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“I think I'm able to explain things because understanding wasn't entirely easy for me. 

Some things that the most brilliant students were able to see instantly I had to work to 

understand”  
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SUMMARY 

RNA is one of life’s three essential biopolymers. RNA is so entrenched in biology 

that it is thought to have arisen near the origin of life itself. Work herein uses RNA’s 

ancient relationship with metals as a detective’s lens to peer back into time. The 

dependence of RNA on divalent metal (M2+) ions for its form and function is well-

studied, but that knowledge left gaps in the deeper significance of the natural RNA-M2+ 

relationship. This work turns the RNA-M2+ relationship into new insight about RNA's 

origin and evolution through time. We first demonstrate a shared reaction between two 

different M2+ and RNA, further evidence that RNA may change between M2+ through 

time, making RNA adaptable and thereby successful over Earth history. We then show 

that RNA combined with M2+ yields innate yet sophisticated behavior not previously 

understood and shedding light on RNA’s origin. 

RNA uses Mg2+ as its primary M2+ partner in modern life. However, RNA 

evolved when Fe2+ was more bio-available, in a time before rising atmospheric oxygen 

caused Fe2+ to “rust out”. Mg2+ and Fe2+ are similar in size and atomic coordination, 

suggesting Fe2+ could have been an earlier binding partner of RNA. Confoundingly, Fe2+ 

exposed to oxygen forms free radicals that break down biomolecules including RNA, 

limiting studies of similarities of Mg2+ and Fe2+ in RNA chemistry. This research shows 

that when Fe2+ is kept in anoxic conditions mimicking early Earth, it does not cause 

oxidation reactions. Instead, Fe2+ has the same reaction with RNA as does Mg2+. Both 

Fe2+ and Mg2+ cause RNA to adopt a specific, 180° arrangement of certain atoms that 

leads to RNA self-cutting called “in-line” cleavage. This reaction similarity of Fe2+ and 
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Mg2+ adds to growing evidence that Fe2+ may have been an early binding partner of 

RNA, and that RNA adaption through swapping out M2+ may have made it successful 

over billions of years. Moreover, Fe2+ may have sped up early RNA evolution relative to 

Mg2+, allowing RNA to diversify and multiply. 

To RNA, M2+ is a double-edged sword. While M2+ ions catalyze RNA in-line 

cleavage, shortening its lifetime, they also promote RNA folding, which in turn protects 

RNA from cleavage. Here, we combine these concepts into the following scheme: too 

little M2+ shortens RNA lifetime because there is no folding and therefore no cleavage 

protection, too much M2+ shortens RNA lifetime because cleavage overwhelms folding 

protection, but the in-between “Goldilocks peak” of moderate [M2+] is “just right”. Our 

simulations and experiments using Mg2+ support this hypothesis, showing that folding 

RNAs had Goldilocks peaks while non-folding RNAs do not. The peaks can take on a 

variety of appearances, revealing unexpected complexity from the innate RNA-Mg2+ 

relationship. The Goldilocks peak appearance depends on RNA sequence, meaning the 

phenomenon can be tuned by a simple change in RNA code. Tuning Goldilocks peaks 

through RNA sequence is a potential mechanism for chemical and biological evolution. 

The average Goldilocks peak of modern RNA may reflect the metal conditions of its 

origin, giving a clearer picture of the environment where life emerged. The Goldilocks 

peak boost to RNA lifetime perhaps caused RNA to win out over competing polymers on 

early Earth, a possible explanation for why RNA is one of life’s core biopolymers. 
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CHAPTER 1. INTRODUCTION 

How did life begin? Why is life made from its current chemistry of nucleic acids, 

proteins, carbohydrates, water, etc.? These are questions in the field of astrobiology, the 

study of the origin, evolution, distribution, and future of life in the universe (1). These are 

also questions that can be investigated in part by studying RNA. RNA is useful for 

interrogating questions on the origin of or early life because it was an early biomolecule 

in evolution still abundant today, with preserved ancient information. Chemical laws and 

principles do not change across time, therefore studying RNA chemistry now reveals the 

ancient rules of biochemistry. One such rule is that RNA depends on metals for its form 

and function, which highlights the ancient importance of metals in early evolution. 

Detecting the RNA-metal relationship might uncover a set of metal conditions that aided 

life’s emergence and remains integral in biology to this day. 

1.1 RNA is a molecule of ancient importance 

Life on Earth originated at least 3.4 billion years ago (2). Meeting the criteria of 

life meant becoming a self-sustaining chemical system capable of Darwinian evolution, 

according to a popular definition (3). The ability of known life to self-sustain, or renew 

its biomolecules, depends on RNA. Darwinian evolution requires a genetic code, which 

can be carried by RNA. Therefore, RNA may have supported early life, possibly near to 

the origin of life, although this can never be known (4). RNA was not necessarily the sole 

or original biopolymer; proto-biopolymers could have predated RNA (5). However, such 

ancient molecule identities are uncertain, while RNA is certainly ancient and can be 
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studied in situ. Lasting signals of RNA’s early importance are its position in the core of 

life, information content, conservation, catalysis, and ubiquity across biology. 

1.1.1 RNA and protein mutualism is at the core of life 

The central dogma of biology is that life uses DNA as a template to transcribe 

RNAs, some of which are translated into protein. Out of the 63 protein-coding genes 

shared by all life, 58 support translation, 2 are for transcription, and 3 are for genetic 

replication and repair (6), meaning that translation and its supporting processes were 

more central to ancient life than other processes, for example metabolism, membrane 

maintenance, cell division, and molecular transport. Transcription is currently thought to 

predate DNA replication (7,8), leaving transcription and translation as the pillars of early 

life. A core of translation, making protein, and transcription, making RNA, is reasonable 

on a molecular level. First, components to make both RNA and protein likely existed 

together on early Earth (9,10). There would have been ample opportunity for the two to 

interact rather than separate to pure environments. Second, all life uses RNA to make 

protein and uses protein to make RNA in a mutual cycle (11). To make protein, 

messenger RNA (mRNA), holds the code for a protein to be constructed by ribosomal 

RNA (rRNA) using amino acids carried by transfer RNA (tRNA). To make RNA, 

ribonucleotides are linked together by a protein called RNA polymerase. By extension, 

all modern biology is elaborations on a ceaseless cycle of RNA and protein mutualism 

reaching back to before the birth of life itself. RNA with protein is an ancestor to all life. 

1.1.2 RNA carries genetic and physical information 
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RNA is distinct from protein in that the sequence that gives it is structure is also 

its genetic code. RNA serves as a genetic template for a complementary RNA strand, 

which in turn templates the original RNA. A protein cannot template itself. But in RNA, 

the genotype and phenotype are united. One consequence is that RNA molecular 

evolution can be many orders of magnitude faster than organismal evolution, where 

phenotype and the DNA genotype are separate (12). If evolution on early Earth included 

a simple system wherein RNA could be copied, RNAs susceptible to degradation would 

be copied to a lesser extent and thereby removed from the gene pool. This would 

encourage rapid growth of RNA complexity to support early biochemistry. Such RNA 

evolution exists modernly as viroids, small circular RNAs that infect plants, where the 

survival and replication of the viroid depends on the RNA’s physical shape (13). RNA is 

also fully capable of carrying a genome, which it does in RNA viruses (14). In sum, RNA 

is a carrier of genetic information with implications for the progress early evolution. 

