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STMV        Satellite tobacco mosaic virus 

TMB           3,3',5,5'-Tetramethylbenzidine 

TRIS           Tris(hydroxymethyl)aminomethane 

tRNA          Transfer ribonucleic acid 

tRNA-Phe   Phenyalanine-specific transfer ribonucleic acid 

UV-Vis       Ultraviolet-visible spectroscopy 
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SUMMARY 

 

Cations are essential for ribonucleic acids (RNA), as they neutralize the 

negatively charged phosphate backbone. Divalent metals play important roles in the 

folding and function of RNA. Magnesium ion (Mg
2+

), in particular, has a special 

relationship with RNA, involved in tertiary interactions of many large RNAs, and 

necessary for ribozyme activity in several catalytic RNAs. Mg
2+

 chelates RNA ligands, 

mainly phosphate oxygen atoms, to form coordination complexes that stabilize tertiary 

structure in RNA. 

My research has focused on studying RNA binding to divalent metal ions, Fe
2+

 

and Mg
2+

, characterizing the structural and functional properties of RNA interactions 

with these metals. This work has been motivated, in part, by the discovery that iron (Fe
2+

) 

can serve as a substitute for Mg
2+

 for folding RNA and for ribozyme catalysis. Fe
2+

 was 

abundant on early earth, so it is plausible that RNA folding and function was mediated by 

Fe
2+

 instead of, or in combination with, Mg
2+

 in the anoxic atmosphere of early earth. We 

have investigated oxidoreductase catalytic activity observed in RNA when in 

combination with Fe
2+

.  This activity, only observed in the presence of Fe
2+

 and absence 

of Mg
2+

appears to be a resurrection of ancient RNA capabilities that were extinguished 

upon the depletion of Fe
2+

 from the environment during the rise of oxygen after the great 

oxidation event. 

Previous observations that Mg
2+

 and Fe
2+

 induce similar structures in RNA led to 

the hypothesis that the two ions could also interact at the same sites in RNA. We have set 

out to identify these binding sites in RNAs that have divalent metal-dependent folding, 
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using in-line cleavage of the phosphodiester backbone, as facilitated by the divalent metal 

ions.  Metal ion-based cleavage is a method that has previously been applied to probe ion 

binding sites in RNA.  

Quantum mechanics provides powerful computational tools to probe the 

energetics of cation association with nucleic acids. We use these tools to investigate Mg
2+

 

chelation to phosphate oxygens. We explore conformational and energetic fingerprints of 

Mg
2+

 complexes, using energy decompositions to probe the specific forces (i.e. 

electrostatic vs. non-electrostatic forces) that contribute to the overall complex energies. 

For example, we show that the ability of Mg
2+

 to polarize coordinated ligands is a strong 

stabilizing factor in chelation complexes. 

We have also investigated the influence of Mg
2+

 on RNA secondary structure and 

tertiary structure. RNA folding is hierarchical, collapsing from non-native structures with 

local single- and double-stranded regions into compact native structures. The initial 

conformations of RNA present often determine the folding pathway, and intermediates 

observed. We investigate the structure of RNA in low-salt conditions, and observe Mg
2+

 

binding, accompanied by conformational changes at low (< 1 mM) concentrations. Using 

both A-form helical RNA duplexes and larger RNAs in low-salt, non-native states, we 

demonstrate subtle but clear conformational differences in the RNA depending on the 

identity and concentration of cations present in solution. These conformational 

differences appear to arise from variations in helical structures adopted in the presence of 

different cations, which has been previously observed for DNA duplexes. We show that 

these different starting conformations clearly affect the folding pathway. Therefore in 

addition to the important considerations for RNA-Mg
2+

 interactions in folded RNAs and 
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in ribozymes, we show that they should not be ignored in duplex or unfolded RNAs, as 

they affect RNA helical structure.  
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CHAPTER 1 

INTRODUCTION 

Ribonucleic acid, or RNA, is one of the three macromolecules, along with DNA 

and protein that are essential for life. Like DNA, RNA is a polymer of nucleotides, linked 

by phosphate groups which are negatively charged at physiological pH. RNA molecules 

typically form complicated tertiary structures, necessary for function. Positively charged 

species, such as inorganic cations and polyamines, are necessary for RNA compaction 

and folding. Cations screen the repulsions between phosphate groups on the RNA 

backbone, allowing them to be brought into close proximity during RNA folding. The 

interactions of these cations with RNA are subtle and polymorphic, and depend on the 

sequence and structure of the RNA, on the type of cation, and on other cations in the 

system (1).  

 RNA and cations  

Cations interact with RNA in different environments along the RNA. These 

environments have often been divided into two: those of ‘diffuse ion’ interaction and 

those that exhibit ‘chelated ion’ interaction (2). Diffuse cations possess behavior that is 

determined by RNA electrostatic field. They largely remain hydrated, therefore having 

little to no direct nucleic acid contacts (Figure 1, left). This category of cations has been 

referred to as an ‘ion atmosphere’, with the concentration of cations in regions 

surrounding the RNA being proportional to the electrostatic potential in that region (3). 

Monovalent cations (such as Na
+
 and K

+
) generally fall into the category of diffuse 

binding.  



 

2 

 

                                       

Figure 1. Potential ion environments in an RNA. Left, RNA (black) is surrounded by 

cations interacting loosely in an ion atmosphere. Right, cations interact with RNA 

specifically, either remaining undergoing partial dehydration (right, top) while chelated 

by phosphates (1
st
 coordination), or remaining hydrated while interacting with RNA 

(right, bottom). Cations are shown as green spheres bound with waters of hydration 

shown in red in a stick representation. Dashed black lines represent coordination bonds 

between cation and RNA ligands.  

 
 

 Multivalent and divalent cations can both be present in the ion atmosphere. In 

contrast to cations in this atmosphere, a chelated ion binds directly to the nucleic acids in 

specific locations. This interaction requires a dehydration of the ion, or loss of one or 

more hydrating water molecules, for it to be chelated by RNA groups (Figure 1, right, 

top). This is referred to as first-shell coordination i.e. RNA ligands are in the first 

coordination shell of the cation. Chelated ions can also bind to RNA as fully hydrated 

ions (Figure 1, right, bottom). Chelated ions are less mobile than diffuse ions, and play 
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important roles in formation of RNA native tertiary structures. However, the electrostatic 

influence of diffuse ions largely stabilize the overall RNA structure (2). 

 This two-state categorization of RNA-cation interactions, while convenient for 

many applications, poses limitations on a deeper understanding of the subtleties of RNA-

cation binding. Indeed, many cation interactions fall somewhere between the two classes. 

A new formalism partitions RNA-cation interactions into four classes: free, condensed, 

glassy and chelated (1).This classification illustrates a continuum of RNA cation 

interactions, ranging from diffuse interactions (free) to highly coordinated ions 

(chelated). Condensed ions are well-hydrated, possessing near bulk-like properties. 

Glassy ions possess first-shell interactions with RNA, causing them to be more restricted 

than condensed cations. Chelated ions are highly coordinated to RNA ligands, so they are 

more dehydrated than other cations. These cations largely determine the conformation of 

RNA. The largest class of cations is free, while the smallest class is chelated. The 

chelated ions possess the largest number of first-shell interactions, making them most 

important for stabilizing specific structural interactions. Condensed, glassy and chelated 

cation interactions are illustrated in Figure 2. 

RNA and Mg
2+

 

 Magnesium ions interact with RNA in both site specific, coordinated interactions 

and in diffuse binding. Early studies of RNA-cation interactions revealed that Mg
2+

 plays 

a special role in tRNA folding, (4-6) and that it can also participate directly in ribozyme 

activity by stabilizing transition states (7,8). These observations have motivated decades 

of work on ion-RNA interactions, with a special emphasis on Mg
2+

.  
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Figure 2. Condensed, glassy, and coordinated cations in the P4-P6 domain of the 

Tetrahymena Group 1 intron RNA [PDB 1HR2]. (A) Three condensed Mg
2+

 ions are 

indicated by green spheres. (B) The envelope containing condensed cations surrounding 

the P4–P6 RNA. (C) Regions of glassy cation localization within the grooves. Reprinted 

from (1) with permission. 

 

Unique properties of Mg
2+ 

Since the beginning of life, Mg
2+

 has been closely associated with phosphates and 

phosphate esters (9,10). Mg
2+

 shares a special geometric, electrostatic, thermodynamic 

relationship with phosphates (10). Mg
2+

 ion, with a small radius (0.65 Å), possesses a 

high charge density and an octahedral coordination geometry (coordination number is 6). 

The preferred coordination ligands for Mg
2+

 are charged or neutral oxygens (Figure 3), 

and the hydration enthalpy for Mg
2+

 is high (-458 kcal/mol) (11-14).  It is the dominant 

divalent cation in biology and is widely available in the biosphere, constituting 2% of the 
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earth’s crust. In addition to being highly soluble near neutral pH, Mg
2+

 is inert to O2, not 

changing its oxidation state readily. Therefore, Mg
2+

 is a unique partner for RNA. 

 

Figure 3. A Mg
2+

 ion chelated by RNA. This Mg
2+

 ion (green sphere) is octahedral, with 

three first shell phosphate oxygens of the rRNA (cyan) and three first shell water oxygens 

(red). Reprinted from (1) with permission. 

 

 

Mg
2+

 can increase local rigidity of RNA by tightly packing functional groups in 

its first coordination shell. One of the hallmarks of Mg
2+

 complexes is ligand-ligand 

crowding, While Mg
2+

 prefers phosphate oxyanions, non-oxygen ligands are also 

observed to be coordinated to Mg
2+

 (15). Phosphate groups are more polarizable than 

water molecules, so when RNA phosphate oxygens enter the first shell of a Mg
2+

, 

electron density is pulled into the Mg
2+

 and the phosphorus atom is activated to 

nucleophilic attack. Large globular RNAs are observed by X-ray diffraction to be 

associated with magnesium ions. These associated ions range throughout the four classes 

of RNA-cation interactions. For example, of 118 Mg
2+

 ions associated with the 23S 

rRNA in the large ribosomal subunit (LSU) of Haloarcula marismortui (16,17), 98 of 
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these have phosphate oxyanions (OP) in their first coordination shells. First coordination 

shell interactions are characterized by a Mg
2+

-OP distance < 2.4 Å. Similarly, 26 out of 

71 total magnesium ions associated with the P4-P6 domain of the Tetrahymena group 1 

intron (15,18) contain first-shell interactions with phosphate oxyanions.  

Magnesium binding motifs in RNA 

Magnesium forms several, distinct motifs with RNA, arising from its coordination 

interactions with phosphate oxyanions. For example, Mg
2+

 forms mononuclear 

complexes with ADP and ATP, binding by bidentate and tridentate interactions (10). 

Figure 4 illustrates a mononuclear ADP-Mg
2+

 complex. Bidentate chelation complexes 

are six-membered rings with the atoms Mg
2+

-O
1
P-P-O-P-O

2
P-Mg

2+
 (where O

1
P and O

2
P 

are oxygen atoms from adjacent phosphate groups, e.g. a and b, or b and g, P represents 

phosphorus atoms and O represents the bridging oxygen atom) (10).  Tridentate chelation 

complexes are bicyclic, with two six-membered rings. Mg
2+

 interactions with the 

phosphate oxygens of ATP/ADP are highly predictive of Mg-RNA coordination 

interactions. Similarly, distinct motifs are observed repeatedly in RNAs, suggesting that 

these complexes are important in RNA tertiary structure. These motifs are not supported 

in common elements of RNA secondary structure (e.g. A-form helices and loops), 

because the OP atoms are too far apart to enable multidentate chelation. 
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Figure 4. Mononuclear ADP-Mg(II) complex. Six-membered ring is formed by bidentate 

chelation of Mg(II). Dashed lines represent coordination bonds between magnesium and 

phosphate oxygen atoms (OP). 

  

Bidentate clamp 

A mononuclear RNA-Mg
2+

 complex is formed when OP atoms of adjacent 

residues chelate a common Mg
2+

. This chelation forms a ten-membered ring containing 

the atoms Mg
2+

-O
1
P-P-O5’-C5’-C4’-C3’-O3’-P-O

2
P-Mg

2+
 (Figure 5). This bidentate 

clamp is observed 25 times in the H. marisortui LSU (16), twice in the P4–P6 domain of 

the Tetrahymena group 1 intron (15,18), once in a self-splicing group II intron from 

Oceanobacillus iheyensis (PDB entry 3IGI) (19), and once in the L1 ligase (PDB entry 

2OIU) (20).  
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Figure 5. A schematic diagram of a bidentate RNA clamp of magnesium, formed when 

adjacent phosphate groups enter the first coordination shell of a common magnesium ion. 

A 10-membered ring (shaded) characterizes the Mg
2+

 clamp. Reprinted from (1) with 

permission. 

 

 

Magnesium microcluster 

A framework of dinuclear Mg
2+

-RNA complexes was observed as flanking the 

peptidyl transferase center (PTC) in LSU ribosomal structures. The dinuclear Mg
2+

 

complex is made up of two Mg
2+

 ions that are chelated by a common bridging phosphate 

in the form: Mg
2+

a-(O
1
P-P-O

2
P)–Mg

2+
b. The bridging phosphate is part of a 10-membered 

chelation ring in the form: Mg
2+

a –(OP-P-O5’-C5’-C4’-C3’-O3’-P-OP)–Mg
2+

 b. The two 

phosphate groups in this motif are contributed by adjacent residues along the RNA 

backbone (Figure 6). 
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Figure 6. The Mg
2+

 microcluster motif. A schematic diagram illustrating the Mg
2+

a–(O
1
P-

P-O
2
P)–Mg

2+
b bridge (outlined in blue), the 10-membered chelation ring (yellow), an 

unstacked base and the additional RNA phosphate groups that enter the Mg
2+

 first shell at 

variable positions. Reprinted from (21) with permission. 

 

 

The Mg
2+

 ions in the microcluster are highly dehydrated, as they maintain their 

octahedral coordination by chelating RNA groups. Coordination in the microcluster 

results in Mg
2+

-Mg
2+

 distances of 5.3-5.6 Å. Features in the microcluster are conserved, 

such as the conformation of the RNA and relative positions of the Mg
2+

 ions in the 

microcluster, which are constrained by Mg
2+

a–(O
1
P-P-O

2
P)–Mg

2+
b bridges. Indeed, a 

superimposition of the four microclusters present in the LSU gives a root mean square 

deviation (RMSD) of 0.59 Å. These microclusters provide the framework and supporting 

structure for the RNA that forms the PTC.  

While the basic motif of the microclusters are the same, each microcluster has 

unique features, as they pose constraints on the surrounding RNA, allowing RNA 

phosphate groups that are not part of the 10-membered to enter the Mg
2+

 coordination 
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spheres at different positions. These residues become part of the microcluster. In addition 

to the 23S rRNA, a microcluster is observed in the 16S (22), and in the P4-P6 domain of 

the Tetrahymena group I intron ribozyme.  

Comparison of Mg
2+

 to other biological cations 

Compared to group I cations, Ca
2+

, or polyamines, Mg
2+

 has a greater affinity for 

phosphate oxygens, binding to them with well-defined geometry and bringing them into 

its first shell into direct contact with each other. These first shell waters are polarized by 

Mg
2+

, activating them for enzymatic mechanisms and molecular recognition (1).  

Quantum mechanics (QM) calculations were used to investigate bidentate magnesium 

clamps, specifically their energetic and conformational fingerprints(23). The results 

showed why magnesium ions can induce specific conformational states of RNA that are 

inaccessible with other biological cations. 

 

Figure 7. The RNA
2−
–Mg

2+
•(H2O)4 complex  (right) extracted from the bidentate RNA 

clamp (left) used for QM calculations. The base is replaced by a hydrogen atom and the 

chain is terminated with methyl groups. Ten-membered rings are shaded grey. Reprinted 

from (23) with permission. 

 



 

11 

 

A prototypical bidentate RNA clamp of magnesium (Figure 5) extracted from the 

LSU of H. marismortui (PDB entry 1JJ2) was used to build a template clamp for QM 

calculations. Phosphates attached to the O3’ and O5’ atoms of a ribose were capped with 

methyl groups in lieu of the remainder of the RNA polymer (Figure 7).  Both RNA and 

DNA clamps were constructed with magnesium, calcium and sodium, in an aqueous 

environment (with 2’OH group replaced by hydrogen in DNA clamps). Clamp 

geometries were cation dependent, taking into account differences in ionic radii.  

Using the reaction: 

RNA
2-

 + Mg
2+

(H2O)6 Ą RNA
2-

-Mg
2+

(H2O)4 complex + 2H2O, 

geometries of complexes and all monomers were obtained and interaction energies 

calculated. The absolute value of the interaction energies for RNA with cations decreases 

in the series Mg
2+

(-31.9 kcal/mol) > Ca
2+

(-21.5 kcal/mol) >Na
+
(-4.1 kcal/mol).  

Bidentate DNA clamps with magnesium were observed to be 10 kcal/mol less stable than 

RNA clamps. The additional stability in RNA clamps arose from a favorable through-

space effect of the polar ribose 2’-OH group. The oxyanions contained within the 

magnesium first shell are closer together than those associated with the other cations. 

Average Mg-OP and Mg-O(w) coordination bond distances were 2.0 Å and 2.16 Å 

respectively, compared with 2.31 Å and 2.43 Å for Ca
2+

 and 2.44 Å and 2.59 Å for Na
+
. 

These results were consistent with the smaller Mg
2+

 ionic radius (0.65 Å) compared to 

Ca
2+

 and Na
+
 (0.99 Å and 0.95 Å respectively). 

RNA ring opening observed in the Na
+
 clamp indicated that favorable interactions 

of the oxyanions with the cations were not sufficient to overcome the repulsive 

interactions, a requirement for clamp formation. Non-electrostatic effects such as charge 
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transfer, polarization and exchange also played a significant role in stability of Mg
2+

 

clamps. These non-electrostatic effects however are less pronounced for calcium due to 

its larger size, and for sodium due to its smaller charge. These features combined 

illustrate the unique features that enable Mg
2+

 to play a special role in RNA folding and 

function.  

RNA world hypothesis 

 

According to the central dogma of biology, hereditary information proceeds from 

DNA to protein through an RNA intermediate. A long-standing question has been: how 

did the complex machinery responsible for this information transfer arise? RNA is a 

molecule that can catalyze chemical reactions, similar to proteins, as well as store genetic 

information like DNA does (24,25). The RNA world hypothesis proposes that in 

primitive cells, RNA performed functions of both catalysis and information storage 

{Cech, 2012 #4987}. Later on in evolution, RNA was replaced by DNA and proteins as 

the genetic material and catalysts, respectively. While there are different theories on the 

pre-RNA world and what molecules and reactions might have facilitated the prebiotic 

synthesis of RNA, a defining feature of the RNA world hypothesis is that RNA and RNA 

enzymes (ribozymes) predate DNA and protein enzymes.  

RNA and iron 

Fe
2+

 on early earth 

Life began on earth around 4 billion years ago (26,27). For about 1 to 1.5 billion 

years, life evolved on an anoxic earth that had abundant soluble Fe
2+

. Upon the rise of 

photosynthetic bacteria, and the great oxidation event (GOE), soluble iron became 
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oxidized and was depleted from the biosphere, and was deposited into banded iron 

formations (BIF) (28). BIF iron is seen by isotopic variations to have been a participant in 

ancient biological processes (29). An RNA world would have flourished on this anoxic, 

Fe
2+

-rich earth. 

RNA-Fe
2+

 hypothesis 

It is hypothesized (30) that RNA could have used Fe
2+

 as a biological cofactor 

while it was benign, before the rise of  molecular oxygen in the atmosphere. Oxidized 

Fe
2+

 (Fe
3+

) is damaging to RNA via the Fenton reaction. The conditions of early earth 

make it plausible that Fe
2+

, either instead of or in combination with Mg
2+

, was a possible 

partner of RNA in the biology of the pre-photosynthesis anoxic earth. Fe
2+

 would have 

been replaced by Mg
2+

 during the GOE, when it became damaging to RNA. The catalytic 

abilities of RNA could have been greater on the early earth than after the GOE. 

Understanding the influence of Fe
2+

 on RNA structure and function could provide 

important links between the geological record and the RNA world. 

