ferner wurde gezeigt, dass die hier untersuchten 

RNA Moleküle im Druckbereich, die in der Tiefsee zu finden sind (bis zu 100 MPa), 

weitgehend stabil und funktional sind [126, 127].    
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8.1. Labeled-small RNA hairpin 
 

Temperature- and pressure-dependent measurement were carried out on the fluorescent 

labeled-small RNA hairpin (labeled-sRNAH), sequence 5’ - cyanine 3 -GCUUCGGC - 

cyanine 5 - 3’. To this end, UV-vis and FTIR spectroscopy techniques were applied. These 

results were used for comparison with the results obtained by Förster (fluorescence) 

resonance energy transfer (FRET) measurements, which were performed in parallel work 

by Dr. Salomé Pataraia. The experimental details can be found in section 4.2.  

 

8.1.1. Temperature-dependent analysis of  the labeled-small RNA hairpin 

 

8.1.1.1. Labeled-small RNA hairpin in-plane base vibrations sensitive to effects of  

base pairing followed by FTIR spectroscopy 

 

Conformational transitions of RNA molecules can be followed by FTIR spectroscopy 

under varied conditions, such as different temperatures and high hydrostatic pressures. 

The RNA infrared signal can be divided into two main regions, from 1800 to 1500 cm-1 

(related to base pairing and base stacking interaction signals) and from 1500 to 1250 cm-1 

(related to glycosidic bond rotation, backbone conformation and sugar pucker). For 

detailed information on RNA IR band assignment, see Table 1 in section 2.2.1.5. In the 

1800 to 1500 cm-1 wavenumber region, the IR bands are originating from nucleobase 

vibrations, which are sensitive to base stacking and base-pairing interactions. The IR 

bands are related to double or single strand vibrations, which include C=C, C=N, and 

C=O stretching of free and/or bonded nucleotides. A double strand to single strand 

transition results in a decrease in the intensity of the IR band at around 1696 to 1684 cm-1 

with a concomitant increase in the band at around 1677 to 1653 cm-1. The former arises 

due to the C6=O6 stretch of base-paired guanine plus the C2=O2 stretch of uracil. The 

latter band arises mainly from the stretching vibrations of C6=O6 of free (i.e., non-base 

paired) guanine, the C2=O2 stretch of free cytosine, and the C4=O4 stretch of free uracil 

[114, 136]. For better analysis of the IR bands the 1800 to 1500 cm-1 region can be 

divided into two areas, from 1720 to 1600 cm-1, and from 1600 – 1550 cm-1. 
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Figure A1. Temperature-dependent normalized and second derivative spectra of the labeled - 

small RNA hairpin in the wavenumber region from 1740 to 1600 cm-1. Second derivative and 

normalized spectra of 5 mg mL-1 small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 

to 80 oC. In the normalized spectra the IR band from 1696 to 1684 cm-1 is related to base paired 

nucleotides and decreases with temperature (indicated by the arrow), while the IR band from 1677 to 1653 

cm-1 is related to free nucleotides and increases with temperature (indicated by the arrow). The most 

important bands are indicated by the grey rectangles in the second derivative spectra. The highlighted 

bands are: 1684 cm-1, 1675 cm-1, 1581 cm-1, 1653 cm-1, 1617-10 cm-1. (Selected data) 

 

 

Figure A1 shows the temperature-dependent FTIR spectra of  the labeled – sRNAH in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA, from 10 to 80 oC, in the wavenumber 

region from 1720 to 1600 cm-1. Thermal unfolding was easily detected by the decrease in 

absorbance (A) of  the IR band at 1686 cm-1, which is characteristic of  base paired G-C 
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vibrations, and the concomitant increase in IR intensity of  unpaired nucleic acids at 

around 1660 cm-1. The conformational changes observed in the labeled-sRNAH have 

been also determined in terms of  the ratio of  intensity (Iratio) of  unpaired to paired G-C 

nucleotides pairs (Ifree/Iduplex) (Figure A2). These data were obtained from the IR bands of  

different recorded spectra (Figure A1), at 1660 and 1686 cm-1, respectively. The labeled - 

sRNAH does not show a “two state model” like denaturation melting profile, and the 

melting transition temperature stays around 50 oC. The labeled-sRNAH molecule 

presents an inverse melting profile when compared to the sRNAH. The intensity ratio 

(Ifree/Iduplex) increases only after 50 oC and does not reach an equilibrium or a plateau, 

whereas the Iratio of  the sRNAH increases until achieving a plateau at 60 oC, as seen at 

figures A2 and 30, respectively.  The labeled-sRNAH melting transition is very broad and 

hence of  low cooperativity. In both sRNAH cases, non-labeled and labeled, the 

distribution of  conformational ensembles seems to be very broad during thermal 

denaturation. However, in comparison with the sRNAH, the melting transition of  the 

labeled-sRNAH seems to be delayed by the presence of  the fluorescent dyes.  