1.1.3 RNA is highly conserved 

The most ancient, coded information in cells still detectable in modern life, i.e. 

the oldest conserved sequences, is rich in instructions for building and using RNA. Many 

such sequences pre-date life’s last universal common ancestor (LUCA), indicating they 

arose at the time of or before LUCA. Many studies have reconstructed LUCA’s genome 

to understand how it lived by finding protein-coding genes conserved across modern 

organisms (6,15-18). While insightful, protein-focused studies can only give protein-

related results. In a study comparing full genomes rather than only protein-coding genes, 

of life’s 35 most-conserved sequences (defined by 100 nucleotide fragments), 40% are 

for rRNA, 46% are related to tRNA, and 14% are for adenosine triphosphate-binding 
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cassette transporters, which depend on an RNA nucleotide (19). rRNA sequences also 

have the greatest levels of conservation. In fact, rRNA’s level of conservation cements 

16S rRNA as a biochemical standard for measuring diversity and identities of organisms, 

as 16S rRNA is identifiable across all life while simultaneously harboring sequences 

specific to the different levels of taxonomy that emerged through time (20). RNA’s deep 

conservation in the genetic code insinuates RNA in the earliest biochemistry.  

RNA is not only conserved by sequences in genetic code, but RNA’s structure is 

conserved in physical patterns that pre-date known gene sequences. During evolution, 

functional and physical constraints on structured RNA tend to maintain its existing 

portions, causing adaptation to occur through offshoots on the RNA called RNA 

expansion segments (21). Addition of new segments onto old creates growth through 

accretion rather than remodeling. To reconstruct the ancient past, then, removing 

successive outer layers of expansion segments reveals increasingly ancient portions of 

RNA. This dissection process applied to the ribosome, itself one of life’s earliest 

molecular machines, traces its lineage back even farther than conserved genes. Long 

before LUCA had ribosomes, there existed a few RNA segments that eventually became 

rRNA. 

1.1.4 RNA is catalytic 

Another argument for RNA’s antiquity is that its ability for catalysis may have 

created indispensability during early evolution. RNA’s catalysis was discovered in the 

early 1980’s in the form an RNA enzyme, or ribozyme, that reacts to cleave itself 

(22,23).  Since then, the known catalysis of RNA has expanded to over twenty different 
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reactions (24). Each one is further support for RNA having played an important role as an 

enzyme on early Earth. Of note, the ribosome, responsible for making all coded proteins, 

catalyzes peptide bond formation using its RNA, making it a ribozyme (25). It is possible 

that RNA performed myriad other reactions that helped life to evolve. 

1.1.5 RNA is ubiquitous across biology 

RNA and its chemical structure are spread throughout biochemistry, pointing to 

an early emergence followed by adoption across systems. Outside of its role in protein 

translation, RNAs have found their way into essential processes including DNA 

replication (26), tRNA processing (27), gene regulation (28-31), molecule and 

temperature sensing (32-35), and cellular organization by phase separation (36,37). 

Similarly, RNA’s chemical structure has been appropriated in essential cofactors. 

Two of the building-block units that make RNA, or nucleotides, called adenosine 

triphosphate (ATP) and guanosine triphosphate (GTP), are essential protein cofactors and 

energy currency for all cells (38,39). A third nucleotide bearing a cyclic phosphate called 

cyclic adenosine monophosphate (cAMP) is a multi-purpose signaling molecule in all 

domains of life (40). More cofactors used in all domains of life contain embedded or 

modified RNA nucleotides as part of their chemical makeup, including coenzyme A 

(CoA) (41), nicotinamide adenine dinucleotide (NAD) (42), S-adenosyl methionine 

(SAM) (43), and flavin adenine dinucleotide (FAD) (44). It is theorized that these protein 

cofactors were once the active sites of RNA, modified RNA, or RNA-like molecules, 

maintained over time as the surrounding parts of the molecule were slowly replaced with 

coded proteins (45). In analogy, these cofactors could be the only original parts of 
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exceedingly ancient ribo- or near-ribo-zymes, wherein the rest of the molecule has since 

been cast into a protein fossil. 

1.2 RNA’s existence depends on metals 

RNA is a salt (46). It is an assembly of cationic metals and anionic polymer that 

dissociate in solution. Upon dissolution, the metal ions surround the RNA in an ionic 

cloud (47). Rather than being a mere consequence of RNA’s negative charge, the 

attracted cationic metals are integral to RNA biochemistry, supporting RNA’s structure 

(48) and unlocking otherwise inaccessible reactions (49-51). Particularly important for 

RNA biochemistry are divalent cations (M2+), which per their 2+ charge can take the 

place of two monovalent ions. Constraining one M2+ near RNA thereby freeing two 

monovalent ions is net entropically favorable (52). Therefore, RNA is given to draw in 

M2+. M2+ are of particular interest because of their natural availability, enhanced support 

of RNA structure, and special reactivity conferred to RNA. 

1.2.1 RNA folds with M2+ 

When RNA’s negative charge is locally neutralized by metal ions, it can self-

associate rather than self-repel. The majority of self or intramolecular contacts are 

hydrogen bonds formed between complementary nucleobases. Each adenine to uracil or 

guanine to cytosine pairing is called a base pair. The base pairing of stretches of 

nucleobases within an RNA is classified as secondary structure. Additional self-contacts 

in 3D space that bring the secondary structure together constitute tertiary structure. When 

RNA moves from a random, un-associated form toward or to tertiary structure, the 

process is called folding. The random, un-associated form is called unfolded (U), and the 
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natural tertiary structure form is called native (N). In between are secondary structure up 

to incomplete tertiary structure forms, or intermediates (I). RNA folding proceeds by U 

→ I → N (53). 

Metals allow RNA’s folded, low-free energy state (54). However, it is important 

to note that the transition from unfolded to folded is net due to the increased entropy of 

water. When the RNA collapses fewer waters are required to organize around its smaller 

surface (55). Both monovalent metals and M2+ can tip the scale taking RNA from 

unfolded to folded, but to different extents. Secondary structure readily forms with either 

monovalent metal or M2+. But, the higher negative charge density of RNA tertiary 

structure, which is more compact, favors the metal with a higher charge density (i.e. M2+) 

(56). In experiments, some RNAs can fold to the native state in high monovalent metal 

but will do so with far less M2+ required (57-59). Other RNAs only reach an intermediate 

folding state with monovalent metals and require addition of M2+ to achieve the native 

state (60,61). Additionally, certain local RNA folds can only form with M2+ (62). In 

nature, RNA folds natively using a mixture of monovalent metal and M2+ and sometimes 

both are required (63).  

1.2.2 RNA is cleaved with M2+ 

Metals of a 2+ charge and higher, i.e. multivalent metals, are distinct from 

monovalent metals in an ability to drive RNA to cleave itself (Figure 1.1). The cleavage 

occurs through deprotonation of RNA’s 2’ hydroxyl group, allowing 2’ oxygen attack on 

the phosphate backbone, which consequentially releases the rest of the RNA molecule 

(64). The reaction proceeds when the 2’ oxygen, phosphorus, and leaving oxygen come 
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into 180°, or linear, alignment. Hence, the reaction is called in-line cleavage. M2+ (and 

higher) may induce in-line cleavage through multiple pathways. One proposal is that the 

metal lowers the pKa of water allowing it to become deprotonated and act as a base in the 

deprotonation step of the 2’ hydroxy group (65,66). Other means by which M2+ might 

support RNA cleavage include coordinating water to stabilize the intermediate state and 

then protonate the leaving oxygen (67,68), neutralizing negative charge formed on the 

leaving oxygen, drawing electrons away from the phosphorous nucleus exposing it to 

attack, and inducing proximity of the 2’ hydroxyl group and phosphate (69). 

 

Figure 1.1 – RNA is cleaved by an “in-line” mechanism. General requirements for 
in-line cleavage are deprotonation of the 2’ hydroxyl group, a 180° alignment of the 
2’ oxygen, phosphorous, and leaving group oxygen, protonation of the leaving group 
oxygen, and formation of a cyclic phosphate product.  