Fe
2+

 and Mg
2+

 

Fe
2+

 has an ionic radius of 0.72 Å, very close to that of Mg
2+

. It also prefers 

octahedral coordination geometry, similar to Mg
2+

. Fe
2+

 is widely used as a probe of 

nucleic acid and protein structure (31), via the Fenton reaction. In the Fenton reaction, 

Fe
2+

 is oxidized in the presence of ethylenediamine tetraacetic acid (EDTA), generating 

reactive hydroxyl radicals. •HO radicals attack the DNA/RNA, resulting in cleavage. 

Ascorbic acid is included in the reaction to reduce Fe
3+

 to regenerate Fe
2+

. While this 

method has been applied widely to DNA structure probing, it has only been rarely used 

for RNA studies. Mg
2+

, on the other hand, is redox inactive and unable to cleave RNA. In 



 

14 

 

the absence of oxygen, where the oxidation of Fe
2+

 to Fe
3+

 is inhibited, Mg
2+

 and Fe
2+

 

could display similar properties with RNA. 

Fe
2+

 as a substitute for Mg
2+

 

Computation and experiments were used to address the question of whether Fe
2+

 

is able to substitute for Mg
2+

 in facilitating RNA folding and catalytic activity  (30). This 

was done to test the hypothesis that Fe
2+

 could have been an RNA cofactor on early earth, 

being replaced by Mg
2+

 during the GOE.  

Fe
2+

 facilitates RNA folding 

Computational and experimental investigations were performed to study RNA 

folding with Fe
2+

 and compare it to that of Mg
2+

.  

Computational studies 

QM calculations were employed to investigate RNA conformation and 

coordination geometry when Mg
2+

 is replaced by Fe
2+

 in a first-shell RNA metal 

complex. The RNA-Mg
2+

 bidentate clamp (Figure 5) was used for this study. Initial 

coordinates for the clamp were taken from the L1 ribozyme ligase (PDB 2OIU). Density 

functional theory (DFT) showed that upon replacement of the Mg
2+

 with Fe
2+

 in the 

clamp, conformations of the RNA-Fe
2+

 clamp and the RNA-Mg
2+

 clamp were nearly 

identical (Figure 8). The metal-oxygen distances and angles of both clamps were 

observed to be similar, and the coordination geometry is conserved between both clamps. 

Calculated interaction energies reveal a more favorable interaction for Fe
2+

 than for Mg
2+

 

(1.3 kcal/mol). The extent of charge transfer from phosphate to metal was higher from 

Fe
2+

, implying that Fe
2+

 is better than Mg
2+

 at activating the phosphorous atom in RNA 
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for nucleophilic attack. This increased activation might result from the accessibility of the 

d-orbitals of Fe
2+

. 

 

Figure 8. A) RNA-Mg
2+

 clamp from the L1 ribozyme ligase. B) RNA-Mg
2+

 clamp 

optimized by high level QM calculations. C) An optimized RNA-Fe
2+

 clamp. Both Mg
2+

 

(yellow sphere) and Fe
2+

 (green sphere) are hexacoordinate. Water molecules are omitted 

from the images. Reprinted from (30) with permission. 

 

Experimental studies 

RNA footprinting in the presence of Mg
2+

 or Fe
2+

 was performed using the 

powerful technique, SHAPE; Selective 2’-hydroxyl acylation analyzed by primer 

extension. The method exploits the reactivity of the 2’-hydroxyl groups of RNA to 

electrophiles to form 2’-O ribose adduct. Reactivity of the 2’-OH groups vary with RNA 

conformational flexibility at each position, so that single stranded nucleotides are more 

reactive than double stranded nucleotides. Reverse transcription with fluorescently-

labeled primers gives fragmented products that are truncated at locations which indicate 

the presence of 2’-O-ribose adducts. Resolution and visualization of the fragments using 

capillary electrophoresis (CE) allows the secondary structure of the RNA to be assayed. 
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The secondary structure of the T. thermophila Group I intron P4–P6 domain was 

assayed by SHAPE. In the presence of Na
+
 only with no divalent metals, a reaction 

pattern consistent with the known secondary structure was observed (15). When Mg
2+

 

was added, SHAPE reactivity changed to reflect specific Mg
2+

 binding, diffuse 

interactions, and Mg
2+

-induced tertiary structure in P4-P6. The obtained pattern was 

consistent with previous SHAPE data for the same RNA (32). When Mg
2+

 was replaced 

by Fe
2+

 under anaerobic conditions, the SHAPE reactivity profile obtained was nearly 

identical to the Mg
2+

 profile nearly identical SHAPE reactivity profile was obtained(30). 

This result indicated that all Mg
2+

-dependent interactions in P4-P6, including the tertiary 

interactions, were conserved and recapitulated by Fe
2+

.  

 

Fe
2+

 facilitates ribozyme catalysis 

RNA function in the presence of Fe
2+

 was assayed by testing the catalytic activity 

of two ribozymes with Mg
2+

 or with Fe
2+

 in the absence of O2. The L1 ribozyme ligase is 

a Mg
2+

-dependent ribozyme (20) which catalyzes the formation of a phosphodiester 

linkage. The hammerhead ribozyme cleaves the RNA backbone via nucleophilic attack 

by a 2’-hydroxyl group on the 3’-phosphorous atom (33). At equimolar metal 

concentrations, the initial rate of ligation for L1 ligase was enhanced by 25-fold in the 

presence of Fe
2+

 (3.5 x 10
-5

 min
-1

) compared to Mg
2+

 (1.4 x10
-6

 min
-1

). Hammerhead 

ribozyme cleavage was enhanced by 3-fold in the presence of Fe
2+

 (0.035 min
-1

) over 

Mg
2+

 (0.011 min
-1

) (30). These results suggest that Fe
2+

 is a superior substitute for Mg
2+

 

in these catalytic roles.  
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Overview of Thesis 

In this thesis, I describe a series of projects designed to increase our general 

knowledge and understanding of RNA and its interactions with metal ions. Cations affect 

the structural, functional and conformational properties of RNA. The special role that 

Mg
2+

 plays in RNA folding and function can be recapitulated by Fe
2+

. In Chapters 2 and 

3, I present our work showing that the substitution of Fe
2+

 for Mg
2+

 confers previously 

uncharacterized catalytic activity on RNAs. The nature of this activity is investigated. I 

discuss the implications of our observations for understanding possible functional roles 

for RNA on early earth. In Chapter 4, I explore the effect of ion-binding on the helical 

conformations of A-form RNA. I use Mg
2+

 as a model divalent cation and sodium as a 

model monovalent cation. This work reveals that different cations give distinct 

conformations when associated with A-form RNA. I also investigate the implication of 

these findings on RNA folding pathways and formation of native structure in larger 

RNAs. In Chapter 5, I demonstrate the utility of computational methods for increasing 

our understanding of Mg
2+

 chelation by RNA. QM provides insight into the energetics of 

formation of Mg
2+

-coordination complexes in a model nucleic acid (ADP), and in a well-

characterized, magnesium microcluster complex (Figure 6). QM is also applied to 

uncover an important role for Mg
2+

 in the interaction of ribosomal RNA and proteins. 

Finally, in Chapter 6, I use metal-ion cleavage as a structural probe of RNA, to 

investigate whether Mg
2+

 and Fe
2+

 interact at similar sites in RNA.  
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CHAPTER 2 

ELECTON TRANSFER CATALYSIS BY RNA AND FE
2+

 

Introduction  

 Some of the data in this chapter is adapted from previously published work: 

Hsiao, C., Chou, I.-C., Okafor, C.D., Bowman, J.C., O'Neill, E.B., Athavale, S.S., Petrov, 

A.S., Hud, N.V., Wartell, R.M., Harvey, S.C. et al. (2013) Iron(II) plus RNA can 

catalyze electron transfer. Nature Chemistry, 5, 525-528.  It is reproduced with 

permission. I contributed to this work by assisting with experimental design as well as 

performing electron transfer experiments including control experiments, and running 

polyacrylamide gels.  

Electron transfer catalysis in protein and RNA enzymes 

Electron transfer reactions are some of the most fundamental reactions in 

biological systems. Oxidation and reduction are catalyzed by enzymes (oxidoreductases) 

that often work in conjunction with organic cofactors such as nicotinamide adenine 

dinucleotide/nicotinamide adenine dinucleotide phosphate (NADH/NADPH), flavin 

adenine nucleotide (FADH2) and heme. Oxidoreductases can also work in conjuction 

with metals. Cofactors and prosthetic groups are required because oxidation and 

reduction functions appear to be beyond the limits of the protein capabilities. 

Oxidoreductases are known to play important roles in metabolic processes, such as 

glycolysis and oxidative phosphorylation. Classes of oxidoreductases include 

dehydrogenases, peroxidases, reductases and oxygenases, among others.  

 

https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide
https://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide
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Fe-enzymes  

Metals play roles in enzymes as cofactors. While Fe
2+

 can be incorporated 

directly and utilized in enzymes, Fe
2+

 is more commonly observed in metalloenzymes as 

part of the heme prosthetic group (34). The heme molecule is a ubiquitous cofactor used 

by large families of proteins which perform different functions. Electron transfer is a 

common function for heme enzymes. Heme can shuttle electrons between proteins during 

mitochondrial respiration, and can also store O2 (35). Peroxidases are a class of heme-

containing enzyme (heme enzymes) that use H2O2 as an oxidizing agent.  Peroxidases can 

catalyze 1-electron or 2-electron oxidations (36). Non-heme iron dependent enzymes are 

important for O2 activation, and include mononuclear and binuclear iron enzymes. 

Mononuclear iron enzymes catalyze many processes including biosynthesis of hormones, 

RNA and DNA base repair, and biosynthesis of antibitotics (37,38). Binuclear iron 

enzymes contain di-iron centers. Ribonucleotide is an iron-dependent enzyme that 

catalyzes the formation of deoxyribonucleotides from ribonucleotides. It contains a di-

iron center that generates and maintains a tyrosyl radical required for catalysis (39).  

RNA catalysts of electron transfer 

Sen and co-workers used in vitro selection (SELEX, (40)) to identify single-

stranded DNA and RNA fragments that could bind heme with high affinity (36). This 

work was motivated by the desire to identify new catalytic properties for nucleic acids, 

which are limited by their lack of chemical functionalities, similar to those possessed by 

proteins. SELEX had previously allowed the identification of both DNA and RNA 

aptamers that bound porphyrins and catalyzed their metallation (41,42).  
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Using this method, RNA-hemin complexes were identified that could catalyze 

peroxidase reactions (43). The DNA version of the same RNA was equally active as a 

peroxidase. Both the DNA and RNA constructs were G-quadruplex forming sequences. 

Most optimal activity was observed in sequences that form parallel-stranded G-

quadruplexes (36). Hemin (Fe
3+

 heme) by itself possessed low, intrinsic peroxidase 

activity, so the nucleic acid scaffold was important for peroxidase activity. In addition, 

the nucleic acid/hemin complexes were able to catalyze oxygen transfer reactions, such 

as the oxidation of heteroatom and the oxidation of an electron-rich alkene (44). Catalytic 

efficiency (kcat/Km) of the nucleic acid enzymes were comparable to those of protein 

hemoenzymes.  

The discovery of heme-utilizing ribozymes is a nod to the RNA world hypothesis. 

Heme is proposed to be an ancient molecule and a player in the postulated RNA world 

(45). The ability of RNA-heme complexes to perform functions that are important in 

contemporary hemoproteins lends plausibility to heme’s presence in the RNA world, and 

also poses a challenge: what other catalytic abilities of hemoproteins could be 

recapitulated by RNA-heme complexes? 

Hypothesis 

Previous work showed that under early earth conditions (i.e. in the presence of 

Fe
2+

 in an anoxic environment), Fe
2+

 is able to replace Mg
2+

 in mediating RNA folding 

and function (30). We hypothesize that Fe
2+

 was an RNA cofactor on early earth when 

iron was benign and abundant, and that reversing the putative metal substitution in an 

anoxic environment by removing Mg
2+

 and Fe
2+

 would confer previously uncharacterized 

ability onto RNA. Fe
2+

 is able to alter its oxidation state readily, and is known to be an 
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important component in many oxidoreductase enzymes. For this reason, we tested the 

ability of RNA and Fe
2+

 to catalyze electron transfer reactions.  

RNAs investigated 

P4-P6 domain of the Tetrahymena group I intron 

P4-P6 is an independent domain of the Tetrahymena self-splicing intron that folds 

to its native structure even in isolation of the intron. P4-P6 is ~160 residues long and 

composed of coaxially stacked Watson-Crick duplexes, with interrupting junctions that 

contain non-Watson Crick base pairs (46,47). Extensive tertiary interactions between the 

stacked helices stabilize P4-P6. The crystal structure of P4-P6 (15) revealed Mg
2+

 

binding sites in the metal ion core (Figure 9). 

 

Figure 9. P4-P6 domain of Tehtraymena Group I intron (PDB 1GID) 
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Bacterial 23S rRNA  

The 23S LSU rRNA of Thermus thermophilus contains about ~3000 residues 

(Figure 10). It is divided into seven domains. A central domain (Domain 0) forms the 

essential core of the 23S rRNA from which the other six domains are rooted. The rRNA 

is densely coordinated by Mg
2+

 ions which help to stabilize the secondary structure (48). 

 

Figure 10. 23S ribosomal RNA of the H. marismortui LSU (PDB 1JJ2) 
 

Model of ancestral ribosome (a-rRNA) 

The a-rRNA is a molecular-level model of ancestral RNA that might have formed 

an ancestral PTC (a-PTC) (49). The a-PTC incorporates fragments of the 23S rRNA, 

fragments of ribosomal proteins and divalent cations. The ancestral rRNA fragments, 

taken from Domains II, IV and V, consist of rRNA that forms and surrounds the PTC 
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(Figure 11). These fragments were joined together, stitched by stem loops, to form a 

single RNA polymer that allowed the 3D structure of the PTC to be maintained, 

including Mg
2+

-RNA interactions for tertiary structure formation.  

 

Figure 11. Secondary structure of the 23S rRNA and a-rRNA. The nucleotides of a-rRNA 

are indicated by black and blue dots, which are superimposed on the line representation 

of the 23S rRNA. The ancestral rRNA elements of a-RNA (black dots) are stitched 

together by stem loops (blue dots) to make a continuous strand. The RNA sequences used 

here are from the T. thermophilus 23S rRNA. Domain numbers are indicated.  
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Domain III of 23S rRNA 

Domain III of the 23S rRNA is an independent domain that can fold to a near-

native state in the absence of the rest of the LSU (50) (Figure 12). Magnesium is required 

for domain III to attain its native structure.  

 
Figure 12. Domain III (shaded) and Domain III

core
 (magenta) are indicated on the 

secondary structure of the 23S rRNA of T. thermophilus as described (51). All other 

domains are distinguished by color. Reprinted from (52) with permission.  
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Domain III
core

 of 23S rRNA 

Domain III
core

 of the 23S rRNA is a 199-nucleotide fragment of Domain III that 

folds to a near-native state (52)(Figure 12). It has self-contained networks of base-base 

tertiary and cation-mediated electrostatic interactions, responsible for its ability to fold 

autonomously into native-like structure. 

Yeast tRNA-Phe 

Saccharomyces cerevisiae tRNA-Phe has been used for extensive RNA-metal 

binding studies (Figure 13) (5) (53).  Strong Mg
2+

 binding sites have been identified in 

yeast tRNA-Phe. 

 

Figure 13. Yeast phenylalanine tRNA (PDB 1EHZ) 
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STMV genomic RNA 

The RNA genome of the Satellite Tobacco Mosaic Virus (STMV) is 1058 

nucleotides in length (Figure 14). SHAPE analysis on the STMV RNA revealed that 

Mg
2+

 has very little effect on the reactivity of the RNA, which could indicate the absence 

of Mg
2+

-dependent folding or of Mg
2+

-mediated tertiary interactions (54). 

 

Figure 14. Distribution of double-helical RNA segments in the STMV virion. The crystal 

structure of STMV reveals 30 segments of double-helical RNA (blue). Each helix 

contains 9 base pairs, centered on a crystallographic two-fold axis. Reprinted from (50) 

with permission. 
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RNA duplex 

A generic A-form RNA duplex was investigated to determine whether a regular array of 

phosphate groups and/or the structural features of an A-form RNA duplex are sufficient 

to catalyze electron transfer in combination with Fe
2+

. 

DNA duplex 

Generic B-form DNA duplexes were investigated to determine whether a regular array of 

phosphate groups and/or the structure features of B-form RNA are sufficient to catalyze 

electron transfer in combination with Fe
2+

. 

Other molecules 

In addition to the molecules above, a single-stranded RNA (5’-GCACU-3’) was tested to 

probe whether a short, unstructured RNA possessed the ability to catalyze electron 

transfer. ATP was tested also, to see determine whether closely-spaced phosphate groups 

are able to perform catalysis. 

The peroxidase assay 

Peroxidases are enzymes that largely catalyze the reactions of the following form:  

 ROOR' + electron donor (2 e
-
) + 2H+ → ROH + R'OH 

Most peroxidases use H2O2 as the oxidizing agent along with a colorimetric (or 

fluorimetric) reducing substrate to monitor peroxidase catalytic activity. Reducing 

substrates typically react with H2O2 with 1:1 stoichiometry to yield products that can be 

conveniently detected by spectroscopic methods.  

Several substrates have been successfully used in the peroxidase assay.  
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2-methoxyaniline, also known as o-anisidine or 3,3’-dimethoxybenzidine (Figure 15), is a 

urinary bladder carcinogen that can be oxidized by peroxidases to a diimine (lmax = 450 

nm) and subsequently hydrolyzes to a quinone imine (lmax = 500 nm) (55).  

 

Figure 15.2-Methoxyaniline (o-anisidine). 

 

3,5,3’,5’-Tetramethylbenzidine (TMB) is a substrate that was identified as a less-

hazardous replacement for benzidine, a carcinogenic. Peroxidase catalyzes both one and 

two-electron oxidations of TMB, giving a blue (one-electron, lmax = 370,652 nm) and 

yellow (two-electron, lmax = 450 nm) product (Figure 16). Two chemically distinct one-

electron products of TMB are envisaged to exist in equilibrium (56).  

 

Figure 16.3,3',5,5'-Tetramethylbenzidine and the semiquinone-imine radical cation 

formed from oxidation. Adapted from (56). 
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o-Phenylenediamine is oxidized to 2,3-diaminophenazine/DAP (lmax = 450 nm) 

by peroxidase enzymes (Figure 17). While DAP is the main product, other different 

products can be produced by the enzymatic reaction. Other factors make OPD a complex 

substrate for the peroxidase reaction, including the fact that that DAP can be obtained 

nonenzymatically without the aid of a peroxidase (57). For this reason, special care and 

conditions are required to suppress intermediates and other reaction products, as well as 

minimize nonenzymatic product formation.  

 

Figure 17.o-Phenylenediamine and 2,3-diaminophenazine oxidation product. 

 

 

 

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), a dye, is oxidized by 

peroxidase to the radical cation ABTS
+•

 (ɚmax=414 nm) (58). In the presence of excess 

H2O2, peroxidase-catalyzed oxidation of ABTS can lead to the formation of ABTS
2+

(59) 

and decomposition products. This decomposition is avoided by using at most 0.5 

equivalents of H2O2 for each equivalent of ABTS (Figure 18).  

 

 
 

Figure 18.ABTS substrate and radical cation product, ABTS
+•

. 
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Experimental Methods 

Materials 

Nuclease free water (IDT) was used in all experiments involving RNA. The 

phenylalanine-specific tRNA from brewer’s yeast [CAS#: 63231-63-0] was obtained 

from Sigma-Aldrich. Substrates used in the peroxidase reaction were 3,3’,5,5’-

tetramethylbenzidine (Sigma-Aldrich) and hydrogen peroxide (30%, Fisher Scientific). 

HEPES-TRIS stock buffer solutions were prepared by mixing solutions of HEPES free 

acid and TRIS free base in H2O to achieve pH 7.2. Fe
2+

 solutions were prepared using 

FeSO4•7H2O (J.T. Baker).  