 
Figure A2. Ifree/Iduplex analysis of the temperature-dependent FTIR data of the labeled-small RNA 

hairpin. Temperature-dependence of the ratio of unpaired to duplexed (GC pairs) ratio (Ifree/Iduplex) as 

obtained from the infrared spectra recorded at ≈ 1660 cm-1 and ≈ 1686 cm-1, respectively, for 5 mg mL-1 

labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 80 oC. The error bars 

cover the scattering of three independent measurements.  
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8.1.1.2. UV-vis spectroscopy of  the labeled-small RNA hairpin 

 

UV-vis spectroscopy measurements were also carried out for the labeled-sRNAH, in 

order to confirm the melting profile observed by temperature-depended FTIR 

spectroscopy results. 

 

 
Figure A3. Temperature-dependent UV-vis spectra of the labeled-small RNA hairpin. UV-vis 

spectra of 40 µM labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 80 
oC. The UV-vis absorbance increases with increasing temperature (indicated by the arrow). (Selected data) 
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Figure A4. Temperature-dependent UV-vis maximum absorbance at 259 nm of the labeled-small 

RNA hairpin. Maximum absorbance at 259 nm, standard marker of polymeric RNA at UV-vis, of 40 µM 

labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 80 oC. The error bars 

cover the scattering of three independent measurements.  

 
Figure A5. Temperature-dependent UV-vis maximum absorbance at 275 nm of the labeled-small 

RNA hairpin. Maximum absorbance at 275 nm, UV absorption maxima for guanine, of 40 µM labeled-

small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 10 to 80 oC. The error bars cover 

the scattering of three independent measurements.  
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The UV-vis spectroscopy result, at Figure A4 is in good agreement with FTIR data. The 

UV-vis data show a denaturation that starts only after 50 oC. The UV-vis spectroscopy 

data suggest the same denaturation profile observed with FTIR, in which the denaturation 

starts only after 50 oC (Figure A1-A5). The UV-vis signal at 275 nm, related to the 

absorbance of free guanines, can be observed in the UV-vis spectra from 60 to 80 oC, 

only (Figure A3). This is in good agreement with the FTIR data (Figure A2), indicating 

that the helix interactions are not fully denatured until 80 oC, and that the fluorescent 

dyes, Cy3’ and Cy5’, can be interfering on the structure dynamics of the labeled-sRNAH. 

The denaturation profile following the signal at 275 nm (Figure A5) has the same trend 

observed for the main UV signal at 259 nm (Figure A4).  
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8.1.1.3. Labeled-small RNA hairpin in-plane base vibrations sensitive to effects of  

base stacking followed by FTIR spectroscopy 

 

 
Figure A6. Temperature-dependent normalized and second derivative spectra of the labeled-

small RNA hairpin in the wavenumber region from 1600 to 1540 cm-1. Second derivative and 

normalized spectra of 5 mg mL-1 labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA 

from 10 to 80 oC. In the normalized spectra, the IR band at 1590 to 1575 cm-1, related to ring vibrations 

of C4 = C5 and C5 – C6 of free and base paired guanine, shifts to lower wavenumbers (indicated by the 

arrow). The intensity of the IR band at 1568 to 1564 cm-1, related to ring vibrations of C6 = O6, C5 – C6 

and C4 = C5 of free and base paired guanine, increases with temperature (indicated by the arrow). The 

most important bands are indicated by the grey rectangle in the second derivative spectra. The highlighted 

bands are: 1580 - 78 cm-1, 1560 cm-1. (Selected data) 
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Figure A6 shows the temperature-dependent FTIR spectra of the labeled-sRNAH in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA, from 10 to 80 oC, in the wavenumber 

region from 1600 to 1550 cm-1. The two characteristic IR bands of this region are the 

bands from 1590 to 1575 cm-1, and from 1568 to 1564 cm-1. These bands arise from ring 

vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base paired guanine and are 

used to follow the behavior of guanine rich regions, complementing the information 

obtained with the IR bands that are related to base pairing. It can be observed that the 

labeled-sRNAH displays an inverse profile when compared with the sRNAH. The 

intensity of the IR band at 1575 cm-1 decreases during denaturation, which indicates 

formation of base pairs, and the IR band shifts to higher wavenumbers. The IR band at 