1.2.3 The catalysis of RNA is supported by M2+ 

RNA catalysis depends on metals with a few exceptions (24,70). The first 

discovered RNA catalysis was of RNA specifically directing its in-line cleavage (22). In-

line cleavage is an example wherein the metal participates in acid-base chemistry. Added 

acid-base chemistry is not the only tactic by which metals help RNA overcome a lack of 

chemically reactive functional groups relative to protein enzymes. RNA-bound metals 

180°
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can also directly participate in ionic and other electrostatic interactions (71), induce 

charge on nucleobases for ionic reactions (72), and allow redox chemistry (49). M2+ are 

particularly important for RNA catalysis because they tend to create greater reactivity 

than monovalent metals (73,74) and no trivalent or higher metal ribozymes have been 

found in the natural world (50). 

1.2.4 The RNA-M2+ relationship depends on M2+ identity 

RNA will naturally associate with a range of M2+, but not all M2+ are equal. 

Different M2+ interact with RNA at different sites with different binding affinities, 

exchange kinetics, and catalytic and folding propensities. In nature, RNA interacts with 

the M2+ of biology: Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Cu2+, and Zn2+ (46). These M2+ 

associate most with RNA’s backbone to neutralize negative charge, with greatest 

favorability, measured by lowest ΔG, ordered by charge density (75). The smallest M2+ 

size gives the largest charge density and the greatest favorability. M2+ can also be found 

to different extents at the nucleobases, primarily N7 of guanine which has the opposite 

favorability trend as the backbone, and O6 of guanine which has mixed favorability with 

the metals. In total, there are over 50 patterns of metal binding to nucleobases alone, 

occurring to different degrees with different metals (76). Clearly metal identity has an 

integral impact on RNA chemistry.  

Mg2+ is the “gold standard” for M2+ interactions with RNA. Mg2+ is the most 

abundant M2+ in cells (77) and the most prevalent M2+ bound to RNA in vivo (78). To 

approximate the in vivo effect of M2+ on RNA folding, Mg2+ is typically added to RNA in 

vitro. Such studies show that Mg2+ addition can transition RNA from unfolded to folded 
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(79-81). Mg2+ also most strongly favors the folded state relative to other M2+ as the 

smallest, most charge-dense M2+ (82). When M2+ properties deviate from Mg2+, the RNA 

is less likely to adopt its Mg2+-adapted native form. The ions most similar to Mg2+ are 

Fe2+, Mn2+, and Co2+ (Table 1.1). 

Table 1.1 – Properties of biological M2+  

M2+ 
Coordination 
number(s)a 

Coordination 
geometryb 

Ionic 
radius (Å)b 

Hydration 
enthalpy 

(kcal/mol)c 
First pKa 

of hydrated 
Ca2+ 6,7,8 Square antiprism 0.99 381 12.7-12.9 
Co2+ 6 Octahedral 0.72 479 9.7 
Cu2+ 4,5,6 Square planar 0.72 499 8 
Fe2+ 6 Octahedral 0.74 461 9.3-9.5 
Mg2+ 6 Octahedral 0.66 458 11.2-11.4 
Mn2+ 6 Octahedral 0.8 442 10.6-11.0 
Zn2+ 4,5,6 Tetrahedral 0.74 488 9 

aRef. (83); bRef. (46); cRef. (84); dRef. (85) 

1.2.5 Mg2+ may be a substitute of Fe2+ 

The similarities between Mg2+ and certain other M2+ mixed with the changing 

availability of M2+ over Earth history begs the question of whether Mg2+ was always the 

primary M2+ used by RNA. Fe2+ was more available on early Earth before the Great 

Oxidation Event (GOE) compared to after, when oxygen converted free aqueous Fe2+ to 

Fe3+ within solid iron oxides (86-90). Therefore, when RNA first emerged up through 2.4 

billion years ago, it was in an environment of available Fe2+, which could have integrated 

with and shaped RNA chemistry. The rise of oxygen, however, would have pulled Fe2+ 

out of RNA through a concentration decrease. Fe2+ would have further evolved out of life 

post-GOE because when exposed to oxygen it generates reactive oxygen species that 

damage biomolecules including RNA (91). Mg2+, the current M2+ of life, does not drive 
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damaging redox chemistry. The possibility that reactive Fe2+ was once a primary M2+ 

used by RNA that has since been replaced with benign Mg2+ forms the Fe2+-Mg2+ 

substitution hypothesis (92,93). 

The Fe2+-Mg2+ substitution hypothesis is supported from several angles: 

1. Some natural and Mg2+-evolved ribozymes are faster with Fe2+ than with 

Mg2+ (92). 

2. Fe2+ can catalyze redox ribozyme reactions while Mg2+ cannot (49), making 

Fe2+ the more versatile ion. 

3. Fe2+ to Cu2+, Zn2+, and Mg2+ substitutions have occurred with proteins, 

validating the principle of Fe2+-Mg2+ substitution in biochemistry (93). 

4. Fe2+ and Mg2+ fold rRNA, essential to all life, similarly (94). 

5. Fe2+ can replace Mg2+ in processing of RNA by enzymes (95). 

Fe2+ was therefore possibly a critical element for the emergence of life. Current 

astrobiological research can investigate the ancient metal and biochemical environment 

through the lens of RNA. 

1.3 Thesis aims 

Work in this thesis was inspired by two main ideas: that RNA endured a Fe2+ to 

Mg2+ cofactor transition, and that M2+ dualistically affect RNA. Each topic has meaning 

for the origin of RNA and a window of opportunity to weave old knowledge into new 

understanding. Studies since the 1950’s (96) show that some metals, including Mg2+, can 

cleave RNA. But, the reaction remained untested with Fe2+ because of its reactivity when 
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exposed to oxygen. The first study herein aimed to demonstrate the cleavage reaction 

with Fe2+ to draw a new parallel between Fe2+ and Mg2+ chemistry with RNA. Such 

evidence could support a path for Fe2+-Mg2+ substitution in RNA over time, but also 

highlight differences in strengths of the reaction. We then took the knowledge that M2+ 

will cleave RNA and evidence since the 1960’s that M2+ fold RNA (97) to address our 

next aim of unifying M2+’s dualism into a single model. Such a model provides new 

insight of a point of balance for RNA between M2+’s opposing effects. Through RNA’s 

reactivity with M2+, we draw a picture RNA’s history of survival by walking the M2+ 

tightrope. 
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CHAPTER 2. CUTTING IN-LINE WITH IRON: RIBOSOMAL 

FUNCTION AND NON-OXIDATIVE RNA CLEAVAGE 

The work described in this chapter has been previously published in the journal 

Nucleic Acids Research (98). Experiments were performed by me and by M.S. Bray and D.C. 

Okafor. I designed and performed all in-line cleavage and Fenton chemistry experiments with 

rRNA and ApA, D.C. Okafor did so for in-line cleavage with a-rRNA, and M.S. Bray did so 

for in the in vivo ribosome experiments. M. Frenkel-Pinter assisted in the analysis of the in-

line cleavage experiments of ApA using HPLC and LC-MS. The manuscript was written with 

contributions from all coauthors. 

2.1 Abstract 

Divalent metal cations are essential to the structure and function of the ribosome. 