RNA synthesis and purification 

The gene for the Del C209 mutant of the P4-P6 domain of the T. thermophila 

Group I intron (18) was synthesized by recursive PCR (60). This P4-P6 mutant was used 

in all experiments reported. The 23S rRNA, 23S rRNA Domain III and Domain III
core

 

genes were synthesized as described (50). The STMV genome was synthesized 

commercially (MWG Operon). All genes were confirmed by sequencing. All of the large 

RNAs used here (except the tRNA) were produced by in vitro transcription (MegaScript 

T7 Kit, Ambion), minimizing the possibility of contamination by protein-based electron 

transfer enzymes. RNAs were then precipitated in ethanol/ammonium acetate and 

lyophilized to powder prior to re-suspension. In vitro produced RNAs were further 

purified with an RNA Clean and Concentrator
TM

-25 Kit (Zymo Research). RNA purity 

and integrity were assayed by denaturing gel electrophoresis, which indicates that the 

RNAs are not significantly degraded on the timescale of the electron transfer reactions. 

Nucleic acid concentrations were determined by absorbance at 260 nm, measured with a 
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Thermo Scientific NanoDrop. Mg
2+

 was removed from RNA solutions by heating with 

divalent cation chelation beads (Hampton Research). Mg
2+

 removal was confirmed as 

described (30),(61). Excess salts and other impurities in the purchased tRNA were 

removed with the Zymo RNA Clean and Concentrator Kit. This purification gives an 

overall 75% recovery yield.  

Reaction conditions 

All reactions were performed in an anaerobic environment to mimic the anoxic 

environment of early earth. Anaerobic environment was either created by positive 

pressure of argon or inside an anaerobic chamber. 

Argon positive pressure 

Solutions were deoxygenated by capping with a septum and sparging with argon. 

Reaction samples were also capped and sparged with argon prior to data collection. All 

reagents were introduced into the capped tubes via a syringe under positive argon 

pressure.  

Anaerobic chamber (early earth simulator) 

Reactions were performed within a Coy anaerobic chamber in an atmosphere of 

95% argon and 5% hydrogen.  

Sample Preparation 

For all RNA/Fe
2+

 reactions, 3,3’,5,5’-tetramethylbenzidine (TMB, Sigma-

Aldrich) stock solutions were prepared in DMSO. Hydrogen peroxide (30%, Fisher 

Scientific) stock solutions were prepared in H2O. HEPES-TRIS stock buffer solutions 

were prepared by mixing solutions of HEPES free acid and TRIS free base in H2O to 
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achieve pH 7.2. Reactions were prepared by mixing the nucleic acid, TMB, and hydrogen 

peroxide with HEPES-TRIS buffer, pH 7.2, in a spectrophotometer cell. No reaction is 

observed in the sample mixture at pH 7.2. To initiate the reaction, the pH was adjusted by 

the addition of deoxygenated H2SO4(aq). The final reaction conditions, unless otherwise 

specified, were: TMB, 500 μM; hydrogen peroxide, 50 μM; HEPES-TRIS, 20 mM, room 

temperature. The nucleic acid concentrations were as follows: P4-P6 and STMV genome 

RNAs, 0.5 μM; 23S rRNA, 0.03 μM, ATP (Sigma-Aldrich), 80 μM; double-stranded 

DNA (IDT), 1.0 μM of each strand; 5-mer single stranded RNA (5’-GCACU-3’, 

Dharmacon), 16 μM; yeast phenylalanine-tRNA, 1 μM. 

Argon positive pressure 

Deoxygenated Fe
2+

 solutions were prepared by dissolving a known mass of the 

FeSO4•7 H2O salt in H2O, in a capped tube with a septum, and sparging with argon for 

two hours. H2O was deoxygenated by capping a tube with a septum and sparging with 

argon for two hours. The absorbance cell was continuously capped by a septum, and 

reagents were introduced via a syringe under positive argon pressure. Reactions were 

deoxygenated by sparging with argon for 5 minutes prior to addition of deoxygenated 

Fe
2+

 solution and another 5 minutes of sparging with argon. The pH was adjusted to 6.5 

by the addition of deoxygenated H2SO4(aq). The final concentration of Fe
2+

 was 6.0 μM. 

Anaerobic chamber 

Fe
2+

 solutions were prepared by dissolving a known mass of FeSO4•7H2O salt in 

degassed H2O inside the Coy chamber. RNA samples were lyophilized in buffer, 

transferred to the Coy chamber as powders, resuspended in degassed H2O inside the 

chamber. Fe
2+

 was added to RNA solutions and incubated for 5 minutes. TMB and H2O2 
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were then added and allowed to incubate for an additional 5 minutes. To initiate a 

reaction, the pH was adjusted to 6.1 by the addition of deoxygenated H2SO4(aq). The 

final concentration of Fe
2+

 was 30 μM. 

RNA Stability Studies 

RNA stability in Fe
2+

/ H2O2 solutions under anoxic and oxic conditions was 

monitored as a function of time by denaturing gel electrophoresis. P4-P6 domain RNA 

and hydrogen peroxide in HEPES-TRIS buffer, pH 7.2, in 1.5 mL eppendorf tubes 

capped with septa. ñAnoxic” mixtures were sparged with argon, and “oxic” mixtures were 

sparged with air. Deoxygenated Fe
2+

(aq) was added to solutions while maintaining 

positive pressure of argon or air. As in the peroxidase reaction, the pH was dropped to 6.5 

by the addition of a calibrated volume of deoxygenated H2SO4(aq). RNA degradation at 

different time points were quenched using the chelating beads. RNA stability in 

Fe
2+

/H2O2 solutions under anoxic conditions, where [Fe
2+

] is varied, was also monitored 

by denaturing gel electrophoresis. RNA reaction mixtures were prepared as described 

above, but with variable [Fe
2+

], and capped with septa. These RNA degradation reactions 

were incubated for 15 minutes, followed by quenching with chelating beads. 

Experimental Techniques 

UV-Vis spectroscopy 

Absorbance was recorded with a single-beam USB2000+UV-VIS, Ocean Optics 

spectrophotometer. The absorbance of the reaction buffer was recorded and subtracted. 

Data were acquired and analyzed with Logger Pro 3 (Vernier Software Technology). 

Gel electrophoresis 
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Polyacrylamide gel electrophoresis (PAGE) is used to check the integrity of the 

RNA. 6%, 8M urea denaturing gels are stained with ethidium bromide to visualize bands. 

Results 

Electron transfer activity in RNAs 

Absorbance at 652 nm was monitored in the electron transfer assay. An increase 

in absorbance was indicative of electron transfer catalysis. Catalysis of electron transfer 

was observed for a subset of the RNAs tested. The catalytic RNAs were the 23S rRNA, 

P4-P6 domain RNA, Domain III RNA, Domain III
core

 RNA, yeast tRNA-Phe and a-

rRNA (Figures 19, 20). Non-catalytic nucleic acids were STMV, the RNA and DNA 

duplexes and ATP. No catalysis observed in the absence of Fe
2+

 (i.e. by RNA only) or the 

absence of nucleic acids (i.e. by Fe
2+

 only). 

 
Figure 19. Some RNAs in combination with Fe

2+
 catalyze single-electron transfer. 23S 

rRNA, P4–P6 RNA and yeast tRNAphe do catalyze single electron transfer. ATP, SS 

RNA oligomer, STMV and ds DNA do not catalyze electron transfer. Experiments are 

performed under positive pressure of argon with 6 mM Fe
2+

. Concentrations (in strands) 

of all nucleic acids are indicated. 
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Figure 20. Some RNAs in combination with Fe

2+
 catalyze single-electron transfer. 

Domain III, Domain III
core

, a-rRNA and P4-P6 RNA do catalyze single electron transfer. 

Inefficient catalysis is observed with STMV, and no electron transfer catalysis is 

observed with the RNA duplex, DNA duplex or in the absence of nucleic acids. 

Experiments are performed in the anaerobic chamber with 30 mM Fe
2+

. 

 

Effect of ribonuclease A (RNase A) on electron transfer catalysis 

P4-P6 domain RNA samples were incubated with RNase A for 10 minutes to 

cleave the RNA backbone. RNase-digested samples were combined with Fe
2+

 and the 

peroxidase reagents and assayed for electron transfer activity. RNase A digestion of RNA 

prevents electron-transfer catalysis (Figure 21). 
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Figure 21. RNase A digestion of RNA prevents electron-transfer catalysis. 

 

Effect of prior degradation on electron transfer catalysis 

RNA samples were degraded by heat prior to use in the electron transfer assay.  

P4-P6 domain RNA was incubated at 80 °C in water for 0, 30, 60, 120 or 240 min. The 

RNA slowly degrades under these conditions. Densitometry of the stained bands on the 

gel indicates that the heat-induced RNA degradation is 90% complete after 4 hours 

(Figure 22A). Separately, P4-P6 domain RNA in water was partially degraded by the 

same process, for the same time increments. The partially degraded RNA from each 

degradation time point was assayed for electron transfer catalysis. Other experimental 

parameters were held constant. The reaction conditions and methods of data acquisition 

and analysis were the same as for the experiments described above. The rate of electron 

transfer is seen to decrease linearly with the extent of heat-induced RNA degradation 

(Figure 22B). 
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Figure 22. RNA degradation by heat. (A) The T. thermophila Group I intron P4-P6 

domain RNA is degraded by incubation at 80 °C in water for varying lengths of time. (B) 

RNA samples that were degraded by heat before the RNA/Fe
2+

 electron-transfer reactions 

show attenuated catalysis.  
 

Effect of Fe
2+

 incubation time on electron transfer 

The incubation time of RNA with Fe
2+

 before the addition of substrates in the 

electron transfer assay as varied to investigate its effect on electron transfer catalysis by 

P4-P6 RNA. No significant variation in initial rate of electron transfer catalysis is seen in 

the data when the incubation time is varied (Figure 23).  

 
Figure 23. Effect of Fe

2+
 incubation time on electron transfer catalysis. No significant 

variation in the initial rate is observed when RNA incubation time with Fe
2+

 is varied. 
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Stability of RNA in the presence of H2O2 and Fe
2+

 

When Fe
2+

 is oxidized in the presence of H2O2, hydroxyl radicals are created that 

can cleave the RNA. Control experiments were performed to ensure that anaerobic 

conditions created in the laboratory were sufficient to maintain Fe
2+

 in the reduced form 

and prevent degradation of the RNA. 

Time-dependent stability of RNA in Fe
2+

/ H2O2 

RNA stability in Fe
2+

/ H2O2 solutions under anoxic and oxic conditions was 

monitored as a function of time by denaturing gel electrophoresis. The RNA in the anoxic 

solutions remains essentially intact at 60 minutes (Figure 24A) The RNA in the oxic 

solution is almost fully degraded at 60 minutes (Figure 24B). This experiment indicates 

that under the reaction conditions of electron transfer, (20 minutes, 6 μM Fe
2+
, 50 μM, 

H2O2, anoxic), the positive argon pressure was sufficient to prevent the RNA from 

degradation. When an anaerobic chamber is used with different conditions (20 minutes, 

30 μM Fe
2+
, 50 μM, H2O2, anoxic) a-rRNA does not degrade over a period of 4 hours 

(Figure 25). 

Effect of [Fe
2+

] on RNA stability 

RNA stability in Fe
2+

/H2O2 solutions under anoxic conditions, where [Fe
2+

] is 

varied, was monitored by denaturing gel electrophoresis (Figure 26). These results 

confirm that under the reactions conditions of electron transfer (20 minutes, 6 μM Fe
2+

, 

50 μM H2O2, anoxic), the positive argon pressure was sufficient to prevent the RNA from 

degradation. Similar results are observed when a-rRNA is incubated with varying [Fe
2+

] 

in the anaerobic chamber (Figure 27). 
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. 

  

Figure 24. The stability of  P4-P6 domain RNA in the presence of Fe
2+

/H2O2 under (A) 

anoxic conditions, and (B) oxic conditions.  

 

 
 

Figure 25. The stability of P4-P6 domain RNA in the anaerobic chamber. 
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Figure 26. The stability of P4-P6 domain RNA with variable [Fe
2+

] under anoxic 

conditions in the presence of H2O2.  

 

Figure 27. The stability of P4-P6 domain RNA in the anaerobic chamber with variable 

[Fe
2+

]. 

 

Effect of RNA concentration on catalysis of electron transfer 

The RNA/Fe
2+

 electron transfer rate increases with [RNA] (Figure 28). Reaction 

mixtures with P4-P6 domain RNA were prepared as described above (6 μM Fe
2+
, 50 μM 

H2O2, 500 μM TMB under anoxic conditions) except that [RNA] was varied. The initial 

reaction rate (slope) was determined by linear fitting to the first three minutes of 

smoothed data. The rate of electron transfer increases with [RNA] while all other 
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components are held fixed. Beyond 0.8 μM (RNA strand) the reaction rate plateaus (not 

shown), presumably because Fe
2+

 becomes limiting.  

 
 

Figure 28. The effect of RNA concentration on the rate of electron transfer catalyzed by 

P4-P6 domain RNA. RNA concentration is in units of strands. 

 

 

Effect of EDTA on catalysis of electron transfer 

To determine if Fe
2+

 chelation by a simple chelator is sufficient for catalysis, we 

investigated a series of EDTA concentrations (3, 6, 12 μM EDTA). We do not observe 

catalysis with any of them (Figure 30A). We also observed that EDTA inhibits electron 

transfer catalysis by P4-P6 domain RNA (Figure 29).  
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Figure 29. Effect of EDTA in electron transfer catalysis. All samples are incubated with 6 

mM Fe
2+

. A) EDTA alone is not sufficient for catalysis. B) EDTA inhibits electron 

transfer catalysis.  

Discussion 

RNA coordination of divalent metals 

Differential catalysis of single-electron transfer by various RNAs was observed. 

This, along with the inability of Fe
2+

 alone to catalyze electron transfer, supports a model 

in which catalysis is mediated by well-defined three-dimensional RNA structure. We also 

observed that all catalytic RNAs possessed a common feature of being able to coordinate 

divalent cations. A subset of associated cations are chelated by multidentate chelation in 

the 23S rRNA(17,21). The P4-P6 domain RNA also has similarly coordinated cations. 

tRNA interacts strongly with divalent cations (6,62,63). In contrast, nucleotides, small 

ssRNA, B-DNA, A-RNA duplexes and STMV genomic RNA lack the potential to form 

well defined, Mg
2+

-mediated three dimensional structures. These molecules are all less 

efficient in electron-transfer catalysis.  

Structures of RNA-Fe
2+

 catalytic complexes 

Electron transfer experiments were performed in 20 mM TRIS-HEPES buffer and 

6 mM divalent, low-salt conditions that are not sufficient to fully fold the RNAs to their 
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native states. RNAs will fold to the same state with either Mg
2+

 or Fe
2+

 in the presence of 

sufficient divalent. Therefore the structures of RNA-Fe
2+

 complexes that yield catalysis 

still need to be characterized. A-form regions of RNAs can provide specific binding sites 

for Mg
2+

(64,65). 

Intrinsic redox catalytic activity in RNA 

Previously, Suga and co-workers used in vitro selection to obtain redox-active 

RNA (66). This observed activity requires the presence of a heme cofactor. Work by Sen 

and Poon has produced RNAs which can enhance the redox activity of porphyrins (67).  

Our work shows that some of the most abundant and evolutionarily conserved RNAs 

have an intrinsic redox functionality that is simply activated by interaction with Fe
2+

. 

These findings are fundamentally different than previous redox-active RNAs because 

they do not require non-metal cofactors. These results indicate that there are more 

potential functions for RNA sequences, that is, that RNA sequence space is more densely 

populated with function than previously expected.  

 

Concluding Remarks 

Electron transfer catalysis is important in metabolic activity. Our results suggest 

that RNA may have possessed the ability to catalyze electron transfer, an ability which 

was attenuated in RNA by photosynthesis and the rise of oxygen. This newly observed 

catalytic function in RNA, under early earth conditions, presents an expansion of the 

apparent catalytic power of RNA. This adds a new dimension to the RNA world 

hypothesis, suggesting that sophisticated biochemical transformations were possible in an 

RNA world. Further investigation of RNAs under early earth conditions may uncover 
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even more previously unknown RNA catalytic potential. We believe that RNA function, 

in analogy with protein function, can be fully understood only in the context of 

association with a range of possible metals. The RNA-Fe
2+

 to RNA-Mg
2+

 hypothesis is in 

close analogy with known metal substitutions in metalloproteins (68-73). For example, an 

ancestral ribonucleotide reductase (RNR) spawned di-iron, di-manganese and iron-

manganese RNRs (74).   
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CHAPTER THREE 

KINETICS AND MECHANISM OF ELECTRON TRANSFER 

ACTIVITY OF RNA AND FE
2+

 

Introduction 

Some of the data in this chapter is adapted from previously published work: 

Hsiao, C., Chou, I.-C., Okafor, C.D., Bowman, J.C., O'Neill, E.B., Athavale, S.S., Petrov, 

A.S., Hud, N.V., Wartell, R.M., Harvey, S.C. et al. (2013) Iron(II) plus RNA can 

catalyze electron transfer. Nature Chemistry, 5, 525-528.  It is reproduced with 

permission. I contributed to this work by assisting with experimental design as well as 

performing Michaelis-Menten experiments, competition experiments, and ribozyme-ion 

activity experiments.  

RNA-Fe
2+

 electron transfer ribozymes were further investigated to investigate 

various properties of their catalysis. The Michaelis-Menten formalism was used to 

compare their similarity to protein enzymes.  A previously described method (75) was 

used to identify the number of cations required to facilitate RNA catalysis. Competition 

assays were used to understand the effect of RNA metal-binding properties on catalysis.   

Michaelis-Menten kinetic model 

According to the Michaelis-Menten kinetic model of enzymatic reactions, the 

rates of enzymatic reactions increase linearly with the increase of substrate of 

concentration, up to a certain substrate concentration where the enzyme is saturated. 

Beyond this point, increase in substrate concentration does not cause an increase in initial 
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rate. The Michaelis-Menten equation describes how the initial rate of enzymatic catalysis, 

vo, depends on substrate concentration [S].  

][

][max

SK

SV
v

M

o
+

=  

The Michaelis constant, KM, is equal to the substrate concentration when the rate 

is half of the maximum velocity, Vmax. KM provides a measure of the substrate affinity for 

the enzyme, i.e. a pseudo dissociation constant for ES, the enzyme substrate complex. 

The kcat, the turnover number, is calculated by dividing Vmax by [Et]. kcat provides a 

measure of the conversion of substrate to product. kcat/KM yields a parameter that is 

representative of the catalytic efficiency of any enzyme. This assay provides a convenient 

way to measure the efficiency of an enzyme. 

Ribozyme-ion requirements  

A series of hammerhead ribozymes that cleave RNA upon binding to divalent 

metal cations were isolated (75). The relationship between the ribozyme activity and the 

metal ion concentration was obtained from a plot of log rate of RNA cleavage versus log 

[cation]. The value of the slope was interpreted as being equal to the number of rate-

limiting metal binding sites that must be occupied for activation of the ribozyme. This 

characterization provides structural information about the catalytically-active RNA-metal 

complex.  
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Experimental Methods 

Materials 

Nuclease free water (IDT) was used in all experiments involving RNA. NaCl was 

obtained from VWR. MnSO4 was obtained from Fisher Scientific. All other substrates 

were obtained from sources previously described (Chapter 2). 

RNA synthesis and purification 

P4-P6 domain RNA, the 23S rRNA, 23S rRNA Domain III and Domain III
core

 , a-

rRNA and STMV genome RNA were synthesized and purified as previously described.  

The yeast phenylalanine tRNA obtained and purified as previously described. 

Reaction conditions 

All reactions were performed in an anaerobic environment to mimic the anoxic 

environment of early earth. Anaerobic environment was either created by positive 

pressure of argon or inside an anaerobic chamber, as previously described. 

Sample Preparation 

For all RNA/Fe
2+

 reactions, 3,3’,5,5’-tetramethylbenzidine, hydrogen peroxide 

and HEPES-TRIS stock solutions were prepared as previously described. 