1560 cm-1 increases in intensity during denaturation, but no shift in wavenumber can be is 

observed. The changes in intensity and wavenumber observed in the FTIR spectra of the 

labeled-sRNAH are less pronounced than the changes observed in the spectra of the 

sRNAH, which suggests that the fluorescent dyes can influence the environment of 

guanine-rich areas and can stabilize the sRNAH structure upon melting.  
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8.1.1.4. Labeled-small RNA hairpin base-sugar vibrations followed by FTIR 

spectroscopy 

 

 
Figure A7. Temperature-dependent normalized and second derivative spectra of the labeled-

small RNA hairpin in the wavenumber region from 1550 to 1300 cm-1. Second derivative and 

normalized spectra of 5 mg mL-1 labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA 

from 10 to 80 oC. IR bands are originating from base-sugar vibrations that are sensitive to glycosidic bond 

rotation, backbone and sugar pucker conformations. These IR bands are related to backbone vibrations in 

A-, B- and Z-forms, sugar pucker in N- or S-type conformations and N7 site vibrations of purines. The 

most important bands are indicated by the grey rectangle in the second derivative spectra. The highlighted 

bands are: 1594 cm-1, 1482 cm-1, 1463 – 57 cm-1, 1421 cm-1, 1377 cm-1. (Selected data) 
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Figure A7 shows the temperature-dependent FTIR spectra of the labeled-sRNAH in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA, from 10 to 80 oC, in the wavenumber 

region from 1550 to 1300 cm-1. The IR bands are originating from base-sugar vibrations 

which are sensitive to glycosidic bond rotation, backbone and sugar pucker conformation 

(for a more detailed RNA IR band assignment, see Table 1 in section 2.2.1.5). The IR 

bands at 1493 cm-1 and at 1483 cm-1, which are assigned to ring vibrations of guanine at 

its N7 site, show a significant decrease in intensity. Changes in the position or intensity of 

these IR bands are related to interactions at N7 sites or to changes in hydration in the 

major groove of the double helix. These two IR bands appear in labeled-sRNAH FTIR 

spectra, which suggest that the fluorescent dyes could be interacting with the N7 site of 

guanines. The N7 site of the GL4 is exposed to the solvent when compared to other 

guanine residues (Figure 26), and could act as a binding site, for example. Both IR bands 

at 1460 cm-1 and 1436 cm-1 are related to backbone vibrations of adenine, which is not 

present in the sRNAH structure, therefore these two bands will not be discussed.  

 

A small IR band can be observed at 1403 cm-1, which is assigned to RNA vibrations of 

in-plane C – O – H deformation mode at the 2’ position of the ribose ring [160]. A small 

IR band at 1377 cm-1 related to purine (guanine) sugar in anti conformation (sugars at C2’ 

/ C3’ – endo sugar pucker conformation) can also be observed. The ribose sugar adopts a 

C3’-endo conformation when the RNA structure is in A- or Z-form. This conformation 

brings the nucleotides closer, which in turn renders the helix more compact. The Z-form 

has its cytosine in C2’-endo conformation, which makes the Z-form adopt a left-handed 

helical conformation. This band indicates that the backbone of the labeled-sRNAH vary 

in its guanine C3-endo sugar pucker, between the A- and B-helix.  