Previous characterizations of the ribosome performed under standard laboratory 

conditions have implicated Mg2+ as a primary mediator of ribosomal structure and 

function. Possible contributions of Fe2+ as a ribosomal cofactor have been largely 

overlooked, despite the ribosome’s early evolution in a high Fe2+ environment, and its 

continued use by obligate anaerobes inhabiting high Fe2+ niches. Here we show that (i) 

Fe2+ cleaves RNA by in-line cleavage, a non-oxidative mechanism that has not 

previously been shown experimentally for this metal, (ii) the first-order rate constant with 

respect to divalent cations is more than 200 times greater with Fe2+ than with Mg2+, (iii) 

functional ribosomes are associated with Fe2+ after purification from cells grown under 

low O2 and high Fe2+, and (iv) a small fraction of Fe2+ that is associated with the 

ribosome is not exchangeable with surrounding divalent cations, presumably because it is 

tightly coordinated by rRNA and buried in the ribosome. In total, these results expand the 
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ancient role of iron in biochemistry and highlight a possible new mechanism of iron 

toxicity. 

2.2 Key Points 

1) Fe2+ cleaves rRNA by a non-oxidative in-line cleavage mechanism that is more 

than 200 times faster than in-line cleavage with Mg2+; 

2) ribosomes purified from cells grown under low O2 and high Fe2+ retain ~10 Fe2+ 

ions per ribosome and produce as much protein as low O2, high Mg2+-grown 

ribosomes; 

3) a small fraction (~2%) of Fe2+ that is associated with the ribosome is not 

exchangeable. 

2.3 Introduction 

The translation system is responsible for the synthesis of all coded proteins and 

contains life’s most conserved ribonucleic acids. The common core of the ribosome is 

universal to all life (99,100) and has been essentially invariant since the last universal 

common ancestor (21,101,102). Thus, ribosomes can be interrogated as molecular fossils 

(103-105). Because ribosomal structure and function are strongly dependent on divalent 

cations (M2+) (106), and because ribosomes originated long before the Great Oxidation 

Event (GOE), understanding ribosomal origins and evolution requires characterization of 

ribosomal interactions with M2+ ions under pre-GOE conditions (86-88,90,107). 

In extant aerobic life, Mg2+ appears to be the dominant M2+ ion in the translation 

system. Hundreds of Mg2+ ions mediate ribosomal RNA (rRNA) folding and ribosomal 

assembly, in some instances binding to specific sites in the universal rRNA common core 

by direct coordination (47,106,108,109). Mg2+ ions facilitate association of the large 
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ribosomal subunit (LSU) and small ribosomal subunit (SSU) (110), stabilize folded tRNA 

(111), maintain the reading frame during translation (112), and link ribosomal proteins 

(rProteins) to rRNA (113). Mg2+ also catalyzes in-line cleavage (33,64,114,115), the 

reaction in which a divalent or trivalent metal catalyzes self-cleavage of RNA (116-119).  

Before the GOE, anoxia would have stabilized abundant Fe2+ in the biosphere and 

hydrosphere. Under pre-GOE conditions, Fe2+ would not have caused the damage to 

biomolecules that occurs today in the presence of O2, via Fenton chemistry (120). In 

Fenton chemistry H2O2, a product of Fe2+ autoxidation by O2 (121), is reduced by Fe2+ 

generating hydroxyl radicals which can oxidatively damage nucleic acids (122-126). We 

recently reported that Fe2+ can fold RNA and mediate in vitro translation under “pre-

GOE” conditions: in the presence of abundant Fe2+ and in the absence of O2 (94). Based 

on these findings, we proposed that early ribosomal folding and catalysis used Fe2+ 

instead of, or in combination with Mg2+ and other M2+ ions. However, we found lower 

translation rates with anoxic Fe2+ than with Mg2+ (94). While this observation could be 

partially explained by ribosomes adapting to the near-absence of Fe2+ and the presence of 

tens of mM Mg2+ in the ocean over the last two billion years, we assume that this 

explanation alone is insufficient because the catalytic core of the ribosome, and its central 

structure appears to be so conserved that it reflects the behavior of its evolutionary 

ancestor more than three billion years ago. One possible explanation for this finding is 

that non-oxidative damage of RNA mediated by Fe2+ is faster than with Mg2+.  

Here we demonstrate that Fe2+ can damage RNA by in-line cleavage, which is 

distinct from previously characterized oxidative processes. We discovered that this 

second, non-oxidative mechanism of Fe2+-mediated RNA damage by in-line cleavage can 

be more extensive in some conditions than oxidative damage. We show that anoxic Fe2+ 

is efficient in catalyzing in-line cleavage, cleaving rRNA far more rapidly and 

extensively than Mg2+. Given that the reaction is likely first-order with respect to the 
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metal (127,128), the reaction rate constant (M-1 s-1) appears to be over 200 times  greater 

for rRNA with Fe2+ than with Mg2+. The in-line mechanism of cleavage by Fe2+ was 

validated here by a variety of methods including reaction product characterization.  

While metals such as Mg2+ cleave RNA, they are nonetheless essential for folding 

and function. In parallel with our experiments comparing Fe2+ and Mg2+ in-line cleavage, 

we investigated whether ribosomes from E. coli grown in pre-GOE conditions associate 

functionally with Fe2+ in vivo. We grew E. coli in anoxic conditions with ample Fe2+ in 

the growth media. We purified ribosomes from these bacteria and have probed their 

interactions with metals. We identified tightly bound M2+, which survive ribosomal 

purification. A small fraction (~2%) of Fe2+ ions are not exchangeable with Mg2+ in 

solution and are detectable after purification involving repeated washes in high [Mg2+] 

buffers. We use these tightly bound ions as reporters for more general M2+ association in 

vivo. The data are consistent with a model in which certain M2+ ions are deeply buried 

and highly coordinated within the ribosome (108). Our results suggest that ribosomes 

grown in pre-GOE conditions contain ~10 tightly bound Fe2+ ions compared to ~1 Fe2+ 

ion in ribosomes from standard growth conditions. Ribosomes washed with Fe2+ 

contained significantly higher Fe2+ and showed more rRNA degradation than ribosomes 

washed with Mg2+. Our combined results show the capacity for Fe2+ to (i) associate with 

functional ribosomes in vivo and in vitro and (ii) mediate significant non-oxidative 

damage. Our results have significant implications for the evolution of rRNA and iron 

toxicity in disease. 

2.4 Materials and Methods 

2.4.1 Ribosomal RNA purification 
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A one-tenth volume of sodium acetate (3.0 M, pH 5.2) and an equal volume of 

25:24:1 phenol:chloroform:isoamyl alcohol, pH 5.2 (Fisher BioReagents) were added to 

purified ribosomes. The sample was vortexed and spun at 16,200 × g in a table-top 

centrifuge for 5 minutes. The top aqueous layer was transferred to a new tube and 

extracted twice in a 24:1 mixture of chloroform:isoamyl alcohol (Acros Organics) using 

the same procedure. rRNA was then precipitated by adding two volumes of 100% 

ethanol, followed by incubation at -20°C for 30 minutes. Precipitated rRNA was pelleted 

by centrifuging at 16,100 × g for 15 minutes. The pellet was washed with 70% ethanol 

and suspended in 0.1 mM sodium-EDTA (pH 8.0). Ribosomal RNA concentrations were 

quantified by A260
 (1A260 = 40 µg rRNA mL-1). 

2.4.2 rRNA in-line cleavage reaction rates 

Nuclease free water (IDT) was used in all experiments involving purified or 

transcribed RNA. rRNA for in-line cleavage experiments was purified as above by 

phenol-chloroform extraction followed by ethanol precipitation of commercial E. coli 

ribosomes (New England Biolabs). All in-line cleavage reaction solutions were prepared 

and incubated in the anoxic chamber. Fe and Mg solutions were prepared by dissolving a 

known mass of FeCl2-4H2O or MgCl2 salt in degassed water inside the chamber. 0.5 µg 

µL-1 of rRNA was suspended in degassed 20 mM HEPES pH 7.6, 30 mM KCl, 5% v/v 

glycerol [Invitrogen (UltraPure)], and either 25 mM of MgCl2 or 1 mM of FeCl2. 