Michaelis-Menten kinetic experiments 

P4-P6 domain RNA, 23S rRNA and a-rRNA were used in Michaelis-Menten 

experiments. The in vitro transcript of 23S rRNA or P4-P6 Domain RNA, after heat 

treatment with divalent cation chelation beads, was dissolved in deoxygenated H2O and 

mixed with deoxygenated Fe
2+

(aq). A mixture of TMB/ H2O2 in HEPES-TRIS buffer pH 
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7.2, in a 10 mm rectangular absorbance cell was capped by a septum and deoxygenated 

for 5 min. Deoxygenated RNA/Fe
2+

 solution was added into the deoxygenated TMB/ 

H2O2. To initiate the reaction, the pH was dropped to 6.5 by the addition of deoxygenated 

H2SO4(aq). The final concentrations were 0.03 μM 23S rRNA or 0.5 μM P6-P6 Domain 

RNA (strand); 6 μM Fe
2+

; 500 μM TMB; 20 mM HEPES-TRIS; variable (0-100 μM) 

H2O2. 

a-rRNA Michaelis-Menten experiments were performed inside the anaerobic 

chamber. a-rRNA samples were lyophilized in buffer, transferred to the Coy chamber as 

powders, resuspended in degassed H2O inside the chamber. Fe
2+

 was added to RNA 

solutions and incubated for 5 minutes. TMB and H2O2 were then added and the mixture 

was allowed to incubate for an additional 5 minutes. To initiate a reaction, the pH was 

adjusted to 6.1 by the addition of deoxygenated H2SO4 (aq). The final concentrations 

were 0.13 μM a-rRNA (strand); 30 μM Fe
2+

; 500 μM TMB; 20 mM HEPES-TRIS and 0-

100 μM H2O2. 

Ribozyme-ion dependence experiments 

P4-P6 domain RNA, TMB and H2O2 were dissolved in water and deoxygenated 

by sparging with argon for 5 minutes prior to addition of deoxygenated Fe
2+

 solution and 

another 5 minutes of sparging with argon.  To initiate the reaction, the pH was adjusted to 

6.5 by the addition of deoxygenated H2SO4(aq). [ Fe
2+

] was varied.  

Competition experiments 

P4-P6 domain RNA, TMB and H2O2 were dissolved in water. MgCl2, MnCl2 or 

NaCl was added to the reaction mixture, which was capped by a septum in an absorbance 

cell and deoxygenated for 5 min by sparging with argon. Deoxygenated RNA/Fe
2+
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solution was added into the deoxygenated TMB/H2O2, followed by another 5 min of 

sparging. To initiate the reaction, the pH was dropped to 6.5 by the addition of 

deoxygenated H2SO4 (aq). The final concentrations of Mn
2+

, Mg
2+

 or Na
+
 were varied, 

ranging from 0 to 80 mM. 

Results 

Michaelis-Menten kinetics characterization of RNA-Fe
2+

 electron transfer 

For some of the RNAs that displayed activity, the catalytic nature of the electron 

transfer reactions was supported by standard enzyme assays. For 23S rRNA, P4-P6 

domain RNA and a-rRNA, the electron transfer reaction was observed to saturate with 

increasing substrate concentration, rather than increase monotonically. 

P4-P6 domain RNA 

Kinetic parameters for single-electron transfer catalyzed by P4-P6 domain RNA 

with Fe
2+

 were determined by fitting data to a Michaelis-Menten model (Figure 30).  

Nonlinear regression analysis of the experimental data on a Lineweaver-Burke plot 

shows that kcat = 2.2 x 10
-2

 s
-1

, Km = 4.15 x 10
-6

 M and kcat/Km = 5.3 x 10
3
M

-1
s

-1
.  

  
 

Figure 30. Kinetics of the electron-transfer reaction catalyzed by the P4–P6 domain of the 

T. thermophila Group 1 intron can be fit to the Michaelis–Menten model. Michaelis-

Menten fit of the data (left) and Lineweaver-Burke plots (right) are shown.  
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23S rRNA 

Kinetic parameters for single-electron transfer catalyzed by 23S rRNA were 

determined as follows: kcat = 1.28 s
-1

, Km = 1.75 x 10
-5

 M and kcat/ Km = 7.3 x10
4
 M

-1
s

-1
 

(Figure 31).  

 
Figure 31. Kinetics of the electron-transfer reaction catalyzed by the 23S rRNA can be fit 

to the Michaelis–Menten model. Michaelis-Menten fit of the data (left) and Lineweaver-

Burke plots (right) are shown. 

 

a-rRNA 

Kinetic parameters for a-rRNA were determined as follows: kcat = 0.14 s
-1

 and Km 

= 9.6 x 10
-6

 M, with kcat/Km =1.4 x 10
4
 M

-1
s

-1
 (Figure 32). 

  
Figure 32.Kinetics of the electron-transfer reaction catalyzed by a-rRNA can be fit to the 

Michaelis–Menten model. Michaelis-Menten fit of the data (left) and Lineweaver-Burke 

plots (right) are shown.  
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Ribozyme-ion dependence 

The concentration of Fe
2+

 in the electron transfer was varied in the electron 

transfer assay to obtain the ion dependence of catalytic activity. Initial rates of catalysis 

were plotted as a function of [Fe
2+

]. A slope of one was obtained in the log-log graph 

(Figure 33).  

 
Figure 33. The Fe

2+
-dependence of the reaction rates catalyzed by P4–P6 domain RNA. 

 

 

Effect of Mg
2+

 and Mn
2+

 on catalysis of electron transfer 

Divalent metal cations Mg
2+

 and Mn
2+

 were added to the P4-P6 domain RNA-

catalyzed electron-transfer reactions to investigate the effect of the presence of competing 

divalent cations (Figure 34). At low concentrations equivalent to iron concentrations, a 

small inhibitory effect on electron transfer catalysis is observed, with a larger effect 

observed with Mn
2+

. As the concentration of Mg
2+

 is increased, more inhibition of 

catalysis is observed (Figure 35). 
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Figure 34. The effect of Mn
2+

 and Mg
2+

 on electron transfer. 

 

 
Figure 35. Effect of [Mg

2+
] on the rate of electron transfer by the P4-P6 domain RNA.  

 

Effect of sodium on catalysis of electron transfer 

The effect of sodium on the rate of electron transfer was examined. Under normal 

reaction conditions (i.e. H2O2, 50 μM; TMB, 500 μM; Fe
2+

, 6 μM, pH 6.5), high 

concentrations of Na
+
 inhibited the reaction (Figure 36). 
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Figure 36. Effect of Na

+
 concentration on the rate of electron transfer by P4-P6 domain 

RNA. 

 

 

Electron transfer with other reducing substates 

The one-electron oxidation of o-phenylenediamine (OPD) to 2,3-

diaminophenazine (DAP) (Figure 18) by P4-P6-Fe
2+

 was tested, to investigate the ability 

of RNA and Fe
2+

 to utilize substrates other than TMB. We observe similar catalysis with 

OPD as previously observed with TMB, dependent on the presence of Fe
2+

 (Figure 37A). 

Varying the concentration of OPD reveals enzymatic behavior consistent with Michaelis-

Menten kinetics, as the rate of catalysis appears to saturate with increasing [OPD] (Figure 

37B).  
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Figure 37. Electron transfer catalysis of OPD to DAP. A) Reaction occurs in the presence 

of Fe
2+

. B) Rate of catalysis saturates with increasing OPD concentration. 

 
 

Discussion 

Catalytic competence of electron-transfer ribozymes 

We found that three of the RNAs tested (P4-P6 domain RNA, 23S rRNA and a-

rRNA) adhered to Michaelis-Menten kinetics, with initial rate increasing linearly with 

substrate concentration, subsequently saturating. We observed that the order of catalytic 

efficiency (measured by kcat/Km) in the three RNAs is 23S rRNA > a-rRNA ≥ P4-P6.  

Observed Kms for the three RNAs were within an order of magnitude of each other, being 

higher in a-rRNA and P4-P6 than 23S rRNA. While an order of magnitude difference in 

Km value is not considered by some to be significant for protein enzymes, it is typically 

considered significant for (less active) ribozymes.  Km reports on the affinity of the 

enzyme for the substrate, so our data could indicate that substrate binding is slightly less 

favored in the large 23S rRNA, compared to the smaller P4-P6 and a-rRNA. 

The major contributor to the difference in catalytic efficiency arises from the kcat, 

which is 3-4 times higher in 23S rRNA than in P4-P6 domain RNA and a-rRNA. The 

higher kcat in 23S rRNA indicates that it converts more substrate to product, compared to 

the other RNAs. We believe that the ability of the RNA to chelate divalent metals is 
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important for catalysis. Our observation of higher efficiency with the 23S rRNA is 

consistent with this idea, as the 23S rRNA has several more chelated Mg
2+

 ions (~41) 

than possessed by P4-P6 or a-rRNA.  

We have reported enzyme efficiencies using RNA concentration in units of 

strands of RNA present ([RNA]strand). Alternatively, concentrations could be reported on 

a nucleotide basis ([RNA]nucleotide), which is calculated by multiplying [RNA]strand by the 

number of nucleotides in the RNA molecule. While the [RNA]strand are different for the 

three RNAs in our experiments (a-rRNA, 0.13 mM, P4-P6 RNA 0.5 mM, 23S rRNA 0.03 

mM), [RNA]nucleotide is approximately equal for all three (a-rRNA, 80 mM, P4-P6 RNA 80 

mM, 23S rRNA 87 mM). The appropriate choice of concentration units, strand or 

nucleotide, is dependent on whether the Fe
2+

 binds at a few highly specific sites, or less 

specifically to many sites on the RNAs.  Regardless, 23S rRNA is the most efficient 

catalyst per strand and per nucleotide. 

Some of the RNAs tested that exhibited electron transfer activity did not adhere to 

Michaelis-Menten kinetics. These include tRNA, Domain III RNA and  Domain III
core

 

RNA.  Increasing the concentrations of these RNAs did not lead to a consistent increase 

in the initial catalysis rate, or an eventual saturation. More work needs to be done to 

determine the nature of Fe
2+

-binding that is responsible for enabling catalysis. 

Ion-dependence of electron transfer catalysis 

Using an approach employed previously by Breaker and co-workers (75), we 

were able to determine the number of cations required for catalysis. If a linear 

relationship is observed in the log rate versus log[cation] for ribozyme activity, the slope 

could be interpreted as the number of cations required by the ribozyme for catalysis. With 
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this method, we observe a slope of 1 in P4-P6. In other words, there is a 10-fold increase 

in the activity of the P4-P6-Fe
2+

 ribozyme for every 10-fold increase in the Fe
2+

 

concentration.  Although more complex models cannot be excluded, these observations 

are consistent with a mechanism in which occupancy of a single Fe
2+

 confers catalytic 

activity to P4-P6 RNA. Future work will determine whether the same finding will apply 

to other catalytic RNAs. 

Monovalent and divalent competition with Fe
2+

 for electron transfer activity 

Na
+
, in high concentrations, inhibits electron transfer activity. RNA does not bind 

sodium specifically, and sodium does not bind RNA strongly in divalent-specific binding 

sites. Therefore this appears to be an electrostatic effect, where high sodium keeps Fe
2+

 

from binding to the RNA, inhibiting the formation of the redox-active RNA-Fe
2+

 

complex. Divalent metals are observed to compete more effectively with Fe
2+

 for binding 

to the RNA. This is consistent with the idea that RNA has divalent metal binding pockets 

that strongly bind Mg
2+

 or Fe
2+

, or other divalents such as Mn
2+

.  

True enzymatic nature of a model of the ancestral ribosome 

The ancestral core of the ribosome, modeled here by a-rRNA, is considered to be 

one of the most ancient RNA structures remaining in extant biology. Results obtained 

here suggest that an ancient RNA, which presumably hails from the RNA world, is an 

efficient oxidoreductase ribozyme under ancient earth conditions. By contrast, in the 

presence of Fe
2+

 and O2, the RNA is very quickly cleaved by Fenton chemistry. In the 

absence of Fe
2+

, RNA lacks oxidoreductase function. The work here suggests that the 

catalytic function of the ancestral core may have been more polymorphic than previously 

understood. Catalysis of redox chemistry seems probable on the ancient earth. 
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Concluding Remarks 

While some light has been shed on the nature of electron transfer catalysis by 

RNA, there are still some questions that need to be addressed. The observation that some 

RNAs adhere to Michaelis-Menten kinetics, while others do not, might indicate a key 

structural difference in RNA, or a difference in ion-binding. Kinetic parameters confirm 

that the observed RNA catalysis is effective. However, if the RNA is not saturated with 

Fe
2+

 under the conditions of our kinetics experiments, the obtained data might 

underestimate the true kcat.  

  It would be advantageous to explore the ribozyme-ion dependence of additional 

RNAs, by checking for a linear relationship between the rate of catalysis and iron 

concentration. These experiments might reveal additional features of RNA responsible 

for catalytic activity and Michaelis-Menten kinetics. For example, a correlation between 

the number of Mg
2+

 coordination sites in the RNA and the number of ions required for 

catalytic activity for the RNA would indicate that specific Mg
2+

 binding sites are 

important for this catalysis. The lack of such a correlation would support a model where 

Fe
2+

 binds less specifically to the RNA.  

The observation of true enzymatic behavior in a-rRNA, a model of ancient RNA, 

demonstrates the importance of investigating ancient models under appropriate 

conditions, i.e. early earth conditions with no oxygen and Fe
2+

. We observe that divalent 

metals other than Fe
2+

 attenuate the observed catalysis. Mg
2+

 is not able to facilitate 

electron transfer with RNA (61) because it is in a fixed oxidation state. Mn
2+

 is also 

unable to facilitate electron transfer with catalysis. This result further illustrates the idea 
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that RNA function, both in early earth and extant conditions, can be fully understood only 

in the context of association with a range of possible metals. 
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CHAPTER FOUR 

MAGNESIUM BINDING SITES IN A-FORM RNA 

Introduction 

Magnesium binding to A-form RNA 

Magnesium binds RNA at specific coordination sites, or in non-specific binding 

pockets. The most studied RNA-bound Mg
2+

 ions are the ions responsible for tertiary 

folding, which bind in sites where phosphates are clustered (64). However, the 

electrostatic nature of the major groove of A-form RNA helices make them an attractive 

target for cation binding (Figure 38). The two anti-parallel ribose-phosphate backbones 

run close to each other and form a narrow entrance into the deep major grove. 

Calculations showed that the electrostatic potential in the deep major groove is the most 

negative of the RNA duplex charge distribution (76).  

 

 

Figure 38. A-form structure of nucleic acids. A-form duplexes have a deep major groove 

(PDB 1QC0). 
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A crystallographic study used A-DNA to approximate A-form RNA, and 

observed characteristic binding modes of hexahydrated magnesium ([Mg(H2O)6]
2+

) (64). 

These studies were consistent with earlier solution studies with NMR that used 

[Co(NH3)6]
3+

 as a model of [Mg(H2O)6]
2+

, and observed similar binding sites (77). An 

observed binding mode showed the ion bound in the deep major grove of a GpN step, 

contacting the O6/N7 sites of guanine bases via hydrogen bonds (64)(Figure 39). This 

preference for the Hoogsteen sites of G residues has been observed elsewhere (65). 

Another binding mode observed was the ion bound to the phosphates, bridging across the 

outer mouth of the narrow major groove (64).  

 

Figure 39. Detailed view of the detailed interactions between [Mg(H2O)6]
2+

 ions and A-

form nucleic acids (64). G forms two hydrogen bonds with [Mg(H2O)6]
2+

 and O6/N7. 

PDB 1DNO. 

 

P4-P6 folding with Mg
2+

 and/or Na
+
 

P4-P6 domain RNA has been widely studied as a model RNA for folding of other 

large RNA domains. P4-P6 is a domain of the Tetrahymena intron, that folds before the 

rest of the ribozyme (46). As an independently folding domain, it folds to the same native 

structure in the intron as it does when separate. A cluster of bound divalent metals within 

P4-P6 organize a three-helix junction that drives the folding of the RNA (and ultimately 
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the entire ribozyme) (15). P4-P6 folds to its native form with the addition of Mg
2+

. 

However, RNA compaction studies on P4-P6 showed that P4-P6 also proceeds through a 

monovalent dependent equilibrium folding pathway. P4-P6 is in an extended 

conformation in low salt conditions, with double helical elements splayed away from one 

another (78) (Figure 40A). Upon increasing the concentration of Na
+
 (~100 mM), 

repulsive interactions between phosphates are screened allowing a structural relaxation of 

P4-P6 (Figure 40B). The addition of higher Na
+
 (~1 M) allows for the formation of long-

range tertiary contacts, leading to even further compaction (Figure 40C). Experiments 

with mutants showed that only a tetraloop/tetraloop receptor long-range contact can form 

in the presence of high sodium concentration. Tertiary contacts mediated by coordination 

sites in the A-rich bulge of P4-P6 can only form in the presence of Mg
2+

 (Figure 40D). 

These and other studies illustrate that both monovalents and divalents play an important 

role in RNA native folding. 

 

Figure 40. Folding pathway for P4-P6, modified and adapted from (78). 
 

P4-P6 A186U mutant 

The A186U mutation of P4-P6 was shown to disrupt tertiary folding of the RNA. 

Located in the A-rich bulge which is important for the metal ion core of P4-P6, A186 

directly coordinates magnesium ions to mediate tertiary folding of P4-P6 to its native 



 

62 

 

structure (Figure 41)(47). A186 is also involved in hydrogen bonds with three different 

nucleotides in the  When the A is mutated to a U, P4-P6 domain RNA does not fold even 

at high concentrations of Mg
2+

 (15). This mutant however has a similar extended form to 

wild type P4-P6 in low salt in the absence of Mg
2+

 and does not change the predicted 

secondary structure (79,80). Therefore this mutant has been widely used as an unfolding 

control to study Mg
2+

-mediated folding of P4-P6 RNA (81-84). 

 
Figure 41. A186 residue (in color) of P4-P6 coordinates two Mg

2+
 ions responsible for 

P4-P6 tertiary structure (PDB 1GID). 

 

Divalent metal chelators 

Divalent metal chelators are molecules that bind divalent cations with high 

affinity, scavenging them from solution. Chelators were employed in this study to ensure 

that RNA samples were divalent cation-free, and for estimating the binding affinity of 

RNA for divalent metals. Four chelators are used in this study: ethylene-diamine 

tetraacetic acid  (EDTA), diaminocyclohexane tetraacetic (DCTA), diethylenetriamine-

N,N,Nô,Nô,N’’-pentaacetic acid  (DTPA) and N-(2-hydroxyethyl)ethylenediamine-

N,Nô,Nô-triacetic acid  (HEDTA) (Figures 42-45).  Of these, EDTA is the most common, 

often used in biological assays and seen as a component in buffers. The chelators used 
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here have been employed in many studies such as in spectrophotometric determination of 

metal concentrations (85), kinetic studies of  isotopic exchange reactions between ions 

and their chelates (86), and in general for solution studies of rare earth metals (87,88).  

EDTA 

 
Figure 42. Ethylenediaminetetraacetic acid. 
 

DCTA 

 

Figure 43. Diaminocyclohexane tetraacetic acid.  
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DTPA 

 

Figure 44. Diethylenetriamine- N, N, N’, N’, N’’-pentaacetic acid. 
 

  

HEDTA 

 

Figure 45. N-(2-Hydroxyethyl)ethylenediamine-N, N’, N’-triacetic acid. 
 

 

Experimental Methods 

Materials 

Nuclease free water (IDT) was used in all experiments involving RNA. Sodium 

cacodylate buffer stock solution was prepared by dissolving sodium cacodylate (Sigma-

Aldrich) in H2O and titrating with HCl to pH 6.8. EDTA stock solution was prepared by 
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dissolving Na2EDTA (J.T. Baker) in water and titrating with NaOH to pH 7. DCTA 

(Sigma-Aldrich, CAS# 13291-61-7), DTPA (Sigma-Aldirch, CAS# 67-43-6) and 

HEDTA (Sigma-Aldrich, CAS# 139-89-9) stock solutions were prepared similar to 

EDTA. MgCl2 stock solution was prepared by dissolving magnesium chloride (Fisher, 

CAS# 7791-18-6) in H2O. NaCl stock solution was prepared by dissolving sodium 

chloride salt (VWR) in H2O.  