 

The sRNAH and the labeled-sRNAH show distinct characteristics during thermal 

denaturation. The changes of secondary structure features observed in the FTIR dataof 

the labeled-sRNAH showed that the fluorescent dyes, Cy3’ and Cy5’, have a large 

influence on the melting profile. The double helical bonds of the native structure, of the 

labeled-sRNAH, are not entirely broken until 80 oC. On the other hand, the sRNAH 

would denatured by 50 oC (Figure 30). The changes observed in the intensity of the base 

pair and ring stacking vibrations for the labeled-sRNAH are small when compared to the 
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changes observed during melting transition for the sRNAH. Moreover, the IR bands 

related to interactions with the N7 sites of purines were observed for the labeled-sRNAH, 

only. The temperature-dependent FTIR and UV-vis spectroscopy results suggest that, 

until 80 oC, the labeled-sRNAH did not achieved the compact unfolded state. The 

labeled-sRNAH structure may still vary between  near native conformations due to 

stabilization of its duplex stem, as suggested in the study of B. G. Moreira et al. (2015) 

[161]. In this particular study, it was suggested that the attachment of Cy3 and Cy5 dyes 

was responsible to stabilize DNA duplex and to enhance duplex formation, due to 

stacking interaction between the fluorescent dye and the purine of the complimentary 

strand. To this end, the interference of the dyes on the sRNAH definitely should be taken 

in account when analyzing fluorescence data.  
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8.1.2. Pressure-dependent FTIR analysis of  the labeled-small RNA hairpin 

 

8.1.2.1. Labeled-small RNA hairpin in-plane base vibrations sensitive to effects of  

base pairing followed by FTIR spectroscopy 

 
Figure A8. Pressure-dependent normalized and second derivative spectra of the labeled-small 

RNA hairpin in the wavenumber region from 1740 to 1590 cm-1 at 20 oC. Second derivative and 

normalized spectra of 5 mg mL-1 labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA 

from 0.1 to 400 MPa at 20 oC. In the normalized spectra, the IR band from 1696 to 1684 cm-1, related to 

base paired nucleotides, does not change with pressure. The IR band from 1677 to 1653 cm-1, related to 

free nucleotides, decreases with pressure (indicated by the arrow). The most important bands are indicated 

by the grey rectangle in the second derivative spectra. The highlighted bands are: 1687 cm-1, 1675 cm-1, 

1659 cm-1, 1649 cm-1, 1620 - 12 cm-1. (Selected data) 

 

 

Figure A8 shows the pressure-dependent FTIR spectra of the labeled – sRNAH in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 20 oC, in the 
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wavenumber region from 1740 to 1590 cm-1. Pressure does not change the absorbance 

(A) of the IR band at 1686 cm-1, which is characteristic of base paired G-C vibrations. In 

addition, there is a small intensity decrease in IR intensity of unpaired nucleic acids at 

1660cm-1.Pressure, apparently, induces only small structural rearrangement of the native 

folded ensembles, which can be related to the presence of the fluorescent dyes, changes 

in volume and hydration of the molecule. 

 
Figure A9. Pressure-dependent normalized and second derivative spectra of the labeled-small 

RNA hairpin in the wavenumber region from 1720 to 1590 cm-1 at 70 oC. Second derivative and 

normalized spectra of 5 mg mL-1 labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA 

from 0.1 to 400 MPa at 70 oC. At the normalized spectra, the IR band from 1696 to 1684 cm-1 is related to 

base paired nucleotides and cannot be observed due to denaturation, while the IR band from 1677 to 

1653 cm-1 is related to free nucleotides and decreases with pressure (indicated by the arrow). The most 

important bands are indicated by the grey rectangle at the second derivative spectra. The highlighted 

bands are: 1684 cm-1, 1660 cm-1, 1658 cm-1, 1616 cm-1. (Selected data) 
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Figure A9 shows the pressure-dependent FTIR spectra of the labeled-sRNAH in 50 mM 

Tris-HCl buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 70 oC, in the 

wavenumber region from 1720 to 1600 cm-1. Pressure causes a small decrease in 

absorbance (A) of the IR band at 1662 cm-1, which is characteristic of unpaired guanine 

bases. There is only a small IR signal for the IR band at 1686 cm-1, which is characteristic 

of base paired G-C vibrations, due to thermal denaturation of sRNAH molecule. 

Comparison between the IR band intensity at 1600 cm-1 of the pressure dependent FTIR 

measurements at 20 oC and 70 oC is shown in Figure A10. 

 
Figure A10. Pressure-dependent changes of the labeled-small RNA hairpin free base vibrations of 

guanine and uracil followed by FTIR spectroscopy. Pressure-dependence change of the intensity of 

unpaired GC pairs obtained from the infrared spectra recorded at ≈ 1658 cm-1 for 5 mg mL-1 labeled-small 

RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA from 0.1 to 400 MPa, at 20 oC and 70 oC.  