Reactions were placed on a 37°C heat block and incubated for 4 days for the MgCl2 and 

no M2+ conditions and for 8 hours for the FeCl2 conditions. At each time point (0, 1.5, 3, 

6, 12, 24, 48, and 96 hours for the MgCl2 and no M2+ conditions and 0, 7.5, 15, 30, 60, 

120, 240, and 480 minutes for the FeCl2 conditions) 4.5 µL aliquots were combined with 
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0.5 µL of 1 M sodium phosphate buffer pH 7.6 to precipitate the Fe2+ or Mg2+ from 

solution and stored at -80°C. Aliquots were defrosted on ice and combined with 2X Gel 

Loading Buffer II (Amicon) then loaded onto a 1% Tris/Borate/EDTA agarose gel and 

run at 120V for 1.25 hours. The RNA in the gel was stained with GelStarTM (Lonza) and 

imaged with an Azure 6000 Imaging System (Azure Biosystems). Azurespot software 

was used as a pixel counter to create lane profiles. rRNA peaks were integrated by fitting 

to an Exponentially Modified Gaussian distribution using Igor Pro (v 7.08) (Figure A.1). 

Observed pseudo first-order rate constants (kobs) were found by taking the negative of the 

slope from the natural logarithm of the normalized peak area vs. time plot. Reaction rate 

constants (k) were calculated by k = kobs/[M2+]. 

2.4.3 In-line cleavage banding patterns 

a-rRNA (129), which is composed of the core of the LSU rRNA, was synthesized 

and purified as previously described. Lyophilized a-rRNA was resuspended in degassed 

nuclease free water (IDT) inside the anoxic chamber. Fe and Mg solutions were prepared 

by dissolving known amounts of FeSO4-7H2O or MgSO4 in degassed nuclease free water 

inside the anoxic chamber. To initiate the reaction, 1 mM (final concentration) of Mg or 

Fe was added to 0.02 μg μL-1 a-rRNA in 20 mM HEPES-TRIS (pH 7.2) in a 37°C heat 

block. Samples were removed at 0, 0.25, 0.5, and 1 hr for added Fe2+, and at 24 hrs for 

added Mg2+. Divalent chelation beads (Hampton Research) were added to quench the 

reactions. Chelation beads were removed using spin columns. The RNA cleavage 

products were visualized using denaturing PAGE (6%, 8M urea) run at 120 V for ~1.3 

hours stained with SYBR Green II. 
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2.4.4 Fenton chemistry reactions 

Purified rRNA from E. coli ribosomes (New England Biolabs) was obtained by 

phenol-chloroform extraction and ethanol precipitation as above. A stock solution of 

Fe/EDTA was prepared inside the anoxic chamber by dissolving a known amount of 

FeCl2-4H2O salt in degassed water then mixing with EDTA in degassed water. The 

Fe/EDTA was removed from the chamber for the Fenton reactions. Ribosomal RNA was 

suspended to 0.5 µg µL-1 in 20 mM HEPES pH 7.6, and 30 mM KCl, with 0% or 5% v/v 

glycerol and either 1 mM Fe/10 mM EDTA/10 mM ascorbate plus 0.3% v/v H2O2 or 10 

mM EDTA as the reaction initiators wherein the initiators were separately dispensed onto 

the tube wall then vortexed with the other components. For the zero time points, reaction 

components were mixed in tubes containing the thiourea quenching agent at a final 

concentration of 100 mM. For non-zero time points the reaction mixtures were prepared 

as bulk solutions and incubated at 37°C on a heat block, after which aliquots were 

removed at 0, 10, and 60 minutes and mixed with the thiourea quenching agent at a final 

concentration of 100 mM. The stopped solutions were immediately frozen and stored at -

80°C. For analysis, samples were defrosted on ice, combined with 2X Gel Loading 

Buffer II (Amicon), loaded onto a 1% Tris/Borate/EDTA agarose gel and run at 120V for 

1.25 hours. 

2.4.5 Characterization of ApA cleavage products by HPLC 

In-line cleavage reagents were prepared as previously described in the anoxic 

chamber. In duplicate reactions, 0.5 mM ApA RNA dinucleotide (5’ to 3’; TriLink 

BioTechnologies) was suspended in degassed 20 mM HEPES/NaOH pH 7.6, 30 mM 
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KCl, 5% v/v glycerol, and combined with either water, 25 mM MgCl2 or FeCl2 (final 

concentration). Reactions were placed on a 37°C heat block with aliquots removed at 0, 

0.25, 0.5, 1, 2, 4, and 8 days for no M2+ and Mg2+ samples and at 0, 0.25, 0.5, 1, and 2 

days for Fe2+ samples. Aliquots were immediately quenched with 100 mM final 

concentration sodium phosphate pH 7.6, centrifuged at 2,000 × g for 1 minute, and the 

ApA-containing supernatant was collected to avoid transfer of Fe or Mg phosphate 

precipitate to the HPLC column. The samples were stored at -80°C prior to placement in 

the HPLC where they were held at 4°C. HPLC analyses were conducted on an Agilent 

1260 Infinity HPLC with DAD UV-vis detector, with a path length of 1.0 cm. Products of 

the reactions were separated using a Kinetex XB-C18 column (150 × 2.1 mm, 2.6 μm 

particle size). The flow rate was 0.3 mL min-1 and the column temperature was held at 

25°C. The mobile phase was water (0.1% formic acid) /acetonitrile. The gradient started 

with 100% water for the first 5 minutes and ramped to 55% acetonitrile over 25 minutes. 

The acetonitrile concentration was then ramped to 100% and was held as such for 10 

minutes before returning to 100% water for column equilibration for 15 min. We 

recorded the elution at 210 nm, 220 nm, and 260 nm wavelengths, with a 180-400 nm 

spectrum detected in 2nm steps. To characterize reaction products, standards were spiked 

into product mixtures. The spiked standards were 0.5 mM ApA in 20 mM HEPES pH 

7.6, 30 mM KCl, 5% v/v glycerol with either water, 2.5 μM adenosine, 3’-adenosine 

monophosphate, or 2’,3’-cyclic adenosine monophosphate. 

2.4.6 Characterization of ApA cleavage products by LC-MS 

ApA was anoxically resuspended at 0.5 mM with 20 mM HEPES pH 7.6, 30 mM 

KCl, 5% v/v glycerol, and 25 mM FeCl2, and then incubated at 37°C for 2 days. The 
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sample was analyzed by liquid chromatography mass spectrometry using and Agilent 

1290 HPLC pump and thermostat; Agilent 1260 Autosampler and DAD UV-vis detector; 

path length: 0.6 cm; Agilent 1260 quaternary pump and RID; column: Phenomenex 

Kinetex 2.6 mmxB-C18100Å, LC column 150x2.1mm; column temp: 25°C; 10 µL 

injection with needle wash, 100 µL s-1 injection speed. The solvents were A) 0.1% formic 

acid in LC-MS grade water, and B) LC-MS grade acetonitrile a flow rates of 0.3 mL min-

1; gradient: 5 min 100% A, 0% B; 20 min ramp to 45% A, 55% B; 10 min 0% A, 100% 

B; 1 min ramp 100% A, 0% B; 9 min 100% A, 0% B. Elutions were recorded at 210, 220 

and 260 nm, with the entire spectrum (180-400 nm) detected in 2 nm steps. This system 

was coupled to an Agilent 6130 single quad MS Electrospray Ionization Mass 

Spectrometry system with scanning of ±65 to ±2000 m/z and capillary voltage of 2.0kV. 