 

RNA Synthesis and Purification 

The gene for the Del C209 variant (18) and the A186U mutant (47) of the P4-P6 

domain of the T. thermophila Group I intron was synthesized by recursive PCR (60). All 

genes were confirmed by sequencing. RNAs were synthesized by in vitro transcription 

(HiScribe T7 High Yield RNA Synthesis Kit, New England Biolabs). Plasmid template 

was removed by DNase digestion (TurboDNase, Ambion).  DNase treated transcription 

reactions were directly precipitated by the addition of a one-tenth volume of 5 M 

ammonium acetate, pH 5.2, followed by 2.5 volumes of absolute ethanol. Pelleted 

precipitates were washed three times by vortexing in 80% ethanol in water, dried in 

vacuo and re-suspended in water.  Aliquots (1 mL) of RNA (≤ 1 mg/mL in 10 mM TRIS, 

pH 8.0, containing 2 mM EDTA) were heated to 65 °C for 5 min, quick cooled on ice and 

applied to a G-25 size exclusion column (Illustra NAP-10, GE Healthcare Life Sciences) 

following the manufacturer’s instructions. Elution was with water. RNA purity and 

integrity were assayed by visual inspection of the banding pattern resolved in gel after 

denaturing gel electrophoresis (SequaGel UreaGel System, National Diagnostics). 

Nucleic acid concentrations were determined by absorbance at 260 nm (Thermo 
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NanoDrop). Nuclease free water (HyPure Molecular Biology Grade Water, HyClone) 

was used in all experiments involving RNA. RNA duplex oligomers (5’-

GGUGAGGCGGUG-3’, 5’-GUUGAGUGAGUG-3’ and  5’-CGCGUAUACGCG-3') 

were obtained from Dharmacon, Inc, purified by standard desalting. 

Experimental Conditions 

All experiments were performed in 5 mM sodium cacodylate buffer, pH 6.8 and 

at 20 °C (unless otherwise specified). RNA concentration was 176 mM (nucleotide) in all 

experiments, unless otherwise specified.  

 

Experimental Techniques 

Circular Dichroism (CD) 

Circular Dichroism (CD) spectroscopy measures the difference in the absorption 

of right- and left-circularly polarized light. Chiral molecules, including biological 

macromolecules such as nucleic acids and proteins, exhibit CD signals. As such, CD 

spectroscopy is commonly employed in the study of these molecules. While it cannot 

provide atomic-level information on the large, complex macromolecules, it is useful for 

studying conformational features of the molecule overall.  

Here, CD is used to monitor RNA conformation as metals or chelator molecules 

are added to the RNA sample. All CD experiments are performed on a Jasco J-710 CD 

spectrometer. The wavelength range 350 – 220 nm was scanned at a speed of 50 nm/min 

(4 scans averaged) or 100 nm/min (6 scans averaged). Experiments were performed at 20 

°C 
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ESI mass spectrometry 

Electrospray ionization (ESI) mass spectrometry is a powerful technique for molecules of 

various sizes and polarities in a biological sample. Mass spectrometry was performed on 

an Agilent 6130 series Quadrupole LC/MS system. 

 

1
H NMR 

Nuclear magnetic resonance (NMR) spectroscopy was used to identify and quantify the 

chelator-bound divalent cations. 
1
H NMR was performed on a Bruker DRX-500 with 

1024 scans. 

 

Mathematical Modeling 

The mathematical modeling software Mathematica (Wolfram) was used to create 

a Monte Carlo-based simulation to fit titration data from CD experiments. RNA-cation 

binding events were modeled using two-Ka models. A system of simultaneous equations 

was generated and solved numerically to obtain the [RNA-Mg
2+

] (i.e. total concentration 

of cation-bound RNA). Estimates of binding constants (KMg-RNA, KMg-EDTA etc) were used 

to generate titration curves. Monte Carlo methods were employed to obtain the binding 

constants that gave the best fit of the binding model to the experimental data. The Monte 

Carlo process was iterated until the RMSD of observed-to-calculated converged to a 

minimum. The final parameters were not dependent on the initial parameters of the fit.  

 
 

 



 

68 

 

Results 

CD titrations with P4-P6 

Magnesium and chelator titrations 

To observe magnesium-induced structural transitions in P4-P6 RNA as monitored 

by CD, the RNA was first titrated with divalent metal chelators to ensure that no trace 

divalent metals were present in the RNA sample.  The RNA and buffer concentrations 

were rigorously held fixed during the titration, so that all changes in CD signal could be 

attributed to addition of the chelator. 

The CD spectrum of P4-P6 RNA shows a peak at 267 nm, typical of RNA 

structures. Titration of EDTA into the purified P4-P6 RNA sample caused small but 

systematic and reproducible changes in CD spectra (Figure 46, top row, left). Most 

apparent is the decreased intensity of the peak at 267 nm. The effect of adding EDTA 

wanes as EDTA concentration approaches 300 mM. After this concentration is reached,  
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Figure 46. Chelator and MgCl2 titrations into P4-P6 domain RNA.  Top row: CD spectra 

over the course of EDTA titration from 0 to 600 mM (left), followed by titration of  up to  

600 mM MgCl2 into the same sample  (right). 2
nd

 row: CD spectra of DTPA titration from  

0 to 1200 mM  (left), followed by titration of  up to 800 mM MgCl2 into the same sample 

(right). 3
rd

 row: CD spectra of  DCTA titration from 0 to 200 mM (left),  followed by 

titration of up to 300 mM MgCl2 into the same sample (right). Bottom row: CD spectra of 

HEDTA titration from 0 to 3000 mM (left), followed by titration of up to 1000 mM MgCl2 

into the same sample (right).  

 

 

 

titration of MgCl2 into the same RNA-EDTA sample reverses the observed changes in 

the CD spectrum (Figure 46, top row, right). The same result was observed when P4-P6 

was titrated with other chelators DTPA, DCTA and HEDTA (Figure 46). 

Difference spectra (i.e. subtraction of all spectra from the spectrum of the starting 

sample) revealed that as chelator was added, a negative peak at 270 nm was forming 

(Figure 47A). The same result was observed when P4-P6 was titrated with other chelators 

DTPA, DCTA and HEDTA (Figure 47). Difference spectra revealed that when MgCl2 is 

titrated into the samples, a peak grows at 267 nm with a shoulder at 290 nm.  
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Figure 47. Difference spectra of chelator and MgCl2 titrations from Figure 46. (A) & (D) 

EDTA and MgCl2 titrations, (B) & (E), DCTA and MgCl2 titrations,  (C) & (F) DTPA 

and MgCl2 titrations. HEDTA not shown. 

 

 

With the addition of higher concentrations of Mg
2+

, a transition is observed as the peak at 

267 nm shifts to 258 nm and continues to grow. This peak appears to correspond to 

Mg
2+

-induced tertiary folding of P4-P6 domain RNA (Figure 48).  

 
 

Figure 48. Multiple transitions observed as MgCl2 is titrated into P4-P6 domain RNA. 

Grey spectra are 0 to 650 mM MgCl2, purple spectra are 650 mM to 10 mM MgCl2. 
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Comparison of chelators 

Quantitative differences in the effects of chelators correlate well with the known 

differences in the affinities of the chelators for divalent cations. For DCTA, the strongest 

of the three chelators, < 200 mM of chelator was sufficient to achieve maximal change in 

CD signal. In contrast, > 1200 mM of DTPA, the weakest of the three chelators, is needed 

to achieve maximal change in CD signal (Figure 49). 

 

 

Figure 49. Plots of CD signal intensity at 266 nm for P4-P6 RNA versus (A) chelator 

concentration and (B) MgCl2 concentration. The samples used for the MgCl2 titrations in 

(B) are the samples from the final chelator titration points shown in (A).  

 

P4-P6 titrations with sodium 

NaCl was titrated into P4-P6 domain RNA, following the addition of 600 mM 

EDTA. Four structural signatures with subtle differences between them are observed in 

the difference spectra (Figure 50, top). The initial state of P4-P6 domain RNA persists to 

1 mM sodium (Figure 50, bottom). The second regime (Figure 50, orange traces) show a 

positive peak at 262 nm with negative peaks at 285 nm and 229 nm. The third regime 



 

72 

 

(grey traces) show a transition from the peak at 262 nm to 258 nm, and negative peaks 

move to 278 nm and 233 nm respectively. The last regime (blue peaks) displays a peak at 

260 nm with a negative peak at 235 nm.   

 

 

Figure 50. Difference spectra of NaCl titration into P4-P6. (A) Four structural CD 

signatures are observed as 0 to 1 M NaCl is added. (B) The first structural CD signature 

is expanded, showing that there is little structural variation in P4-P6 between 0 and 1 mM 

NaCl. 
 

CD titration of P4-P6 from extended to native structure 

As NaCl is added to P4-P6 RNA, the RNA becomes increasingly folded (Figure 

40).  CD signatures of the different states sampled are shown above (Figure 50). To 

investigate the effect of starting structure on the Mg
2+

-folding pathway, three pathways 

were explored using three different starting conformations of P4-P6: I) The unfolded, 
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Na
+
-helical form of P4-P6 in low-salt; II) an electrostatically-relaxed conformation of P4-

P6, induced by the addition of 100 mM NaCl; and III) a compact P4-P6 conformation, 

induced by the addition of 2M NaCl. Mg
2+

 was added to fold all three structures to the 

native state, as conformational changes were monitored by CD. The observed structural 

changes for the three folding pathways are summarized in Table 1. Increase in peaks at 

270 and 290 nm correspond to a conversion from Na
+
-helical to Mg

2+
-helical form of P4-

P6. Peaks shift to different wavelengths (from 270 to 258 nm, and 290 to 297 nm) 

corresponds to P4-P6 conformational change from extended to compact form. Finally, 

increase in peaks at 258 and 297 nm, and decrease in peaks at 277 nm and 244 nm 

correspond to formation of P4-P6 native structure.  

 

Table 1.3 Mg
2+

-folding pathways of P4-P6 observed by CD.  Observed CD signals for 

each pathway are indicated. Up arrows indicate increase in the peak, down arrows 

indicate decrease in peak, left arrows indicate peak transition between wavelengths, U 

indicates signal not observed and V indicates observed signal for the RNA sample 

 Na-helical to 

Mg-helical form  

RNA 

compaction  

Native structure 

formation  

CD signal change  270 nm ҧ  

290 nm  ҧ  

270 → 258 nm  

290 → 297 nm  

258 nm, 297 nm ҧ  

277 nm, 244 nm ↓  

Low Na
+
 form  V  V  V  

100 mM Na
+
 form  U  V  V  

2M Na
+
 form  U  U  V  

A186U mutant  V  U  U  

 

Unfolded, Na
+
-helical P4-P6 folded with Mg

2+
 

Upon adding Mg
2+

 to the unfolded, Na
+
-helical P4-P6 in 5 mM sodium cacodylate 

buffer, we first observe the formation of the Mg
2+

-helix, evidenced by a peak at 270 nm 

and shoulder at 290 nm. This conformational change is followed by a transition between 
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350 mM and 750 mM Mg
2+

 where the peak at 270 nm shifts to 258 nm and the shoulder at 

290 shifts to 297 nm. Higher concentrations of Mg
2+ 

lead to an increase of both peaks at 

258 nm and 297 nm, along with a decrease in peaks at 277 nm and 244 nm (Figure 51).  

This structural change corresponds to native structure formation.   

 
 

Figure 51. Mg
2+

 folding pathway of P4-P6, starting with unfolded, Na
+
-helical 

conformation. 

 

P4-P6 with 100 mM NaCl, folded with Mg
2+

 

The intermediate structure of P4-P6 in P4-P6 is electrostatically relaxed, as 

reported (78), and shown in Figure 40. Our CD data agrees with previous reports, as we 

observe a transition consistent with a collapse of extended P4-P6 RNA (Table 1). We 

then observe peak changes corresponding to native structure formation (Figure 52). 
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Figure 52. Mg
2+

 folding pathway of P4-P6, starting with electrostatically relaxed 

conformation in 100 mM NaCl. 

 

P4-P6 with 2M NaCl, folded with Mg
2+

 

In 2M NaCl, P4-P6 is compact with tertiary interactions formed except for the 

Mg
2+

-coordination interaction. The changes we observe upon Mg
2+

 titration correspond 

to formation of the P4-P6 native structure (Table 1). 2M NaCl conditions are have 

typically been used in RNA folding experiments to saturate the ion atmosphere with 

monovalent ions, so that specific binding effects of divalent cations can be isolated. Our 

CD data is consistent with previous data showing that under these high salt conditions, 

P4-P6 undergoes only one transition to the native state (Figure 53). 
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Figure 53. Mg
2+

 folding pathway of P4-P6, starting with compact P4-P6 conformation in 

2M NaCl.  

 

CD titrations of A186U P4-P6 mutant 

Mg
2+

 is titrated into A186U P4-P6 mutant RNA.  The peak at 267 nm with the 

shoulder at 290 nm is observed, consistent with Mg
2+

 binding to unfolded P4-P6 RNA 

(Figure 54). This peak saturates at 1200 mM MgCl2, with further addition of MgCl2 

producing no change in the spectrum. No further transitions corresponding to Mg
2+

-

induced tertiary folding are observed. A small (~2 nm) shift to the right of the peak at 268 

nm may correspond to an electrostatically driven, non-specific collapse of P4-P6 A816U 

that involves no tertiary contacts (82).  



 

77 

 

 
 

Figure 54. Mg
2+

 folding pathway of A186U P4-P6 mutant. 

 

CD titrations with A-form RNA duplexes 

Experiments were performed with three generic RNA duplexes to monitor structural 

changes induced by ion-binding to A-form RNA helices.  

Magnesium and sodium titrations 

In a background of 5 mM sodium cacodylate buffer, Mg
2+

 and Na
+
 were titrated 

separately into samples of the RNA duplexes. With all titrations, RNA and buffer 

concentrations were held rigorously fixed, so that all changes in CD signal can be 

attributed to addition of the metal ion salt. As [Mg
2+

] and [Na
+
] were increased 

respectively, changes were observed in the CD spectra. Difference spectra reveal 

increases and decreases at specific wavelengths (Figure 55). Table 2 summarizes the 

observed changes for the three duplexes. It is observed that A-form duplex RNA is in 

different conformational states depending on the concentration cations in the sample. It 

was also observed that there is a difference between the Mg
2+

 and Na
+
 forms of an A-
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form duplex, and also, ion effects on A-form RNA are sequence specific, with different 

effects observed for different sequences.  

 

 

 

 
 

 

Figure 55. MgCl2 and  NaCl titrations of A-form RNA duplexes. Top row: D1 Duplex, 

5’-GGUGAGGCGGUG-3’. Middle row: D2 Duplex, 5’-GUUGAGUGAGUG-3’. 

Bottom row: D3 Duplex, 5’-CGCGUAUACGCG-3'. 
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Table 2. Observed CD characteristics for MgCl2 and NaCl titrations into RNA duplexes.  

* indicates shoulder peak. 
  Mg titration  Na titration  

  Positive 

peaks  

Negative 

Peaks  

Positive 

peaks  

Negative 

Peaks  

D1 5’-GGUGAGGCGGUG-3’  265 nm  265, 247*   

D2 5’-GUUGAGUGAGUG-3’  268 nm   253, 284   

D2 5’-CGCGUAUACGCG-3'  268 nm  296 nm  265 nm  291-297 nm  

 
 

A CD melting experiment was performed on duplex D1 with 250 mM NaCl 

added to the RNA sample, in the background of 5 mM sodium cacodylate buffer. 

Difference spectra of the cooling experiment from 95° C (Figure 56, red trace) to 5 °C 

(blue trace) were obtained. Increases in the magnitude of a peak at 265 nm and shoulder 

at 247 nm were observed, as the temperature was lowered from 95°C to 5 °C. These are 

the same peak changes that were seen as sodium was continually added to D1 (Table 2).  

Therefore the melting experiment suggests that the observed changes in CD signal upon 

NaCl titrations are consistent with an increase in the double-stranded form of D1, i.e. an 

increase in stability. 
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Figure 56. CD melt of duplex D1. Cooling experiment goes from 95 °C (red line) to 5 °C 

(blue line). 

 

 
We can observe a transition between both forms of the RNA duplex as we titrate 

NaCl into an A-form RNA sample (D2) that contains 5 mM Mg
2+

. The difference 

spectrum of the Mg
2+

 sample shows the peak at 265 nm, corresponding to the Mg
2+

 form 

of D2 (Figure 57). As NaCl and DCTA chelator are added, the transition observed is a 

decrease in the peak at 265 nm and a corresponding increase at ~252 and 285 nm 

respectively (Table 2). These changes correspond to a decrease in the Mg
2+

 form of the 

duplex, with an increase in the Na+ form.  
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Figure 57. Transition from Mg
2+

-form to Na
+
-form of duplex D2 

 

 

EDTA and magnesium and titrations 

EDTA was titrated into duplex D1. Similar to P4-P6, a decrease in the peak magnitude at 

263 nm is observed with increasing [EDTA]. The addition of Mg
2+

 leads to a reversal of 

the observed changes (Figure 59).  
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Figure 58. CD spectra of RNA duplex D1 over the course of titrations with EDTA and 

MgCl2. Individual spectra shown are:  before any additions (Start), after 500 mM EDTA 

had been added (+500 mM EDTA), after 50 mM MgCl2 was added to the +500 mM EDTA 

sample (+50 mM MgCl2), and after MgCl2 was added to a total concentration of 500 mM 

(+500 mM MgCl2). 

 

 

 

Difference spectra of the EDTA titration into duplex RNA shows two peaks 

decreasing at 260 nm and 275 nm (Figure 59, top). Difference spectra of the Mg
2+

 

titration show a peak increase at 264 nm (Figure 59, bottom).  
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Figure 59. Difference spectra of EDTA (top) and Mg
2+

(bottom) titrations into RNA 

duplex D1.  
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ESI-Mass spectrometry 

The observation of a change in CD signal upon the addition of divalent cation 

chelators suggested that there were residual divalent cations in the purified RNA sample. 

ESI-MS was used to identify the residual divalent cations. ESI-MS on RNA samples 

containing EDTA indicated the presence of Mg
2+

 and Ca
2+

 in the purified P4-P6 RNA 

solutions (Figure 60). Three masses revealed were 291.1, 313.1 and 329 Daltons, 

corresponding to masses of free EDTA, EDTA-Mg
2+

 and EDTA-Ca
2+

, respectively (all 

with -1 charge). Observed peaks corresponding only to Ca
2+

-chelator and Mg
2+

-chelator 

complexes allowed other possibilities such as Mn
2+

 or Zn
2+

 to be ruled out. 

 

 

 

Figure 60. Mass spectrum of P4-P6 in buffer with added EDTA (600 mM), monitored in 

negative mode. 
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1
H NMR 

Identification and quantification of residual divalent ions 

1
H NMR was used to unambiguously resolve the identity and concentration of the 

dominant divalent cation associated with the RNA. The 
1
H NMR spectra clearly 

differentiate free DCTA, Mg
2+

-DCTA and Ca
2+

-DCTA (Figure 61). Authentic samples 

reveal a resonance at 2.27 ppm for Mg
2+

-DCTA, while Ca
2+

-DCTA gives a resonance at 

2.31 ppm. When DCTA is added to the purified P4-P6 RNA, the 2.27 ppm resonance of 

Mg
2+

-DCTA is apparent. It is possible that a minor amount of Ca
2+

 is present in the 

sample, but the concentration of Ca
2+

 is less than 10% compared to Mg
2+

. Thus, these 

results indicate that purified P4-P6 RNA contains residual Mg
2+

. 

 

 

Figure 61. 
1
H NMR spectra of free DCTA and DCTA with chelated metal ions. All 

samples contain 100 mM DCTA, with no added cations (top), with added MgCl2 and/or 

CaCl2, or with 1.1 mM of purified P4-P6 RNA. 
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1
H NMR was also used to quantitate the concentration of residual Mg

2+
 in the P4-

P6 RNA samples. At saturating DCTA, [DCTA-Mg
2+

] = [Mg
2+

total]. Therefore, by 

integrating the Mg
2+

-DCTA resonance at 2.27 ppm obtained in various amounts of free 

and bound DCTA, a calibration curve was obtained that enabled a measurement of the 

total concentration of Mg
2+

 in the purified sample of P4-P6 RNA (Figure 62). This 

method revealed that our NMR sample of purified RNA at a concentration of 1.1 mM (in 

strand) contained ~80 mM Mg
2+

. 