 

 

It can be seen at Figure A10 that the labeled-sRNAH structure seems to be slightly 

stabilized by pressure, due to the small decrease of single strand vibrations of guanines 

(1660 cm-1). The pressure-induced decrease of single strand intensity is larger at 70 oC 
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than at 20 oC. It has been shown by temperature-dependent FTIR and UV-vis 

spectroscopy, that the labeled-sRNAH displays a different melting profile than the 

sRNAH (Figures A2 and 30). The labeled-sRNAH started to melt at 50 oC, and it did not 

achieve the plateau until 80 oC. On the other hand, the sRNAH achieved the plateau at 50 
oC. These results indicate that the labeled-SRNAH structure is stabilized by the 

fluorescent dyes, Cy3 and Cy5, against extreme temperature and pressure conditions, as 

observed in the literature [161]. Therefore, the structure of the labeled-sRNAH is not 

fully denatured at 70 oC. In addition, pressure can be responsible for stabilizing the helix 

stem, and may promote the re-bond of G-C interactions until 250 MPa. Overall, sRNAH 

and labeled-sRNAH are highly stable molecules, which are not denatured by pressure at 

lower temperatures. 
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8.1.2.2. Labeled-small RNA hairpin in-plane base vibrations sensitive to effects of  

base stacking followed by FTIR spectroscopy 

 

 
Figure A11. Pressure-dependent normalized and second derivative spectra of the labeled-small 

RNA hairpin in the wavenumber region from 1600 to 1540 cm-1 at 20 oC. Second derivative and 

normalized spectra of 5 mg mL-1 labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA 

from 0.1 to 400 MPa at 20 oC. In the normalized spectra, the IR band at 1590 to 1575 cm-1, related to ring 

vibrations of C4 = C5 and C5 – C6 of free and base paired guanine, does not show significant change. 

The the IR band at 1568 to 1564 cm-1, related to ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of 

free and base paired guanine, shifts to higher wavenumbers (indicated by the arrow). The most important 

bands are indicated by the grey rectangle in the second derivative spectra. The highlighted bands are: 1582 

- 80 cm-1, 1564 - 61 cm-1. (Selected data) 
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Figure A11 shows the pressure-dependent FTIR spectra of the labeled-sRNAH in 50 mM 

Tris-HCl buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 20 oC, in the 

wavenumber region from 1600 to 1540 cm-1. The two characteristic IR bands in this 

region are the bands around 1590 to 1575 cm-1, and 1568 to 1564 cm-1. Both of these 

bands arise due to ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free and base 

paired guanine. It can be observed that the IR band at 1579 cm-1 shows a small shift in 

wavenumber, only. The IR band at 1562 cm-1 shows a large shift to higher wavenumbers. 

Apparently, the fluorescent dyes have high influence on the stacking interactions of 

guanines and its environment conditions at 20 oC in the labeled-sRNAH structure when 

compared to the sRNAH. Furthermore, the effect of high hydrostatic pressure on the 

sRNAH native structure is rather small (Figure 39). 
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Figure A12. Pressure-dependent normalized and second derivative spectra of the labeled-small 

RNA hairpin in the wavenumber region from 1600 to 1550 cm-1 at 70 oC. Second derivative and 

normalized spectra of 5 mg mL-1 labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA 

from 0.1 to 400 MPa at 70 oC. In the normalized spectra, the IR band at 1590 to 1575 cm-1, related to ring 

vibrations of C4 = C5 and C5 – C6 of free and base paired guanine, does not show significant change. 

The IR band at 1568 to 1564 cm-1, related to ring vibrations of C6 = O6, C5 – C6 and C4 = C5 of free 

and base paired guanine, shows a small increase in intensity with pressure (indicated by the arrow). The 

most important bands are indicated by the grey rectangle in the second derivative spectra. The highlighted 

bands are: 1581 - 77 cm-1, 1563 - 60 cm-1. (Selected data) 
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Figure A12 shows the pressure-dependent FTIR spectra of the labeled – sRNAH in 50 

mM Tris-HCl buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 70 oC, in the 

wavenumber region from 1600 to 1550 cm-1. It can be observed, in the normalized 

spectra, that the IR band around 1580 cm-1 does not change in intensity. In the second 

derivative spectra, this IR band displays a small shift in wavenumber. The IR band at 