2.4.7 Cell culture and harvesting 

Culturing media consisted of LB broth (10 g L-1 NaCl, 10 g L-1 tryptone, 5 g L-1 

yeast extract) amended with 4 mM tricine, 50 mM sodium fumarate, and 80 mM 3-(N-

morpholino)propanesulfonic acid (MOPS; titrated with NaOH to pH 7.8). Fifty mL 

cultures containing all of these ingredients plus 0.25% v/v glycerol were inoculated from 

glycerol stocks of Escherichia coli MRE600 cells and shaken overnight at 37°C with or 

without O2 and with either 1 mM FeCl2 or ambient Fe2+ [6-9 µM, measured by the 

ferrozine assay (130)]. Two mL of each overnight culture was used to inoculate 1-L 

cultures in the same conditions. These cultures were then orbitally shaken at 37°C to 

OD600 0.6-0.7. Aerobic cultures were grown in foil-covered Erlenmeyer flasks. Anaerobic 

fumarate-respiring cultures were inoculated into stoppered glass bottles containing 

medium that had been degassed with N2 for one hour to remove O2. Cells were then 
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harvested by centrifugation at 4,415 × g for 10 minutes, washed in 20 mL buffer 

containing 10 mM Tris pH 7.4, 30 mM NaCl, and 1 mM EDTA, and pelleted at 10,000 × 

g for 10 minutes. Cell pellets were stored at -80°C until ribosome purification. 

2.4.8 Ribosome purification 

The ribosome purification procedure was modified from Maguire et. al (131). All 

purification steps were performed in a Coy anoxic chamber (97% Ar, 3% H2 headspace) 

unless otherwise noted. Buffers varied in their metal cation content. The typical wash 

buffer contained 100 mM NH4Cl, 0.5 mM EDTA, 3 mM β-mercaptoethanol, 20 mM Tris 

pH 7.5, 3 mM MgCl2, and 22 mM NaCl. For “Fe purification” experiments, buffer was 

composed of 100 mM NH4Cl, 0.5 mM EDTA, 3 mM β-mercaptoethanol, 20 mM Tris pH 

7.5, 1 mM FeCl2 and 28 mM NaCl. Sodium chloride concentrations were increased here 

to maintain the ionic strength of the buffer (131 mM). Elution buffers contained the same 

composition as the wash buffer except for NH4Cl (300 mM). Frozen cell pellets were 

resuspended in ribosome wash buffer and lysed in a BeadBug microtube compact 

homogenizer using 0.5 mm diameter zirconium beads (Benchmark Scientific). Cell lysate 

was transferred into centrifuge bottles inside the anoxic chamber which were tightly 

sealed to prevent O2 contamination. Cell debris were removed by centrifuging outside of 

the anoxic chamber at 30,000 × g for 30 minutes at 4°C. The soluble lysate was then 

transferred back into the chamber and loaded onto a column containing pre-equilibrated, 

cysteine-linked, SulfoLinkTM Coupling Resin (Thermo Fisher Scientific). The resin was 

washed with 10 column volumes of wash buffer. Ribosomes were eluted into three 10 

mL fractions with elution buffer. Eluted fractions were pooled inside the anoxic chamber 

into ultracentrifuge bottles which were tightly sealed. Ribosomes were pelleted outside 
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the chamber by centrifuging at 302,000 × g for 3 hours at 4°C under vacuum in a 

Beckman Optima XPN-100 Ultracentrifuge using a Type 70 Ti rotor. Tubes containing 

ribosome pellets were brought back into the chamber and suspended in buffer containing 

20 mM N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid (HEPES; pH 7.6), 30 

mM KCl, and 7 mM β-mercaptoethanol, heat-sealed in mylar bags, and stored at -80°C. 

Ribosome concentrations were calculated with a NanoDrop spectrophotometer assuming 

1A260 = 60 µg ribosome mL-1 (conversion factor provided by New England Biolabs). 

This conversion factor was used to estimate the molecular mass of bacterial ribosomes, 

from which molarity was calculated. Biological triplicates of each growth and 

purification method were taken for downstream analyses. 

2.4.9 Ribosomal Fe content 

Purified ribosomes were analyzed for iron content by total reflection X-ray 

fluorescence spectroscopy (TRXF) as described in Bray and Lenz et al (94). 

2.4.10 rProtein electrophoresis 

For SDS-PAGE, purified ribosomes were normalized to 3.33 mg mL-1 in 2X 

SDS-PAGE dye, heated at 95°C for 5 minutes, and then incubated on ice for 2 minutes. 

Samples were loaded onto a 12% SDS acrylamide gel with a 4% stacking gel and run at 

180 V for 60 minutes. 

2.4.11 In vitro translation 

Translation reactions were based on the methods of Bray and Lenz et al. (94) with 

minor modifications. All 15 µL reactions contained 2.25 µL of purified ribosome samples 
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normalized to 9 µg µL-1 (so that the final concentration of ribosomes in our reactions was 

1.35 µg µL-1), 0.1 mM amino acid mix, 0.2 mM tRNAs, ~0.2 µg µL-1 of dihydrofolate 

reductase mRNA, and 3 µL of factor mix (with RNA polymerase, and 

transcription/translation factors in 10 mM Mg2+) from the PURExpress® Δ Ribosome Kit 

(New England Biolabs). The reaction buffer was based on Shimizu et al. (132), with 

HEPES instead of phosphate buffer to avoid precipitation of metal phosphates. Buffer 

consisted of 20 mM HEPES (pH 7.3), 95 mM potassium glutamate, 5 mM NH4Cl, 0.5 

mM CaCl2, 1 mM spermidine, 8 mM putrescine, 1 mM dithiothreitol (DTT), 2 mM 

adenosine triphosphate (ATP), 2 mM guanosine triphosphate (GTP), 1 mM uridine 

triphosphate (UTP), 1 mM cytidine triphosphate (CTP), 10 mM creatine phosphate (CP), 

and 53 µM 10-formyltetrahydrofolate. Divalent cation salts (MgCl2 or FeCl2) were added 

to 9 mM final concentration. The reaction buffer was lyophilized and stored at -80°C 

until resuspension in anoxic nuclease-free water immediately before experiments in the 

anoxic chamber. Reaction mixtures were assembled in the anoxic chamber and run at 

37°C in a heat block for 120 minutes. Reactions were quenched on ice to terminate 

translation (132) and stored on ice until they were assayed for the extent of protein 

synthesis. Protein synthesis was measured using a DHFR assay kit (Sigma-Aldrich), 

which measures the oxidation of NADPH (60 mM) to NADP+ by dihydrofolic acid (51 

µM). Assays were performed by adding 5 µL of protein synthesis reaction to 995 µL of 

1X assay buffer. The NADPH absorbance peak at 340 nm (Abs340) was measured in 15 s 

intervals over 2.5 minutes. The slope of the linear regression of Abs340 vs. time was used 

to estimate protein activity (Abs340 min-1).  

2.4.12 Protein characterization by LC-MS/MS 
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After ribosomal purification, samples were reduced with β-mercaptoethanol, and 

then alkylated with 14 mM iodoacetamide (HEPES, pH 7.6) for 30 minutes at room 

temperature in the dark. Alkylation was quenched with 5 mM dithiothreitol for 15 

minutes at room temperature in the dark. Proteins were purified by the 

methanol/chloroform precipitation method and were then digested with trypsin in a buffer 

containing 5% acetonitrile, 1.6 M urea, and 50 mM HEPES pH 8.8 at 37°C with shaking 

overnight. The digestion was quenched with addition of trifluoroacetic acid to a final 

concentration of ~0.2%. Peptides were purified by Stage-Tip (133) prior to LC-MS/MS 

analysis. 