 

Figure 62. 
1
H NMR spectra of DCTA with varying concentrations of chelated Mg

2+
. 

 

Discussion 

Cation-dependent polymorphism in A-form RNA 

Previous work investigating cation binding to A-form RNA in silico or in solution 

has focused on understanding cation distributions in the ionic cloud surrounding the RNA 
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(89). This work, computational and experimental, has been useful for identifying 

preferred binding sites for ions of different valences, and showing that polyvalent ions 

tend to be closer to the RNA than monovalent ions (89). Little work has been done to 

investigate the effect of monovalent and divalent cations on conformation of A-form 

RNA in solution.  

Our CD data reveals subtle changes in RNA structure, as the identity and 

concentrations of the cations in solution are changed.  Similar studies performed on DNA 

using circular dichroism have revealed the same effect (90-92). Ivanov speculated in his 

findings (91) that the differences observed in CD spectra reflect differences in DNA 

helical structure in solution. We believe that our results also reflect differences in helical 

structure of RNA under these different conformations. From our CD melting 

experiments, we see that higher concentrations of cation pushes the RNA towards a more 

stable form, with more double-stranded RNA present. Lower cation concentrations 

correlate with an RNA sample that possesses less double-stranded form. 

 
Figure 63. Potassium titration of A-form RNA duplex D1, 5’-GGUGAGGCGGUG-3’. 

 

. 
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The dominant structure of A-form RNA in solution is different depending on the 

cationic species surrounding the RNA duplex. Indeed, a potassium titration in duplex D1 

revealed yet a different conformation from the Na
+
- and Mg

2+
-forms (Figure 66).  A-

RNA appears to be able to adopt multiple forms with subtle helical differences between 

them. For instance, an A’ conformation of RNA has been identified previously (93). A’-

RNA differs from A-RNA in an increased number of nucleotides per turn. 12 base-pairs 

per turn in A’-RNA gives rise to a pitch height of 36 Å and an axial rise of 3.0 Å (93). 

Otherwise, nucleotide conformations are similar between A and A’ RNA. It is possible 

that the polymorphism in our experiments could correspond to transitions between RNA 

conformations other than A-RNA. Further work will be needed to explore CD signatures 

of alternative RNA conformations. 

We show that the effects are sequence-dependent, with different RNA duplexes 

showing unique changes. This result is consistent with previously observed preferences in 

Mg
2+

 for binding to guanine residues. The presence of more G residues in an RNA 

duplex could create more Mg
2+

 binding sites, impacting the observed conformation 

differently than a duplex with fewer G residues. We also observe that the Mg
2+

- and Na
+
-

form of duplex D3 look similar to each other, more similar than was observed with the 

other duplexes (Figure 56, bottom row). This could imply that Mg
2+

 and Na
+
 induce 

similar structures in this duplex and not in the others.  

Sodium vs Magnesium form of unfolded, large RNA 

In low salt conditions, P4-P6 is in an extended form with extensive helical 

regions. Titrating divalent chelators into P4-P6 RNA in low salt (5 mM sodium 

cacodylate buffer) removed all the trace divalent metals present in solution, revealing a 



 

89 

 

distinct structural form of the unfolded P4-P6 (Unfolded, helical Na
+
-P4-P6). We 

observed that adding small concentrations of Mg
2+

 to this form returned it to a different 

conformation, i.e unfolded, helical Mg
2+

-P4-P6.This finding is consistent with the results 

from our duplex experiments, showing a distinction between the Mg
2+

-form and Na
+
-

form of A-RNA.  

We observe that the folding pathway of P4-P6 is determined by the starting RNA 

conformation, which largely depends on the cationic composition, as observed in our 

studies. In low salt, transitions between helical forms of unfolded P4-P6 are observed that 

are not seen in the presence of higher salt. Previous folding studies on P4-P6 have 

focused largely on tertiary transitions (81,94,95) that induce large conformational 

changes in the RNA. We demonstrate the extraordinary sensitivity of CD by revealing 

subtle helical changes that result from ion binding.  

These observations suggest a somewhat revised picture of cation binding to large 

RNAs in low salt conditions.  Figure 64 illustrates a model for Mg
2+

-mediated folding of 

P4-P6  in low salt conditions. This revised model shows that Mg
2+

 ions added to P4-P6 in 

a low-salt buffer up to a concentration of around 100 mM will interact strongly with 

double-stranded regions of P4-P6, converting the RNA to a distinct intermediate state 

with Mg
2+

 neutralizing phosphate charges along the RNA but not causing a collapse in 

the extended RNA or forming the native state. Further addition of Mg
2+

 will cause the 

RNA in an extended, helical form to collapse into a folded state that differs from the 

native state by not adopting the structural element that requires Mg
2+

 binding to the 

central core of the RNA. The addition of about 1 mM Mg
2+

 allows adoption of the native 

structure. 
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Figure 64. Revised models of P4-P6 association with monovalent and divalent cations 

during folding 

 

 

Our revised model is informed by the observations from our CD experiments, and 

is consistent with results seen investigating RNA duplexes. One might ask why distinct 

Mg
2+

- and Na
+
-forms of unfolded P4-P6 were not detected in previous experiments 

conducted with P4-P6 RNA in low salt condition (46,95-97). We propose that previous 

investigative methods, including hydroxyl radical cleavage and gel mobility assays, 

monitor RNA folding processes that produce relatively large changes in the RNA 

conformation. The transitions observed in our work are very subtle, apparently 

corresponding to minor changes in helical structure, and would not be observed by the 

aforementioned methods.  

The implications of our observations for folding P4-P6 RNA in low salt versus 

high salt conditions are illustrated in Figure 65. We propose that the association of the 

P4-P6 RNA helical regions with monovalent versus divalent cations induces a Na
+
-form 

or Mg
2+

-form of the helices that persists in the fully folded structure. 
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Figure 65. Comparison of P4-P6 association with cations during folding in low-salt and 

high-salt conditions. Top: In low-salt, extended P4-P6 with Na
+
-form helices (1Na) 

converts to an extended Mg
2+

 intermediate (1Mg) before the RNA collapses to a compact 

structure. Bottom: 2 M NaCl (high salt) induces a compact conformation of P4-P6 (2Na*) 

which requires Mg
2+

 to attain the native fold (2Na).  Helical regions are in Na
+
-form. 

 

 

Affinity of Mg
2+

 for A-form RNA 

Our data suggests that unfolded P4-P6 with double-stranded and single-stranded 

regions have relatively high affinity for Mg
2+

. In low-salt conditions, the affinity of Mg
2+

 

for duplex regions of P4-P6 appears to be higher than the affinity for the specific 

coordination site in P4-P6. This finding is consistent with results from our electron 

transfer experiments (Chapter 2) showing that Fe
2+

, at very low concentrations (e.g. 6 

mM) associates with RNAs (including P4-P6) and catalyzes redox reactions (61). We 
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observed that Mg
2+

 can inhibit the redox activity of Fe
2+

-RNA complexes indicating that 

Mg
2+

 is able to compete with Fe
2+

 for association with RNA under low salt conditions. 

Collectively, those data suggested that non-native RNA structures possess Mg
2+

 binding 

sites with micromolar or lower dissociation constants. 

Micromolar binding to Mg
2+

 has been reported previously in tRNA under low salt 

conditions (5,98,99). In addition, it was observed that in low monovalent environments, 

Mg
2+

 binds to double-stranded DNA with high affinity (100), with a KD of around 5 x 10
-

6 
M. Combined, these results support the existence of extremely tight Mg

2+
 binding sites 

in partially unfolded RNA in general. Our data agrees with these observations. Further 

work will be beneficial for estimating the binding affinity of unfolded regions of P4-P6 

under low salt conditions. 

 

Concluding remarks 

This work reveals many new details of RNA conformations in solution, but also 

opens the door for several paths for future exploration. The sequence dependence 

observed in our results can be further investigated in future experiments using RNA 

homoduplexes under different conditions. RNA structure might be influenced by cations 

that display preferential binding to certain residues.  

It is not clear whether the peaks observed here correspond to distinct signatures of 

RNA conformations. Additional studies needed to determine the origins of the structural 

changes observed. For example, significant work on polynucleotides that form G-

quadruplexes has allowed researchers to be able to use CD to distinguish between parallel 

and anti-parallel (and other) G-quadruplex conformations, based on positions of the 

peaks. Similar features of RNA duplexes could be potentially identified using CD and 
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other structural methods to study correlations between RNA structure and peaks in CD 

signal. 

Finally, our results suggest that tightly-bound, residual Mg
2+

 ions that remain 

associated with RNA after purification and/or are scavenged from the environment after 

purification can obscure Mg
2+

-dependent transitions in cation binding experiments. We 

observed in these studies that the lowest [Mg
2+

]-dependent binding event, i.e. the 

structural change from the Na
+
-form of unfolded P4-P6 to the Mg

2+
-form, was only 

detected after divalent chelators (EDTA, DCTA or DTPA) were added to the RNA prior 

to Mg
2+

 titration. This suggests that if special precautions are not taken, purified RNAs 

can be associated with tightly-bound Mg
2+

 ions. 

Additionally, we have shown that unfolded P4-P6 RNA, with secondary structure, 

has high affinity for Mg
2+

. Previous discussions have tended to characterize this binding 

as a loose association of the ionic atmosphere with the RNA, but we show here that even 

though the Mg
2+

 ions may be mobile, they bind very tightly to duplex RNA. We also 

show that the A-form duplex appears to bind Mg
2+

 more tightly than coordination sites in 

RNA, under low-salt conditions. This demonstration may require a revision of models of 

RNA electrostatics and of hierarchical pathways of RNA folding. This work also 

reinforces the usefulness of a finer classification of metal-ion interactions, viz free, 

condensed, glassy and chelated  ions (1). Our results reveal a group of tightly bound 

divalent ions that are not involved in chelation or tertiary structure formation.  Therefore, 

a broad classification of ion interactions into ‘diffuse’ and ‘chelated’ would be a vague 

and slightly misleading description that would not accurately encompass the major 

classes of RNA-ion interactions.  
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CHAPTER FIVE 

QM INVESTIGATIONS OF MG COMPLEXES 

Introduction 

Some of the data in this chapter was used in a research publication:  adapted from 

previously published work: Petrov, A.S., Bernier, C.R., Hsiao, C.L., Okafor, C.D., 

Tannenbaum, E., Stern, J., Gaucher, E., Schneider, D., Hud, N.V., Harvey, S.C. et al. 

(2012) RNA-Magnesium-Protein Interactions in Large Ribosomal Subunit. J. Phys. 

Chem. B, 116, 8113-8120.  This data refers to geometry optimizations that I performed on 

the ribosomal magnesium microcluster complex, D2, using density functional theory.  

Mg
2+

-chelation complexes are found in many large RNAs, including the 23S 

rRNA and P4-P6 domain RNA. Magnesium has a special relationship with phosphate 

oxyanions, able to form bi-, tri- and tetradentate complexes with oxygen atoms attached 

to phosphorus (OP atoms) in nucleotides. Mg
2+

 can stabilize distinct conformational 

states of RNA. Computational methods provide a powerful way to investigate the driving 

force for Mg
2+

-RNA interactions. 

Continuum approaches have been successfully used to understand RNA 

association with diffuse ions (101-103). Molecular dynamics simulations have been used 

to investigate magnesium binding to phosphate oxyanions of RNA (104). Predicting the 

binding geometry and energies of coordinated cations presents a unique challenge. The 

energies involved in these first-shell interactions typically possess both electrostatic and 

non-electrostatic components. Non-electrostatic components include polarization, charge 

transfer and exchange correlation (105,106). These features are dependent on the specific 

nature of the cation and the geometry of the coordination complex. This ion-specificity 
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poses a disadvantage to continuum methods such as the Nonlinear Poisson-Boltzmann 

theory. Conventional molecular dynamics force fields are not accurately parameterized 

for predictions of geometries and energetic of directly coordinated magnesium ions 

(107,108). The energetic of cation association with nucleic acids can be however be 

accurately characterized using high-level theory with ab initio or density functional 

methods. (109-115).  

ADP-Mg
2+

 

Adenosine diphosphate forms complexes with Mg
2+

 which are predictive of Mg
2+

 

interactions with other multidentate OP ligands, including RNA. Mg
2+

 interacts with non-

bridging OP atoms by monodentate or bidentate chelation (Figure 66). Monodentate 

chelation is observed to occur exclusively with ObP, while bidentate chelation involves 

both OaP and ObP (10). Bidentate chelation complexes Mg
2+

 with ADP are six-

membered rings consisting of atoms Mg
2+

-OaP-P-O-P-ObP-Mg
2+

. Bidentate chelation is 

favored between OP atoms attached to neighboring P atoms, as chelation formed by two 

OP atoms bound to a common P atom would require a ring size of four.  

              
Figure 66. ADP-Mg

2+
 complexes. Left, monodentate chelation (from PDB 1G6H). Right, 

bidentate chelation (PDB 1BYQ) 
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D2 complex 

A magnesium microcluster is a dinuclear Mg-RNA complexes that consists of 

two paired Mg
2+

 ions chelated by a common bridging phosphate in the form: Mg
2+

a-

(O1P-P-O2P)–Mg
2+

b. The bridging phosphate is part of a 10-membered chelation ring in 

the form: Mg
2+

a –(OP-P-O5’-C5’-C4’-C3’-O3’-P-OP)–Mg
2+

b. The two phosphate groups 

in this motif are contributed by adjacent residues along the RNA backbone (Figure 6). 

Four magnesium microclusters are found in the ribosomal LSU, three of these flanking 

the PTC (D1, D2, D4) (Figure 67). 

 
Figure 67. A view into the PTC. Four Mg

2+
micrcolusters are observed in the LSU of H. 

marismortui (PDB entry 1JJ2). The RNA atoms lining the polypeptide exit tunnel are 

accented in black. Mg
2+

microclusters D1, D2 and D4 encircle the PTC. Reprinted from 

(21) with permission. 
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In microcluster D2 of Haloarcula marismortui, the Mg
2+

a-(O1P-P-O2P)–Mg
2+

þ.  

is composed of the phosphate group of G877 along with Mg
2+

 ions 8003 and 8013 

(Figure 68). The 10-membered ring system is composed of the phosphate group and 

ribose atoms of A876 along with the phosphate group of G877.  Both Mg
2+

 ions 

incorporate phosphates of remote RNA segments (A2624, G2623) into first-shell 

coordination sites.  

 

 
Figure 68. Magnesium microcluster D2 of H. marimortui showing Mg

2+
 atoms and RNA 

ligands. Reprinted from (21) with permission. 

      

    

 

D2 is closely associated with ribosomal protein L2. An 18-amino acid loop of L2 

(loop-L2/D2) forms a binding pocket for D2. The conformation of loop L2/D2 is highly 

conserved between T. thermophilus and H. marismortui, with a 0.6Å RMSD of atomic 
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positions between both structures. Ribosomal protein (rProtein) L2 interacts with D2 via 

water molecules. Four of the first-shell water molecules of the D2 magnesium ions 

interact directly with L2. Of all other rProteins, L2 makes the most extensive interactions 

with Mg
2+

 ions. Three amino acids of the D2/L2 loop in positions 7 – 9 (AMN in T. 

thermophilus), D2 and the water molecules form an assembly. While there is modest 

sequence variability in the identity of the amino acid triad in various organisms,  a 

sequence alignment of L2 from 121 species (distributed over all three domains of life) 

reveals that AMN is observed most frequently (65%). The positions of the backbone 

atoms of the AMN segment of rprotein L2 are highly conserved (21).  

 

Computational Methods 

Geometry optimizations 

A structure of the ADP molecule was obtained from a complex in the Protein 

DataBank to use as a template (2PYW, IBYQ). The adenosine atoms were removed, 

leaving only the C3’ atom of the ribose. This was used for a methyl cap in lieu of the rest 

of the nucleotide.  

The coordinates for the D2 complex were extracted from the crystal structure of 

the T. thermophilus ribosome (PDB 1D: 2J00, 2J01). The microcluster contains two 

magnesium ions, Mg 66 and Mg 70, first shell water molecules, and 23S rRNA fragments 

that interact with the magnesium ions (ADE 783, GUA 784, GUA 2588 and ADE 2589). 

While heavy atoms were fixed in the crystal structure positions, hydrogen atoms and first 

shell water molecules were optimized using b3lyp/6-31++G(d,p) level of theory in the 

Gaussian 03 suite of programs (116). The water molecule positions were initially 
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modeled using the water positions of the LSU of H. marismortui (PDB ID:1JJ2). The D2 

complexes are virtually indistinguishable in both structures (21), but the H. marismortui 

ribosome is of higher resolution and contains more detail in the hydration layer than the 

T. thermophilus ribosome.  

Interaction energies 

The interaction energies for all complexes were calculated as a difference 

between the single point energies of a complex and its monomers. The b3lyp/6-

311++G(d,p) level of theory was used, with energies reported with the 50% correction 

(117,118)for the Basis Set Superposition Error (BSSE) using the counterpoise procedure 

of Boys and Bernardi (119). All calculations are performed in the gas phase. Aqueous 

phase calculations were performed at the B3LYP/6-311g++(d,p)//B3LYP/6-

311g++(d,p)[cpcm] level. As the D2 complex is buried within the LSU in an area with a 

low dielectric coefficient and not exposed to bulk water, the polarization effects of bulk 

solvent could be neglected in these calculations.  

Stepwise building of Mg
2+

 complexes 

ADP-Mg
2+

 complexes 

The complexes are obtained by considering two possible reaction systems; A) one 

ADP molecule reacts with two Mg
2+

 ions in the presence of excess Mg
2+

; and B) one 

Mg
2+

 ions reacts with two ADP molecules in excess ADP, as shown in figure 69. 
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Figure 69. Thermodynamic cycles for two systems. Excess Mg
2+

 (left) and excess ADP 

(right).  

 

 

In reaction (1) for both systems, as shown in Figure 69, ADP  in a -3 charge state (ADP
3-

) 

combines with hexahydrated Mg
2+

, (Mg
2+

(H2O)6)  to form the ADP-Mg complex which 

partially dehydrates the Mg
2+

 ion.  

ADP
3- 

+ Mg
2+

(H2O)6    →      ADP
3-

-Mg
2+
¶(H2O)4 complex + 2H2O   (1) 

ADP-(Mg
2+

)2 

ADP-Mg
2+

 combines with Mg
2+

 to form the ADP-(Mg
2+

)2 complex.  

ADP
3-

-Mg
2+.
¶(H2O)4 complex  +  Mg

2+
(H2O)6  

                              →         ADP
3-

-(Mg
2+
¶(H2O)4)2 complex + 2H2O   (2A) 

Reaction (3A) is defined in the thermodynamic cycle as a combination of reactions (1) 

and (2A): 

ADP
3- 

+ 2Mg
2+

(H2O)6   →  ADP
3-

-(Mg
2+
¶(H2O)4)2 complex + 4H2O   (3A) 

ADP2-Mg
2+

 

ADP-Mg combines with ADP to form the ADP2-Mg
2+

 complex. The Mg
2+

 undergoes 

further dehydration. 
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ADP
3-

-Mg
2+
¶(H2O)4 complex  +  ADP

3- 

       
 →          2ADP

3-
-Mg

2+
¶(H2O)2 complex + 2H2O   (2B) 

 

Reaction (3B) is defined in the thermodynamic cycle as a combination of reactions 1 and 

(2B).  

2ADP
3- 

+ Mg
2+

(H2O)6     →    2(ADP
3-

)-Mg
2+
¶(H2O)2 complex + 4H2O   (3B) 

 

D2 microcluster 

A construction process, a series of partial complexes that are converted in a stepwise 

fashion to the D2 complex, was used. The approach is akin to the Auf Bau process but on 

a molecular scale. All starting coordinates for intermediate complexes were taken from 

the crystal structure. Unless otherwise specified, all heavy atoms were fixed while 

hydrogens and waters and other added atoms (e.g. capping methyl group atoms) were 

optimized. A series of interaction energies were calculated for each construction step. 

The series of complexes of increasing size and complexity are described below and 

shown in 2D in Figure 70. 