1561 cm-1 increase in intensity within increasing pressure, as well as it shifts to higher 

wavenumbers. When compared to the sRNAH spectra (Figure 40), the fluorescent dyes 

display high influence on the ring vibrations (stacking interactions) of the guanine bases, 

resulting in an inverse profile when compared to the sRNAH. High hydrostatic pressure 

shows larger influence on the labeled-sRNAH structure than the sRNAH structure. 
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8.1.2.3. Labeled-small RNA hairpin base-sugar vibrations followed by FTIR 

spectroscopy 

 

 
 
Figure A13. Pressure-dependent normalized and second derivative spectra of the labeled-small 

RNA hairpin in the wavenumber region from 1550 to 1300 cm-1 at 20 oC. Second derivative and 

normalized spectra of 5 mg mL-1 labeled - small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM 

EDTA from 0.1 to 400 MPa at 20 oC. IR bands originating from base-sugar vibrations which are sensitive 

to glycosidic bond rotation, backbone and sugar pucker conformations. These IR bands are related to 

backbone vibrations in A-, B- and Z-forms, sugar pucker in N- or S-type conformations and N7 site 

vibrations of purines. The most important bands are indicated by the grey rectangle at the second 

derivative spectra. The highlighted bands are: 1494 cm-1, 1482 cm-1, 1461 - 56 cm-1, 1402 cm-1, 1377 cm-1, 

1380 cm-1. (Selected data) 
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Figure A13 shows the pressure-dependent FTIR spectra of labeled-sRNAH in 50 mM 

Tris-HCl buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 MPa at 20 oC, in the 

wavenumber region from 1550 to 1300 cm-1. The IR band at 1522 cm-1, which is 

characteristic of in-plane vibrations of cytosine (for a more detailed RNA IR band 

assignment, see Table 1 in section 2.2.1.5) shows a small shift to slightly higher 

wavenumber, only. The IR bands at 1494 cm-1 and at 1482 cm-1, which are assigned as 

ring vibrations of guanine at its N7 site, have a significant decrease. Changes in the 

position or intensity of these bands are related to interactions at N7 sites, or changes in 

hydration of the major groove of the helix. In the temperature-dependent FTIR spectra 

of the labeled-sRNAH, these IR bands are show large changes under high temperature 

and pressure. This indicates that the fluorescent dyes are interacting with the guanine 

nucleotides, and are changing the dynamics of the sRNAH structure, as observed in the 

literature [161]. The IR bands observed from 1490 to 1420 cm-1 are related to adenine 

backbone vibrations, and cannot be related to sRNAH structure. An IR band can be 

observed at 1403 cm-1, which is assigned as RNA vibrations of the ribose ring [160].  

 

A broad band between 1392 to 1368 cm-1, related to purine (guanine) sugar in anti 

conformation (sugars at C2’ / C3’ – endo sugar pucker conformation), can also be 

observed. This band vary inside its IR range, 1381 – 1369 cm-1, which is in agreement 

with the small variations pressure caused at IR bands related to A-form helix. The 

intensity of this band increases under high hydrostatic pressure. There is a concomitant 

increase in the intensity of the IR band at 1355 cm-1, which is assigned to the purine 

glycosil angle in syn conformation related to Z-form backbone. These IR bands indicate 

that pressure can promote the rearrangement of the RNA backbone, favoring the Z-helix, 

which is less stable and commonly an intermediate conformation. The Z-helix is 

unfavorable to form, but some conditions such as high salt concentration can promote its 

formation. Molecular dynamics studies by Miner et al. (2016) [103] showed that high 

hydrostatic pressure has a stabilizing effect on the A-form, and a destabilizing effect on 

the Z-form of the RNA tetraloop (gcGCAAgc). 
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Figure A14. Pressure-dependent normalized and second derivative spectra of the labeled-small 

RNA hairpin in the wavenumber region from 1540 to 1340 cm-1 at 70 oC. Second derivative and 

normalized spectra of 5 mg mL-1 labeled-small RNA hairpin in 50 mM Tris-HCl buffer + 0.1 mM EDTA 

from 0.1 to 400 MPa at 70 oC. IR bands originating from base-sugar vibrations that are sensitive to 

glycosidic bond rotation, backbone and sugar pucker conformations. These IR bands are related to 

backbone vibrations in A-, B- and Z-forms, sugar pucker in N- or S-type conformations and N7 site 

vibrations of purines. The most important bands are indicated by the grey rectangle in the second 

derivative spectra. The highlighted bands are: 1496 cm-1, 1480 cm-1, 1459 cm-1, 1404 cm-1, 1378 cm-1, 1364 

cm-1. (Selected data) 