Peptides were dissolved in a solution containing 5% acetonitrile and 4% formic 

acid and loaded onto a C18-packed microcapillary column (Magic C18AQ, 3 μm, 200 Å, 

75 μm × 16 cm, Michrom Bioresources) by a Dionex WPS-3000TPL RS autosampler 

(Thermostatted Pulled Loop Rapid Separation Nano/Capillary Autosampler). Peptides 

were separated by a Dionex UltiMate 3000 UHPLC system (Thermo Scientific) using a 

112-minute gradient of 4-17% acetonitrile containing 0.125% formic acid. The LC was 

coupled to an LTQ Orbitrap Elite Hybrid Mass Spectrometer (Thermo Scientific) with 

Xcalibur software (version 3.0.63). MS analysis was performed with the data dependent 

Top15 method; for each cycle, a full MS scan with 60,000 resolution and 1×106 AGC 

(automatic gain control) target in the Orbitrap cell was followed by up to 15 MS/MS 

scans in the Orbitrap cell for the most intense ions. Selected ions were excluded from 

further sequencing for 90 seconds. Ions with single or unassigned charge were not 

sequenced. Maximum ion accumulation time was 1,000 ms for each full MS scan, and 50 

ms for each MS/MS scan. 
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Raw MS files were analyzed by MaxQuant (version 1.6.2.3) (134). MS spectra 

were searched against the E. coli database from UniProt containing common 

contaminants using the integrated Andromeda search engine (135). Due to the 

unavailability of the proteome database for E. coli strain MRE-600, the database for 

strain K12 was used. It has been shown that the two strains have nearly identical 

ribosome associated proteins (136). All samples were searched separately and set as 

individual experiments. Default parameters in MaxQuant were used, except the 

maximum number of missed cleavages was set at 3. Label-free quantification was 

enabled with the LFQ minimum ratio count of 1. The match-between-runs option was 

enabled. The false discovery rates (FDR) were kept at 0.01 at both the peptide and 

protein levels. 

The results were processed using Perseus software (137). In the final dataset, the 

reverse hits and contaminants were removed. The LFQ intensity of each protein from the 

proteinGroups table was extracted and reported. For the volcano plots showing 

differential regulation of proteins, the ratios used were from the LFQ intensities of 

samples from each of the three experiments. The cutoff for differential expression was set 

at 2-fold. P-values were calculated using a two-sided T-test on biological triplicate 

measurements with the threshold p-value of 0.05 for significant regulation. The raw files 

are publicly available at http://www.peptideatlas.org/PASS/PASS01418 (username: 

PASS01418 and password: ZW2939nnw). 

2.5 Results 

2.5.1 In-line cleavage of rRNA: Mg2+ and anoxic Fe2+ 

http://www.peptideatlas.org/PASS/PASS01418
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By manipulating reaction conditions, we could switch the mode of rRNA 

cleavage between Fenton and in-line mechanisms. In-line is the only possible mechanism 

of cleavage by Mg2+ due to its fixed oxidation state and inability to generate hydroxyl 

radicals. We confirm the expectation that Mg2+-mediated in-line cleavage reactions are 

not inhibited by anoxia or hydroxyl radical quenchers (Figure A.2). 

We confirm here in a variety of experiments that RNA is degraded by in-line 

cleavage when incubated with Fe2+ under anoxic conditions (Figure 2.1a). Most of the 

experiments employed the rRNA of E. coli as substrate. A shorter RNA [a-RNA (129)] 

showed on a higher size resolution gel that RNA banding patterns and reaction products 

were nearly identical for Mg2+ and anoxic Fe2+ reactions (Figure 2.2), indicating that 

preferred sites of cleavage are the same for both metals. Common sites of cleavage are 

indications of common mechanisms of cleavage (114). Neither Mg2+ nor anoxic Fe2+ 

cleavage was inhibited by glycerol (5%), which is known to quench hydroxyl radical and 

to inhibit hydroxyl radical cleavage (138). By contrast, glycerol inhibited cleavage by 

Fe2+ under conditions that favor Fenton-type cleavage (Figure A.3). Glycerol did not 

inhibit Mg2+ in-line cleavage under any conditions (Figure 2.2). 
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Figure 2.1 – In-line cleavage of rRNA in anoxia. In-line cleavage of purified rRNAs 
with a) 1 mM Fe2+ (0-8 hr) and b) 25 mM Mg2+ (0-96 hr). Reactions were conducted 
in an anoxic chamber at 37°C in the presence of the hydroxyl radical quencher 
glycerol (5% v/v) and were analyzed by 1% agarose gels. Pseudo first-order rate 
plots were extracted from 23S and 16S band intensity for c) 1 mM Fe2+ and d) 25 
mM Mg2+ conditions. The Mg2+ time axis is 10 times greater than the Fe2+ time axis. 
Error bars represent the S.E.M. (n = 3). Figure in Ref. (98). 
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Figure 2.2 – In-line cleavage banding patterns are the same for rRNA cleavage with 
Mg2+ and anoxic Fe2+. Several primary cleavage bands of a-rRNA (129) are 
indicated by arrows. This gel is 6% polyacrylamide, 8 M urea showing in-line 
cleavage mediated by 1 mM Mg2+ or 1 mM anoxic Fe2+ at 37°C for varying amounts 
of time. Reactions were run in 20 mM Tris-HEPES, pH 7.2. Figure in Ref. (98). 

In the absence of O2, cleavage rates are significantly greater for Fe2+ than for 

Mg2+. For 16S and 23S rRNAs, 1 mM Fe2+ caused significant in-line cleavage of rRNA 

after 30 minutes at 37°C. Both rRNAs were completely degraded after 2 hours in anoxic 

Fe2+ (Figure 2.1a). By contrast, when the M2+ ion was switched from 1 mM Fe2+ to 25 

mM Mg2+, only a modest amount of in-line cleavage was observed after 6 hours (Figure 

2.1b). Fitting of the data to a pseudo first-order rate model (Figure 2.1 c and d) reveals 

apparent rate constants for cleavage of the full-length 23S rRNA with Fe2+ is 67 × 10-5 s-1 
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and with Mg2+ is 5 × 10-5 s-1. The rate constants for cleavage of the 16S rRNA is 25 × 10-

5 s-1 for Fe2+ and 3 × 10-5 s-1 for Mg2+ (Table 2.1). These apparent rate constants do not 

account for differences in metal concentration or in RNA length. 

Table 2.1 – rRNA cleavage pseudo first-order rate constants 

Metal rRNA kobs (10-5 s-1) S.E.M. (10-5 s-1) 

1 mM Fe2+    
 23S 67 12 
 16S 25 8.2 

25 mM Mg2+    
 23S 5 1.1 
 16S 3 0.8 

In sum, reactions with Mg2+ and anoxic Fe2+ showed a lack of inhibition by a 

hydroxyl radical quencher. By contrast, the quencher inhibited reactions with Fe2+ in the 

presence of O2. The observed rate constant for in-line cleavage for rRNA is ~10 times 

greater for 1 mM Fe2+ than for 25 mM Mg2+. Under these conditions, in-line cleavage is 

expected to scale with metal concentration (127,128) so that that the reaction rate 

constant, k (M-1 s-1), is increased with Fe2+ by ~300 times for the 23S and by ~200 times 

for the 16S. We demonstrate that although Fe2+ interacts in the same way as Mg2+ with 

RNA, the cleavage potency of Fe2+ is greatly enhanced. 