1. R1: The smallest complex was an RNA moiety, R1, 5’ methyl-phosphate ribose 

3’ methyl-phosphate. It is made of a ribose with 5’ and 3’ phosphate groups that 

are not in close proximity (Figure 70A). 5’ and 3’ phosphates were capped with 

methyl groups. This is RNA in an open conformation.  R1 was fully optimized in 

all atoms. 

2. C1: The second complex was created by closing the R1 complex RNA on a 

partially dehydrated magnesium ion, M1, to form a bidentate clamp, C1 (Figure 
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70B). The bidentate clamp is the mononuclear RNA-Mg
2+

 complex formed when 

OP atoms of adjacent residues chelate a common Mg
2+

 (Figure 4) forming a ten-

membered ring containing the atoms Mg
2+

-OP-P-O5’-C5’-C4’-C3’-O3’-P-O
2
P-

Mg
2+

. Mg
2+

(H2O)6 was optimized at the b3lyp/6-311++G(d,p) level of theory. 

3. C2: The third complex was created by the addition of another RNA moiety, R2 

(identical to R1) to coordinate to the magnesium ion, leading to further 

dehydration (Figure 70C). R2 clamps to the magnesium ion via its 3’phosphate. 

Phosphates were capped with methyl groups. 

4. C3: The fourth complex was created by the binding of another partially-

dehydrated magnesium ion, M2 (Figure 70D). The magnesium is bound by 

coordination to the 5’ phosphate group of R2. R2 is still in an open conformation 

with the phosphate groups not within close proximity.  

5. D2: The final complex, D2, emerges as the 3’phosphate of R1 RNA/C1 clamp 

binds to magnesium ion M2 by coordination. This phosphate becomes a bridging 

phosphate, coordinated to two magnesium ions. This induces an open-to-closed 

conformational change, leads to further dehydration of magnesium ion M2, and 

creates the microcluster motif, consisting of the bridging phosphate which is part 

of a ten-membered ring (Figure 70E). D2 is also shown in Figure 68. 
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A.             B.            

C.    D.    

E.  

Figure 70. Intermediates of complexes in building of D2.  In each addition, atoms of 

previously added components are changed to the same color. A) R1 RNA moiety, 5’ 

methyl-phosphate ribose 3’ methyl-phosphate. B) C1, Clamp formed upon addition of 

Mg
2+

. C) C2, formed by addition of RNA moiety R2 to C1. D) C3, complex formed upon 

addition of Mg
2+

 to C2. E) D2 complex, formed upon chelation of Mg
2+

 to R2 moiety. All 

Mg ions are octahedrally coordinated, but H2O ligands are not shown. 
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Results 

ADP-Mg
2+

 complexes (2D and 3D representations) are shown in Figure 71. 

 
 

 

 

 

 

 

 
Figure 71. ADP-Mg

2+
 complexes. A) ADP-Mg

2+
 3D complex. B) ADP-Mg

2+
  complex 

with axial waters omitted for clarity. C) ADP-(Mg
2+

)2 3D  complex. D) ADP
3—

(Mg
2+

)2 

complex with waters omitted for clarity. E) ADP2-Mg
2+

 complex, with anti-parallel 

coordination of ADP molecules. F) Anti-parallel ADP2-Mg
2+

 complex with axial waters 

omitted. G) ADP2-Mg
2+

 complex, with anti-parallel coordination of ADP molecules. H) 

parallel ADP2-Mg
2+

 complex with axial waters omitted. 
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ADP-Mg
2+

 complexes 

ADP
3-

-Mg
2+
¶(H2O)4 complex   

ADP
3- 

+ Mg
2+

(H2O)6    →      ADP
3-

-Mg
2+
¶(H2O)4 complex + 2H2O   (1) 

This reaction (1) proceeds in three steps.  

Step 1: This begins with free ADP and Mg
2+
¶(H2O)4, with the conformation of ADP 

changing from open to closed. (The conformation of open ADP was obtained by 

optimizing ADP in the absence of magnesium).  

Step 2: The magnesium releases two water molecules in partial dehydration. 

Step 3: The partially dehydrated magnesium coordinates two phosphate oxygen atoms of 

ADP (a and b) to complete the octahedral geometry (Figure 71A, B). This closed ADP 

conformation is obtained by optimizing the complex in an aqueous environment, while 

the magnesium retains its octahedral coordination. An interaction energy of -22.6 

kcal/mol was calculated for the association of ADP and Mg
2+

 in gas phase. 

ADP
3-

-(Mg
2+
¶(H2O)4)2 complex 

ADP
3-

-Mg
2+
¶(H2O)4 complex  +  Mg

2+
(H2O)6  

                              →         ADP
3-

-(Mg
2+
¶(H2O)4)2 complex + 2H2O   (2A) 

ADP
3- 

+ 2Mg
2+

(H2O)6     →      ADP
3-

-(Mg
2+
¶(H2O)4)2 complex + 4H2O   (3A) 

 

In the presence of excess magnesium, reaction (2A) takes place in two steps. 

Step 1: Partial dehydration of a second magnesium ion 

Step 2: Magnesium coordinates the second pair of a and b phosphate oxygens,  
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completing the octet (Figure 71C, D) 

The interaction energy for ADP
3-

-(Mg
2+
¶(H2O)4)2 was calculated from reaction (2A) and 

from reaction (3A). According to the thermodynamic cycle, the sum of reactions (1) and 

(2A) should equal (3A). These energies are given in Table 3. 

 

Table 3. Interaction energies calculated for ADP-Mg
2+

 complexes. All energies include 

BSSE.  

Reaction Complex E [kcal/mol]  

  gas phase aqueous phase 

1  ADP
3-

-Mg
2+
¶(H2O)4 -550.7 

 

-22.6 

2A   ADP
3-

-(Mg
2+
¶(H2O)4)2 -180.9 -10.4 

2B  (P) 2ADP
3-

-Mg
2+
¶(H2O)2  -13.7 

2B  (AP) 2ADP
3-

-Mg
2+
¶(H2O)2  -11.4 

3A   ADP
3-

-(Mg
2+
¶(H2O)4)2 -731.6 -33.0  

3B (P) 2(ADP
3-

)-Mg
2+
¶(H2O)2   -36.3 

3B (AP) 2(ADP
3-

)-Mg
2+
¶(H2O)2   -34.0 

    

2ADP
3-

-Mg
2+
¶(H2O)2 complex 

ADP
3-

-Mg
2+
¶(H2O)4 complex  +  ADP

3- 

       
 →          2ADP

3-
-Mg

2+
¶(H2O)2 complex + 2H2O   (2B) 

2ADP
3- 

+ Mg
2+

(H2O)6     →    2(ADP
3-

)-Mg
2+
¶(H2O)2 complex + 4H2O   (3B) 

With excess ADP present, reaction (2B) occurs following (1) in two steps. 

Step 1: The magnesium in the ADP
3-

-Mg
2+
¶(H2O)4  loses two additional water molecule. 

Step 2: Another ADP molecule binds to the existing complex by phosphate oxygen 

coordination.  

Assuming that the first ADP molecule coordinates the magnesium ion by a and b 

phosphate oxygens, the second ADP molecule could conceivably bind to the ADP-Mg
2+
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complex in one of two ways: parallel to the first ADP, or anti-parallel with respect to the 

first. Both complexes are shown (Figures 71E-H). The interaction energy is calculated for 

both of these complexes according to reactions (2B) and (3B) and shown in table 3.  

Conversion from open to closed ADP 

There is a penalty for converting ADP from the ‘open’ to ‘closed’ forms. We 

defined an ‘open’ conformation of ADP as free, uncomplexed ADP. The ‘closed1’ 

conformation refers to ADP in the ADP-Mg
2+

 complex. The closed2 conformation refers 

to ADP in the ADP-(Mg
2+

)2 complex. In the process of reactions 1, 2A and 3A, ADP 

proceeds from an open, to closed1 and finally closed2 conformations. The energy 

difference between ‘open’ and ‘closed1’ forms of ADP is 4.5 kcal/mol in the aqueous 

phase and 19.7 kcal/mol in the gas phase. The difference between the closed1 and 

closed2 conformations of ADP is 5.7 kcal/mol and 12.3 kcal/mol in aqueous and gas 

phases respectively. These values are shown in Table 4.  

 

Table 4. Energetic penalty of conformational changes in ADP 

ADP-conformation ADP-complex ΔEopen-closed [kcal/mol] 

 
 b

gas 

phase 

c
aqueous 

phase 

Open-closed1  19.7 4.5 

Closed1-closed2  12.3 5.7 

 

Polymorphism of ADP-Mg
2+

 complexes 

With five phosphate oxygen atoms (a1, a2, b1, b2, b3) available for Mg
2+

 

coordination, an ADP
3-

-Mg
2+
¶(H2O)4 complex could be formed in several ways. In the 

results reported here, each Mg
2+

 ion coordinates one a and one b phosphate oxygen 

(Figures 71). Two other possible conformations (a,a or b,b) are shown in Figure 72.  
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Interaction energies calculated for these complexes (values in Table 5) show that the a,b 

complex is more likely to form than the other two possibilities.    

 

 
 

 

 
 

Figure 72. ADP
3-

-Mg
2+
¶(H2O)4 with Mg

2+
 coordinating to a OP atoms (top) and b OP 

atoms (bottom). 

 

 

 

Table 5. Interaction energies for various ADP
3-

-Mg
2+
¶(H2O)4 complexes in aqueous 

phase 

Coordinating OP atoms 

aatomsatoms 

a
E  [kcal/mol] 

a, b -22.6 

a,a -6.5 

b,b -19.4 

 
  

D2 Complex and intermediates 

Interaction energies of complex formation were calculated for the intermediate 

complexes of D2. All energies were obtained in gas phase.  Optimized geometries are 

shown in Figure 73. 
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C1 complex 

R1 + Mg
2+

(H2O)6     →    C1 + 2H2O    

The energy of the C1 complex, calculated using the above reaction, was -354.7 kcal/mol. 

C2 complex 

C1 + R2   →    C2 + H2O  

Interaction energy: -112.1 kcal/mol. 

D2 complex 

An interaction energy could not be obtained for the C3 complex. However, D2 

complex contains the exact elements of C3 complex, with the difference of a chelation 

interaction that is formed between the magnesium ion M2 and the R1 moiety (Figure 

71D, E). Therefore the interaction energy calculated for D2 according to the reaction 

below accounts for two things: 1) the formation of C3, via the the addition of the second 

Mg ion,M2; and 2) the formation of the coordination bond between M2 and R1 that is 

present in D2, accompanied by a conformational change  and the release of one water 

molecule.   

 

C2 + Mg
2+

(H2O)6   →    D2 + 2H2O    

 

Interaction energy: -301.9 kcal/mol 
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A 

 

B 

 

C 

 

D 

 

Figure 73. Optimized geometries of the intermediates of complexes in building of D2. 

The same coloring scheme is used in Figure 70. A) R1 B) C1 C) C2  D) D2. C3 is 

missing, as an optimized geometry was not obtained. 

 

 

Alternative pathway for D2 formation 

An alternative pathway for the formation of D2 from the bidentate clamp (C1) 

complex was briefly explored (Figure 74). The pathway is described below, along with 

interaction energies for each step.  
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C1 Ÿ C2*: C1 binds Mg
2+

, M2, to form complex C3* with dehydration of Mg
2+

. M1 

coordinates the 3’-phosphate of the clamp, turning it into a bridging phosphate. 

C1 + Mg
2+

 (H2O)6  → C2* + H2O  (IE  = -118.9 kcal/mol) 

C2* Ÿ C3*: An RNA moiety (R2) binds to C2* by coordination to Mg
2+

 M2 via its 5’-

phosphate group, and loss of an additional H2O. 

C2* + R1 → C3* + H2O (IE = -312.8 kcal/mol) 

C3* Ÿ D2: the 3’-phosphate of the R2 moiety coordinates to the original clamp Mg
2+

, 

forming the complex D2 with the loss of H2O. 

C3* → D2 + H2O (IE  = -6.7 kcal/mol) 

Both pathways are compared in Figure 75. The total energy for formation of D2 is the 

same for both pathways, as enthalpy (interaction energy) is a state function. 

 

 

 
Figure 74. Alternative pathway for the formation of D2 complex (with intermediates). 
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Cl (bidentate clamp) 

 

 
C1 →C2                             -112.1 kcal/mol C1 → C2*                            -101.2 kcal/mol 

 

 

C2  → C3                                       ** C2*  → C3*                          -306.1 kcal/mol 

 
 

C2 – D2                             -301.9 kcal/mol C3*  → D2                               -6.7 kcal/mol 

 

 
C1 →D2                               -414 kcal/mol C1 →D2                                  -414 kcal/mol 

 

Figure 75. Comparison of two pathways for the formation of D2 complex, showing gas 

phase interaction energies.  
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Discussion 

ADP-Magnesium 

The study of ADP-Mg
2+

 interactions using high level calculations allows for the 

observation of specific effects that are not able to be observed using continuum methods 

or molecular mechanics approaches. We observe anti-cooperativity in ADP-Mg
2+

 

binding, after the ADP
3-

-Mg
2+
¶( H2O)4  is first formed. The formation of this first 

complex (-22.6 kcal/mol) is more favored than is the addition of an extra ADP (-13.7 

kcal/mol) or Mg
2+

 (-10.1 kcal/mol).  

We investigate the possibility for polymorphism of ADP
3-

-Mg
2+.
¶(H2O)4.  For a 

complex formed in which magnesium is (ObP, OaP)- or (ObP, ObP)-coordinated, four-

membered chelation rings would be formed.  While the interaction energies involved in 

the (ObP, ObP)-complex (-19.4 kcal/mol) is significantly more favorable than  (OaP, 

OaP) (-6.5 kcal/mol) , both are less favored than the (OaP, ObP) complex (-22.6 

kcal/mol).  This result is consistent with the lack of observed a,a, or b,b coordination in 

Protein Data Bank structures. The more favorable interaction in a,b coordination could 

be the driving force behind the prevalence of this conformation in ADP-Mg
2+

 complexes. 

D2 complex 

Formation of microcluster D2 is explored. Beginning from the 5’ methyl-

phosphate ribose 3’ methyl-phosphate, the bidentate clamp is formed, and additional 

components are added until D2 is constructed. Two pathways for formation of D2 are 

investigated. Intermediate complexes for both pathways were geometry-optimized, and 

interaction energies for each step obtained. In one pathway, the D2 formation proceeds 
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by addition of positively charged Mg
2+

 ion to the complex, while in the second pathway, 

D2 formation proceeds by addition of a negatively charged RNA moiety to the complex. 

For both pathways, we observe anti-cooperativity after the clamp formation. The energy 

of adding additional, charged fragments to the clamp is less than the overall energy of 

clamp formation. The anti-cooperativity could be associated with the charge repulsion in 

the newly added fragment. We observe that the anti-cooperativity is reversed in the third 

step of each pathway (Figure 74) when the next, oppositely charged fragment is added. 

In other words, Mg
2+

 added to the clamp forms the anticooperative clamp-Mg
2+

 complex, 

and the addition of RNA
2- 

to the above clamp-Mg
2+

 complex allows for charge 

neutralization, and is therefore a cooperative reaction.  

Comparison of both pathways reveals certain preferences in RNA-Mg complex 

formation. Coordination of a new RNA ligand to a Mg
2+

 ion in a bidentate clamp is 

revealed to be more favorable than the coordination of a new Mg
2+

 ion to a common 

phosphate. This might imply that the effect of the Mg
2+

-Mg
2+

 repulsion is slightly greater 

than the effect of repulsion between negatively charged phosphate groups. In addition, 

although the ring closure of C3* to D2 might be expected to be unfavorable, it is 

observed here to be favorable. This indicates that the favorable interaction energy gained 

with Mg
2+

 coordination of the phosphate oxygen atoms outweighs the negative penalty of 

ring closure. 

The QM-optimized D2 geometry was used to gain insight into the role of Mg
2+

 in 

stabilizing rRNA-rProtein interactions (120). The magnesium ions in D2 link rRNA to 

rProtein L2 by orienting and polarizing water molecules within the first coordination 

shell of Mg
2+ 

 (Figure 76). The Mg
2+

 waters are then able to interact strongly with 
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protein. The inability of other biological cations (e.g. sodium, positively charged amino 

acids, or polyamines) to polarize and orient water molecules to the same extent is 

responsible for their inability to substitute for magnesium in RNA. D2-L2 interactions 

appear to play an important role in the architecture of the LSU. D2-L2 interactions are 

highly conserved between bacteria and archaea, indicating that it could be a critical 

component of one of the oldest biological assemblies. 

 
Figure 76. Interactions of four nonpolarized water molecules with ribosomal protein L2. 

The (H2O)4-L2 complex is formed by omitting the magnesium ions and the rRNA from 

D2-L2. Reprinted from (120) with permission. 

 

Using a D2-L2 complex in which the rRNA and magnesium ions were omitted, a 

difference in the polarization (as calculated by the NEDA analysis, Table 6) was 

observed. The intact D2-L2 complex has a larger component of polarization (-39.1 

kcal/mol) compared to that of the (H2O)4-AMN complex (-19.3 kcal/mol). This study 

reveals the significant role played by polarization of water molecules by magnesium. 

This result is also consistent with previous observations that first-shell incorporation of 

water molecules by magnesium decreases their pKa.  
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Table 6. NEDA energies and components. Electrostatic (EL), polarization (POL), charge-

transfer (CT), exchange (EX), deformational (DEF) components and the total interaction 

energy (TOT) are calculated in the NEDA framework. Reprinted from (120) with 

permission. 

Complex EL POL CT EX DEF TOT 

D2-L2 -55.4 -39.1 -94.2 -15.5 165.6 -38.6 

(H2O)4-L2 -34.6 -19.3 -72.2 -12.9 130.6 -8.4 

       

 

 

Concluding Remarks 

Quantum mechanical methods provide valuable insights into nucleic acid-Mg
2+

 

interactions. An investigation has been performed on the factors that affect the stability of 

the D2-L2 complex. Deconstruction and computational results show that magnesium ions 

in D2 enhance the interactions of water molecules with L2 rProtein. The importance of 

the non-electrostatic effects, charge transfer and polarization, for these interactions is 

shown. Such non-electrostatic effects cannot be captured by MD simulations or 

continuum methods, therefore these methods will not provide an accurate description of 

the systems described here. In addition, the insight provided by the energy decomposition 

(NEDA) is invaluable for understanding the physical factors responsible for observed 

effects in Mg
2+

 binding. We demonstrate a useful application for QM theory for studying 

RNA-Mg
2+

 interactions. These studies provide insight that cannot be observed in 

experiments.  
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CHAPTER SIX 

IDENTIFICATION OF MG
2+

 AND FE
2+

 BINDING SITES IN RNA 

Introduction 

It is hypothesized that RNA might have used Fe
2+

 as a biological cofactor, on an 

anoxic early earth. In these conditions, Fe
2+

 was benign and not harmful for RNA. During 

the GOE, Fe
2+

 would have been replaced by Mg
2+

 in RNA folding and function. The 

similarities of Mg
2+

 and Fe
2+

 in size and coordination preferences support this hypothesis. 

Experiments were performed to test the ability of Fe
2+

 to substitute for Mg
2+

 in 

facilitating RNA folding (30). QM calculations showed that when Mg
2+

 is replaced by 

Fe
2+

 in a first-shell RNA-metal interaction, the coordination geometry is conserved 

between both complexes, with nearly identical features for the two. This observation 

supports the ability of Mg
2+

 to substitute for Fe
2+

 in RNA folding. Additionally, RNA 

footprinting studies in the presence of Mg
2+

 or Fe
2+

 revealed nearly identical profiles, 

indicating that all Mg
2+

-dependent interactions in P4-P6, including the tertiary 

interactions, were conserved and recapitulated by Fe
2+

.These findings, along with others 

in the literature (31), strongly suggest that Mg
2+

 and Fe
2+

 interact at the same binding 

sites in RNA. Explicit evidence for this hypothesis has not yet been reported. 