 

 

Figure A14 shows the pressure-dependent FTIR spectra of labeled-sRNAH in 50 mM 

Tris-HCl buffer pH 7.5 + 0.1 mM EDTA, from 0.1 to 400 Mpa at 70 oC, in the 

wavenumber region from 1540 to 1380 cm-1. The IR band at 1522 cm-1, which is 
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characteristic of in-plane vibrations of cytosine, shows a small shift to higher 

wavenumber, only. The IR bands at 1494 cm-1 and at 1482 cm-1, related to ring vibrations 

of guanine at its N7 site, have small changes only. The IR band at 1494 cm-1 shifts to 

higher wavenumbers, while the IR band at 1482 cm-1 shows a small intensity decrease. It 

can be observed that changes in the IR spectra at 70 oC are less pronounced than the 

changes observed at 20 oC. However, changes in intensity and/or wavenumber can be 

observed in this region, which suggests that the fluorescent dyes display a large influence 

on the dynamics of the sRNAH strutcture through interaction with the guanine bases. 

The IR band at 1403 cm-1 is assigned to RNA vibrations of the ribose ring [160].  

 

A small IR band at around 1386 cm-1 related to purine (guanine) sugar in anti 

conformation (sugars at C2’ / C3’ – endo sugar pucker conformation – A-form) can also 

be observed. The band is related to guanine in A-form RNA, A-form has sugar at C3’-

endo in anti conformation. The intensity of this band decreases with increasing pressure. 

The intensity of the IR band at 1365 cm-1, assigned to cytidine in anti conformation 

(sugars at C2’ / C3’ – endo sugar pucker conformation), also decrease with pressure. 

Cytidine at A-form helix has the gycosil angles in anti conformation, with the sugar 

pucker at C3’-endo conformation. While the RNA at Z-form helix, the glycosil angles 

adopts the anti conformation, with the sugar pucker at C2’-endo conformation. It seems 

that pressure induces the fluctuation between Z- and A-helix, and that only small 

alterations occur at backbone of the not fully unfolded labeled-sRNAH. According to 

Miner et al. (2016) [103] pressure favors A-form and destabilizes Z-form. However, 

pressure did not favor A-helix in the labeled-sRNAH structure, which can be related to 

structure stabilization induced by the dyes. 

 

8.1.2. Summary and conclusions: 

 

In order to compare with the results obtained with the sRNAH and with FRET results, 

which are not discussed here, the fluorescent labeled-small RNA hairpin was submitted to 

the same experimental analysis. To this end, UV-vis and FTIR spectroscopy 

measurements were carried out. The small RNA hairpin and the labeled- small RNA 

hairpin showed distinct profiles. The changes in the secondary structure features observed 
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in the temperature- and pressure-dependent FTIR of the labeled-sRNAH show that the 

fluorescent dyes, Cyanine 3 and Cyanine 5, can significantly interfere on the RNA 

structural dynamics. The fluorescent dyes were responsible for increasing the thermal and 

pressure stability of sRNAH. The temperature-dependent FTIR and UV-vis spectroscopy 

results suggest that, until 80 oC, the labeled- small RNA hairpin did not achieve the 

compact unfolded state, and it would still maintain some native stem connections (Figure 

A15). Pressure-dependent FTIR results show that the labeled-sRNAH structure is slightly 

stabilized by pressure at lower and high temperatures. The labeled-sRNAH was 

influenced by temperature and pressure in an inverse way than observed for the sRNAH. 

These results are in agreement with a study of B. G. Moreira et al. (2015) [161]. They 

showed that the attachment of Cy3 and Cy5 dyes was responsible to stabilize DNA 

duplex and to enhance duplex formation, due to stacking interaction between the dye and 

the purine of the complimentary strand. Thereby, the interference of the fluorescent dyes, 

Cy3 and Cy5, should be taken in account when analyzing fluorescence data. 