Metal-induced cleavage of RNA 

Metal ion-induced cleavage of RNA has been widely studied (121-125). The 

mechanism of metal-ion catalyzed cleavage of RNA is not completely understood, and 

several have been proposed. Regardless, this method has been found to be useful for 

potentially revealing regions of the RNA molecule in close proximity to metal ions (126).  
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In-line cleavage  

A proposed mechanism for RNA cleavage by metals (127) is that hydrated metal 

ions cleave RNA by acting as Brønsted bases. The oxygen atom of a bound water 

molecule abstracts a proton from the 2’-OH group of the ribose, generating a 2-O
-
 group 

which attacks the phosphorous atom, with departure of the 5’OH group (Figure 77). This 

attack is facilitated by a conformation in which the attacking nucleophile and the leaving 

group are positioned about 180° from one another, known as the in-line geometry (126).  

 
Figure 77. Possible mechanism of base-induced cleavage of RNA. Figure adapted from 

(126). 

 

Cations with a low pKa of their hydrates are known to cleave RNA better than 

cations with higher pKas (128). Single-stranded regions in RNA are more spontaneously 

cleaved by this mechanism (100-fold more effectively than double-stranded regions), 

because they can more frequently sample the in-line conformation that is required for this 

cleavage (129). While it is not clear that metal-induced in-line cleavage of RNA can be  

used as a probe for atoms involved in metal ion coordination or importance of certain 

metals in RNA folding and function, it is believed that in-line cleavage may be able to 

provide clues about the location of some metal ions. Mg
2+

-induced cleavage sites in 
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P5abc, a subdomain of P4-P6 RNA, were not all found to correspond to metal-binding 

sites in P4-P6 RNA as determined by the X-ray crystal structure (129). It was proposed 

that metal ions might associate with RNA and alter tertiary structure in a manner that 

generates linkage conformations favoring in-line attack, allowing for the observation of 

cleavage sites that are not in close proximity to the metal-binding sites (129). So while in-

line cleavage may be useful for determining whether two metals (Mg
2+

 and Fe
2+)

 can 

induce similar changes in a large RNA, indicating that they possibly interact at the same 

sites,  there is no conclusive evidence that all spontaneous RNA cleavage sites actually 

reside near metal-ion binding pockets (130,131).  

 

Experimental Methods 

Materials 

Nuclease free water (IDT) was used in all experiments involving RNA. Fe
2+

 

solutions were prepared using FeSO4-7 H2O (J.T. Baker). Mg
2+

 solutions were prepared 

using MgSO4 (Fisher Scientific). DCTA stock solutions were prepared by titrating a 

solution of DCTA (Sigma-Aldrich, CAS# 13291-61-7) with sodium hydroxide to pH 7. 

HEPES-TRIS stock buffer solutions were prepared by mixing solutions of HEPES free 

acid and TRIS free base in H2O to achieve pH 7.2. Metals were removed from RNA 

using divalent cation chelation beads (Hampton Research). a-rRNA was synthesized and 

purified as previously described. 5’-[6[Carboxyfluorescein]-labeled DNA oligonucleotide 

primers were obtained from Eurofins MWG Operon. Hi-Di Formamide and Performance 

Optimized Polymer-4 used for Capillary Electrophoresis were obtained from Applied 



 

120 

 

Biosystems. SuperScript III Reverse Transcriptase for RT reactions was purchased from 

Invitrogen. 

Reaction Conditions 

All cleavage reactions were performed within a Coy anaerobic chamber in an 

atmosphere of 95% argon and 5% hydrogen. Reactions were performed in 20 mM Tris-

Hepes buffer, pH 7.2.  

Sample preparation 

RNA samples were lyophilized in buffer, transferred to the Coy chamber as 

powders, resuspended in degassed H2O inside the chamber. Fe
2+

 and Mg
2+

 solutions were 

prepared by dissolving a known mass of FeSO4-7H2O or MgSO4 salt in degassed H2O 

inside the Coy chamber. Mg
2+

 or Fe
2+

 was added to the RNA in a 37 °C heating block to 

initiate the reaction. DCTA (chelator) was added to the control samples with no divalent 

metals. Samples were removed at various timepoints, and divalent chelation beads were 

added to quench the reactions. Chelation beads were removed using spin columns, prior 

to running RNA cleavage products on gels or reverse transcription reactions. The final 

reaction conditions, unless otherwise specified, were: Mg
2+

 or Fe
2+

, 1 mM; DCTA, 1 

mM; HEPES-TRIS, 20 mM, 37 °C. The nucleic acid (a-rRNA) concentration used was 

0.13 μM (80 μM in nucleotides).  

Reverse transcription reactions 

Reverse transcription (RT) reactions were used to obtain labeled cDNA fragments 

from the RNA cleavage products. Four different 5’-[6-FAM]-labeled DNA 
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oligonucleotides (Eurofins MWG Operon) were used. Each helix in parenthesis either 

contains or succeeds the primer binding site on a-rRNA. 

5’-TGCCCGTGGCGGATAGAGAC-3’ (helix 73),  

5’-ACATCGAGGTGCCAAACCGCC-3’ (helix 89),  

5’-GTTCAATTTCACCGGGTCCCTCG-3’ (helix 61)  

5’-CGTTACTCATGCCGGCATTCGC-3’ (helix 26). 

Cleaved RNA (20 μL) was added to 8 pmol of each primer in 10 mL of TE buffer. 

Samples were heated at 95 °C for 1 min, held at 65 °C for 3 min and then placed on ice. 

SuperScript III Reverse Transcriptase was used in RT reactions. RT buffer (19 mL) was 

added at 30 °C to yield final concentrations (in 50 mL) of 50 mM Tris-HCl pH 8.3, 75 

mM KCl, 3 mM MgCl2, 2mM DTT and 250 mM of each dNTP. RT mixtures were 

heated at 55 °C for 1 min before addition of 1 mL SuperScript III RT enzyme mix (200 

U). Reactions were incubated at 55 °C for 2 h and terminated by heating at 70 °C for 15 

min. A sequencing control reaction of unmodified in vitro-transcribed RNA was 

dissolved in TE buffer. Aliquots of RNA solution were annealed to the DNA primers and 

RNA was sequenced by RT/chain termination using all four 

dideoxynucleotidetriphosphates (ddNTPs) at a ratio of 8:1 ddNTP to dNTP. 

Instrumental Methods 

Gel Electrophoresis 

Polyacrylamide gel electrophoresis (PAGE) is used to examine the products of the 

cleavage reactions.  6%, 8M urea denaturing gels are stained with Sybr Green II to 

visualize bands. 
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Capillary Electrophoresis 

1 mL of RT reaction mixture was mixed with 0.3 mL of ROX-labeled DNA sizing 

ladder (for alignment of disparate traces) and 8.7 mL of Hi-Di Formamide (Applied 

Biosystems) in a 96-well plate. Plates were heated at 95 °C for 5 min and the products 

were resolved by capillary electrophoresis using a 3130 Genetic Analyzer (Applied 

Biosystems) at 65 °C with a custom fluorescence calibration. The capillary array was 

loaded with Performance Optimized Polymer-4 (Applied Biosystems).  

Data Processing 

The output of a CE experiment is a series of “data traces,” or electropherograms, 

which report fluorescence intensity values as a function of migration time. CE traces 

were converted into final cleavage measurements with in-house Matlab code, developed 

for analysis of SHAPE experiments. Seven key steps were required: (i) alignment, (ii) 

baseline correction, (iii) sequence assignment, (iv) peak quantification, (v) signal decay 

correction, (vi) background subtraction, and (vii) normalization. The procedure is fully 

described elsewhere (50). In all cases, RNA control cleavage reactions that had DCTA 

chelator added and no divalent metal, was used as the background signal.  

Results 

Mg
2+

 and Fe
2+

-induced in-line cleavage of a-rRNA 

PAGE analysis of cleavage products 

RNA was cleaved by 1 mM Fe
2+

 over a range of time points up to 7 hours (Figure 

78). Cleavage was performed in the anaerobic chamber to prevent Fe
2+

 from oxidizing to 
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Fe
3+

 and cleaving a-rRNA. Products were run on a gel to observe fragments. The extent 

of cleavage was observed to increase with time. Based on the gel, 3 hours was selected as  

the maximum length of time to be used for Fe-cleavage data.   

Similarly, a-rRNA was cleaved by 1 mM Mg
2+

 in anaerobic conditions, to 

maintain consistency with Fe
2+

 results. Mg
2+

 cleavage was observed to proceed much 

slower than Fe
2+

, so cleavage samples were taken over a range of days (Figure 79). 

 

 

 
Figure 78. Products of Fe

2+
-induced in-line cleavage of a-rRNA. 
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Figure 79. Products of Mg

2+
-induced in-line cleavage of a-rRNA 

 

Direct comparison of the PAGE-analyzed gel fragments from Mg
2+

 and Fe
2+

 cleavages 

revealed similarities (Figure 80). 

 
 

Figure 80. Mg
2+

 and Fe
2+

 in-line cleavage of a-rRNA. 
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Capillary electrophoresis  

Three datasets were obtained for a-rRNA cleavage by each metal, corresponding 

to different time points of cleavage. Mg
2+

 samples were cleaved for 0 day, 1.5 day and 2 

days (Figure 81). Fe
2+

-cleaved samples were incubated for 0 min, 15 min, and 30 min 

(Figure 82). Cleavage products were analyzed by capillary electrophoresis. Positions of 

peaks indicate residue positions where cleavage occurred. No cleavage data was obtained 

for the last 15 residues of the 615-nucleotide a-rRNA. For all time points, controls 

containing DCTA and no divalent were obtained in parallel, and subtracted during the 

analysis. Positions of cleavage were designated as residues for which a peak was 

observed in at least two of the three datasets for each metal. Many sites had peaks with 

very low intensities, so high-intensity peaks were differentiated from low-intensity peaks, 

i.e. slightly above the average background signal. Twenty cleavage sites were identified 

for a-rRNA cleaved by each  metal (Figures 80 and 81).Of these, 19 were common to 

both Mg
2+

 and Fe
2+

, possibly indicating similar metal-induced in-line cleavage by the two 

cations (Figure 83). These sites are summarized in Table 7. 
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Figure 81. Analysis of Mg

2+
-cleaved a-rRNA fragments. 

 

 
Figure 82. Analysis of Fe

2+
-cleaved a-rRNA fragments. 

 

 

 

 
Figure 83. Comparison of Mg

2+
 and Fe

2+
 cleaved a-rRNA. Asterisks (*) indicate 

positions of cleavage that are common to both metals. 
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Table 7. Sites of Mg
2+

- and Fe
2+

- induced in-line cleavage of a-rRNA. Uppercase X is 

used to indicate sites with prominent peaks, while lowercase x is used to indicate sites 

where low peaks (slightly above background) are observed. 

 

Residues Mg
2+

 Fe
2+

 

 0D 1.5D 2D 0 min 15min 30min 

46 x X X X x x 

149 X X X X X X 

165 X  X X x X 

181 x x     

211 X X X   X 

231   X x x x 

245 x X X   X 

257 X  X X X X 

287 x X X X X x 

343 x x X x x X 

373 x x X x  x 

385 X x X X X X 

399 X  X X X X 

424 x X X x x x 

437 x X X x x  

453 X x X X X X 

476 x X X   X 

494 X  X X X X 

505    x x  

548 X X X X X X 

574 X X X x x X 

 

 

 

Discussion 

Mg
2+

 and Fe
2+

 cleave at similar sites 

In-line cleavage has been used extensively to probe RNA structure (126), but in a 

more limited capacity to probe metal ion binding sites. Such experiments are motivated 

by the idea that strong metal ion-induced cleavage suggests the presence of specific metal 

ion-binding sites, with residues involved in metal coordination in close proximity to the 
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site of cleavage. Because it is not always the case that i) RNA cleavage events correspond 

to the abstraction of a proton from a 2’-OH group near the metal ion; ii) RNA groups will 

act as ligands for a metal ion they are coordinated to, and iii) metal ions are even able to 

coordinate a water molecule correctly, precisely positioning it for cleavage, it is 

important to interpret results from in-line cleavage experiments with caution. 

We observe specific positions of cleavage with both Mg
2+

 and Fe
2+

. PAGE 

analysis of the cleavage products shows that Fe
2+

 is more reactive in the cleavage 

reaction than Mg
2+

. This result is consistent with computational data that shows that Fe
2+

 

is better than Mg
2+

 at activating the phosphorous atoms of RNA to nucleophilic attack, an 

increase in activation that is attributed to the accessibility of the d-orbitals of Fe
2+

 (30). It 

is also consistent with predictions from the mechanism of in-line cleavage, that Fe
2+

 

which has a lower pKa of its hydrate compared to Mg
2+

  (Fe
2+

 6.0 – 6.7, Mg
2+

 11.4) 

cations with lower pKa of their hydrates will cleave RNA better than Mg
2+

. 

Cleavage fragments visualized by PAGE reveal nearly identical banding patterns 

with smaller bands that increase as a function of time, indicating the appearance of more 

cleavage product with time. This is a confirmation that there is more product appearing, 

useful knowledge because the CE analysis data does not provide reliable quantitative 

information.  

A comparison of observed cleavage sites in Mg
2+

 and Fe
2+

 reveal many 

similarities. Both metals show 19 out of 20 cleavage sites in common (Figure 83).  

Similarities are observed when low-magnitude peaks are taken into account. The analysis 

method does not allow for reliable quantification of cleavage products, so a qualitative 

approach is applied to this data. The differences in peak magnitude is not taken into 
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account, as much as the position of the peak, which indicates a site of cleavage. The 

observation of a high fraction of peaks at the same positions indicates similar cleavage 

patterns for Fe
2+

 and Mg
2+

.   

A cautious interpretation of this data is that Mg
2+

 and Fe
2+

 might be potentially 

interacting at some similar sites in a-rRNA, inducing cleavage around those sites. These 

findings are consistent with SHAPE experiments probing the structure of a-rRNA in the 

presence of Mg
2+

 or Fe
2+

. The SHAPE experiments reveal similar secondary structure in 

the presence of both metals (unpublished data). Unfortunately the lack of three-

dimensional structural information for a-rRNA poses a limitation in drawing further 

conclusions from these experiments.  

A known structure of a-rRNA with identified Mg
2+

 binding sites would be useful 

for confirming whether the cleavage sites identified in these experiments are meaningful 

with regards to actual Mg
2+

-binding sites. Figure 84 shows the Mg
2+

 ions as observed in 

the T. thermophilus crystal structure overlaid on the a-rRNA secondary structure (pink 

circles). While these positions only provide, at best, an approximation for the metal-ion 

binding sites in a-rRNA, we see that only ~55% of the cleavage sites (Figure 84, blue 

circles) are seen to be within at least 3 nucleotides of a Mg
2+

 ion. Therefore it appears 

unlikely that these in-line cleavage experiments are reporting on metal ion binding sites 

in a-rRNA. 
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Figure 84. Secondary structure of a-rRNA  showing cleavage sites and predicted Mg
2+

 

binding sites. Residues within 2.4Å of Mg
2+

 in T. thermophilus are colored pink, 

cleavage sites obtained in Mg
2+

 and Fe
2+

 cleavage are colored blue.  
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Concluding Remarks 

This work provides evidence of similar Mg
2+

 and Fe
2+

 binding sites in a-rRNA, 

resulting in the observation of similar cleavage sites. Future work will be required to 

obtain reliable identification of metal-ion binding sites in a-rRNA. This would confirm 

the findings of these experiments, and show the accuracy and usefulness of metal-

induced cleavage as a probe for metal ion binding sties.  

Additionally, the use of other metals such as Pb
2+

 and Tb
3+

, both of which have 

been used extensively in in-line cleavage assays, could be useful as a control reaction. 

The underlying hypothesis of this work is that Mg
2+

 and Fe
2+

 compete for the same 

binding sites because they perform similar functions with RNA and have similar ionic 

properties. By this line of reasoning, Pb
2+

 and Tb
3+

 which have vastly different properties 

than Mg
2+

 or Fe
2+

, may not compete in the same way for binding to RNA.  

Another beneficial experiment would be to analyze the cleavage fragments from 

the gel. Corresponding bands between Mg
2+

 and Fe
2+

-cleavage experiments could be 

excised from the gel, reverse transcribed (using poly(A) tails and poly(T) primer), and 

sequenced to confirm that they are the actually the same product. This would be a useful 

control for confirming that the products of in-line cleavage using both metals are the 

same. 

Finally, cleavage experiments have been previously performed by folding the 

RNA in the presence of Mg
2+

, and adding a cleavage-inducing metal ion to displace Mg
2+

 

from high-affinity binding sites (126). This method may be useful in future experiments 

for confirming that Fe
2+

 and Mg
2+

 compete for the same binding sites in RNA, and 

identification of these sites.  
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CHAPTER SEVEN 

CONCLUSION AND FUTURE OUTLOOK 

RNA and Mg
2+

 

In this work, I have used circular dichroism to show that RNA helical regions 

have what appear to be slightly different structures in the presence of sodium or 

magnesium. Distinct CD signatures were observed for the different forms. I have also 

showed that helical regions of larger RNAs with complex tertiary interactions also 

display differences between sodium and magnesium forms. Future work will be useful 

for investigating the CD signatures obtained for RNA duplexes in the presence of 

different cations. In addition, detailed studies on the CD signatures associated with 

various sub-classes of A-form RNA (e.g. A’-RNA) will be beneficial. If these features of 

different A-form RNA conformations could be identified and assigned, it could become 

possible to identify the specific conformations present in duplex RNA in the presence of 

different cations. My work illustrates the importance of looking at difference CD spectra 

in addition to the actual CD data. The difference spectra have revealed distinct features of 

RNA and differences between sodium and magnesium forms that would not have been 

observed in the regular spectra. 

This work also highlights the need for further structural investigations of RNA 

duplexes with different cations. Crystallography (64,65), NMR studies (77), anomalous 

small angle x-ray scattering (132,133)and molecular dynamics simulations (134,135) 

have revealed binding preferences for different cations in RNA duplexes. More detailed 

work could potentially reveal the helical changes that occur in RNA duplexes in the 
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presence of different counterions. This is important for understanding what the observed 

CD changes in this work correspond to.  

RNA and Fe
2+

 

Certain RNAs gain oxidoreductase ability when in combination with Fe
2+

. These 

results, obtained under early earth conditions, have important implications for the RNA 

world hypothesis. They also provided a number of unanswered questions that could be 

promising for future investigations. For example, the specific requirements in RNAs that 

make them catalytic are not completely known or understood.  Future work will need to 

be performed to understand the mechanism by which RNA-Fe
2+

 complexes catalyze 

oxidoreduction. 

Kinetic investigations of catalytic RNAs revealed that not all the RNAs follow 

Michaelis-Menten kinetics. Further work will be useful for understanding why some 

RNAs possess activity that saturates with increasing substrate concentration while others 

do not display any correlation between initial velocity and substrate concentration. The 

investigation of a large number of diverse RNAs in this assay could be useful for this 

purpose. In addition, different Km values in the different RNAs suggest a difference in 

‘substrate-binding’ by the enzymatic complex. It is not clear whether the substrates 

(TMB and/or H2O2) are actually binding to the RNA during catalysis. Investigation of the 

nature of the interaction between the enzymatic complex and substrates could reveal 

important mechanistic information about this reaction, as well as potentially allow for a 

priori identification of catalytic RNAs.  

This work emphasizes the importance of performing experiments aimed 

understanding the origin of life under early earth conditions. It is possible that close 
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association of biological macromolecules with Fe
2+

 may have been a critical determinant 

in the establishment and development of the current system of RNA, DNA and protein, 

possibly during the RNA world (24,136-141).  This work hints at the need for further 

investigations of RNA-Fe
2+

 complexes. Oxidoreduction using the peroxidase assay has 

been investigated, but there are many other types of redox reactions that could be 

investigated. Catalytic activity other than oxidoreduction should also be investigated as 

these could provide important hints about the types of reactions that were present on early 

earth. 

 Several protein enzymes that process nucleic acids use Mg
2+

 or other divalent 

metals as cofactors.  Metals are known to be mobile and intererchangeable within 

enzymes. For these reasons, it could be highly beneficial to perform a reverse Mg
2+

 to 

Fe
2+

 substitution in nucleic acid processing enzymes and test for enzymatic activity under 

early earth conditions. This could lend support to the hypothesis that the GOE drove Fe
2+

 

replacement by Mg
2+

, Mn
2+

 and other metals in protein enzymes as the primary divalent 

cation for facilitating folding, catalysis and processing of nucleic acids. 
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