 

 
 

Figure A15.  Effect of temperature and pressure on the structure of the labeled-small RNA 

hairpin. a) Effect of pressure on the labeled-small RNA hairpin structure at 20 oC. The native hairpin 

structure is slightly destabilized by pressure, inducing variation between native and native-like structures. 

b) Effect of pressure on the labeled-small RNA hairpin structure at 70 oC. The denatured hairpin structure 

is slightly stabilized by high hydrostatic pressure. 
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8.2. Modified hairpin ribozyme 
 
PAGE measurements were also carried out using another hairpin ribozyme model, in 

order to compare with molecular dynamics measurements performed in collaboration (as 

details at section 2.1.2). The model used in this work was named as modified hairpin 

ribozyme (modHpRz), and is based on the crystal structure of the hairpin ribozyme in the 

docked state [108]. This crystal structure contains four dissociated chains which comes 

together and they interact as a junctionless hairpin ribozyme. 

 

 
 
Figure A16. TBE-urea PAGE of the modified hairpin ribozyme’s self-cleavage reaction. a) The 

modHpRz control reaction in pure Tris-HCl buffer + 0.1 mM EDTA pH 7.5 and in Tris-HCl buffer + 

0.1 mM EDTA + 6 mM MgCl2 pH 7.5, during 6 hours at 25 oC. b) The modHpRz reaction in Tris-HCl 

buffer + 0.1 mM EDTA + 6 mM MgCl2 pH 7.5, during 6 hours, at 100 MPa, at 25 oC. c) The modHpRz 

reaction in pure Tris-HCl buffer + 0.1 mM EDTA pH 7.5 and in Tris-HCl buffer + 0.1 mM EDTA + 12 

mM [Co(NH3)6]Cl3 + 100 mM NaCl pH 7.5, during 6 hours, at 100 MPa, at 25 oC. (Selected data) 
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Figure A17. Time evolution of the modified hairpin ribozyme self-cleavage reaction with 

[Co(NH3)6]Cl3 and MgCl2 at different pressures. Fraction of cleaved wtHpRz after addition of 6 mM 

MgCl2 (blue) or 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl (black). Self-cleavage reaction conditons were: 50 

mM Tris-HCl buffer + 0.1 mM EDTA + 6 mM MgCl2 or 12 mM [Co(NH3)6]Cl3 + 100 mM NaCl, pH 

7.5, 25 oC at 0.1 MPa (open circles), 100 MPa (closed triangles), 200 MPa (closed square) and 300 MPa 

(closed star). RNA final reaction aliquot, with 3.6 µM, was analyzed by TBE-Urea PAGE and quantified 

by ImageJ [125]. 

 

 

It can be seen at Figure A16 that there is a significant difference in the self-cleavage 

reaction between MgCl2 and [Co(NH3)6]Cl3.  [Co(NH3)6]3+ promotes efficient cleavage of 

modHpRz structure as the percentage of fraction cleaved reaches almost 80% at 0.1 MPa 

and slightly increase by pressurization at 100 MPa. The modHpRz cleavage reaction was 

less efficient with MgCl2, reaching around 60% of fraction cleaved after 6 hours of 

reaction. This behavior is similar as with the wtHpRz (Figure 71). The 
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modHpRz+[Co(NH3)6]Cl3 achieved the same amount of reaction product at 200 MPa as 

0.1 MPa with MgCl2. The modHpRz + [Co(NH3)6]Cl3 did not achieve an equilibrium 

state, as did the wtHpRz, until 6 hours of measurements and it also showed to be highly 

efficient until 300 MPa. On the other hand, the modHpRz activity was significantly 

affected by 100 MPa pressure when in the presence of MgCl2. The junctionless condition 

and changes on the nucleotide sequence of the helices had a significant effect on the 

ribozyme activity when compared to the wild-type hairpin ribozyme. This result is in 

good agreement with the literature, when a crystal structure analysis of this mutant hairpin 

ribozyme showed that the binding of [Co(NH3)6]Cl3 at the ribozyme zipper favors the 

stabilization of the catalytically prone conformations [163]. The overall self-cleavage 

activity of the hairpin ribozyme is decelerated upon pressurization. However, the 

modHpRz stabilized by [Co(NH3)6]Cl3 retains high catalytic activity until 300 MPa when 

compared to reactions at 0.1 MPa in the presence of MgCl2.  
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