2.5.2 Characterization of in-line cleavage reaction products 

To confirm that Fe2+ catalyzes non-oxidative in-line RNA cleavage, a series of 

cleavage reactions were performed on the dinucleotide ApA. The products of the reaction 

were characterized by HPLC via spiking with standards, and by LC-MS. A small RNA 

with only one possible cleavage site allowed us to identify specific cleavage products, 
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which report on the mechanism of scission. In-line cleavage leads to 2’,3’-cyclic 

phosphate upstream of the scission site and a downstream 5’OH RNA fragment. 

Subsequently, the 2’,3’-cyclic phosphate can hydrolyze to either a 2’ or 3’ 

monophosphate. Conversely, oxidative cleavage of RNA by a hydroxyl radical that may 

be formed during iron oxidative processes abstracts a proton from a ribose sugar leading 

to a variety of products but not 2’,3’-cyclic phosphate, 2’-phosphate, or 3’-phosphate 

RNA fragment (91). Anoxic incubation of ApA with 25 mM Mg2+ or Fe2+ produces 

adenosine, 2’,3’-cyclic adenosine monophosphate (2’,3’-cAMP), and 3’-adenosine 

monophosphate (3’-AMP) (Figure 2.3 a-d and Figure A.4). The repertoire of products is 

matched for the two metals, pointing to a common in-line cleavage mechanism. 



 32 

 

Figure 2.3 – 2’,3’-cAMP is formed upon incubation of ApA with Fe2+ or Mg2+. 
HPLC chromatograms show the accumulation of 2’,3’-cAMP, a direct product of an 
in-line cleavage mechanism, upon incubation of ApA with either a) 25 mM Fe2+, b) 
25 mM Mg2+, or c) no metal for the negative control. Panel d shows identification of 
the 2’,3’-cyclic adenosine monophosphate by LC-MS of ApA incubated with 25 mM 
Fe2+ for 2 days. Labeled species correspond to [M−H]- ions. Reactions were 
incubated anoxically at 37°C in the presence of 5% (v/v) glycerol. Figure in Ref. 
(98). 
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2.5.3 M2+ exchange during ribosomal purification 

We hypothesized that O2 and Fe2+ content during bacterial growth could affect the 

iron content of ribosomes. However, the vast majority of ribosomal M2+ ions are 

exchangeable (139) and canonical ribosome purification procedures use high Mg2+ 

buffers (140) to maintain folding and stability. Therefore, spontaneous exchange of in 

vivo bound M2+ with those in the buffer occurs during purification, suggesting that the 

final Fe2+ content of purified ribosomes depends on the type of M2+ in the purification 

buffer. Indeed, ribosomes purified in solutions with 1 mM Fe2+ contained significantly 

higher Fe2+ than those purified in 3 mM Mg2+ regardless of growth condition (Figure 

2.4). All ribosome samples purified in 1 mM Fe2+ contained similar Fe2+ (~400-600 mol 

Fe mol-1 ribosome). These results show that the vast majority of ribosomal M2+ ions are 

exchangeable and that M2+ exchange takes place during purification. 
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Figure 2.4 – Iron content (mol Fe mol-1 ribosome) of purified ribosomes. E. coli were 
grown aerobically or anaerobically at 1 mM Fe2+ or ambient Fe2+ (6-9 µM, no Fe 
added), and purified in buffers containing either 3 mM Mg2+ (black circles) or 1 
mM Fe2+ (white circles). Error bars represent the S.E.M. (n=3). Figure in Ref. (98). 

2.5.4 M2+ exchange during ribosomal purification 

A small subset of ribosomal M2+ ions are not exchangeable during purification. 

Ribosomes retain this subset of in vivo divalent cations after purification. We harvested 

E. coli in log phase from four growth conditions: oxic or anoxic with high Fe2+ in the 
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medium (1 mM Fe2+), and oxic or anoxic without added Fe2+ in the growth medium (6-9 

µM Fe2+). Ribosomes from E. coli grown in pre-GOE conditions (anoxic, high Fe2+) 

contained quantitatively reproducible elevated levels of Fe2+ after purification in 

solutions containing Mg2+. We detected around 9 mol Fe mol-1 ribosome from cells 

grown in pre-GOE conditions purified in solutions with high Mg2+ (Figure 2.4). The three 

other growth conditions yielded ribosomes containing near background levels of Fe2+ (< 

2 mol Fe mol-1 ribosome). 

2.5.5 Quantitating translation 

Ribosomes from all four growth conditions produced active protein in translation 

assays. Ribosomes were functional in vitro under standard conditions (with 10 mM Mg2+) 

and also in 8 mM Fe2+ + 2 mM Mg2+ under anoxia. Regardless of whether translation 

activity was assayed in the presence of 10 mM Mg2+ or 8 mM Fe2+ + 2 mM Mg2+, 

ribosomes synthesized aerobically in the absence of Fe2+ have higher activity than the 

ribosomes synthesized anaerobically in the absence of Fe2+ (p< 0.08; Figure A.5). The 

presence of 1 mM Fe2+ in the bacterial growth conditions did not affect ribosomal 

activity; the only differences are whether growth conditions are aerobic or anaerobic, and 

whether 10 mM Mg2+ or 8 mM Fe2+ + 2 mM Mg2+ are used in the assay. Translation was 

reduced in the presence of Fe2+ compared to Mg2+, consistent with our previous work 

(94). The translational activity of ribosomes harvested from anaerobic cells was slightly 

less than from those from aerobic cells. Ribosomes from all four growth conditions 

contained intact 23S, 16S, and 5S rRNAs with purification in 3 mM Mg2+ (Figure 2.5a) 

resulting in a higher proportion of intact rRNA relative to purification in 1 mM Fe2+ 

(Figure 2.5b). Each purification also contained a full suite of rProteins as indicated by 
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mass spectrometric analysis and by gel electrophoresis (Figure A.6). The protein 

composition of ribosomes from 1 mM Fe2+ growth conditions (Figure A.6b) was similar 

to that from Mg2+ growth conditions (Figure A.6a). 

 

Figure 2.5 – 1% agarose gels showing rRNA from ribosomes purified in (a) 3 mM 
Mg2+ and (b) 1 mM Fe2+. The banding pattern suggests that rRNA is relatively more 
intact in ribosomes purified with 3 mM Mg2+ than in ribosomes purified with 1 mM 
Fe2+. Figure in Ref. (98). 

2.5.6 rProtein characterization 
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In addition to oxidative mechanism, our results pointed to a non-oxidative 

cleavage mechanism of RNA with Fe2+. So, we next asked whether ribosomes might 

adopt different proteins to cope with high Fe2+ in both oxic and anoxic conditions. 

Ribosomes under all four growth conditions contained a full repertoire of rProteins, and 

were associated with additional proteins, as determined by mass spectrometry. These 

non-ribosomal proteins ranged in function from translation to central metabolism. 

Proteins from anaerobic pathways were generally more abundant in ribosomes from 

anaerobic cells while proteins from aerobic pathways were more abundant in ribosomes 

from aerobic cells (Table A.1; Table A.2). Proteins for synthesis of enterobactin, an Fe3+-

binding siderophore, were more abundant in ribosomes from aerobic cells and from those 

grown without the addition of Fe, while the bacterial non-heme ferritin subunit was more 

abundant in ribosomes from anaerobic cells regardless of the Fe2+ content in the media 

(Table A.2). Several proteins were differentially expressed in ribosomes grown in pre-

GOE conditions relative to other growth conditions (Figure A.7). Notably, ribosomes 

grown anaerobically with high Fe2+ had five times the abundance of the protein YceD 

than ribosomes grown anaerobically without added Fe2+. Anaerobic high Fe2+ ribosomes 

had one third the abundance of the rProtein S12 methylthiotransferase protein RimO and 

rRNA LSU methyltransferase K/L protein RlmL than ribosomes from aerobically grown 

cells with 1 mM Fe2+. 

2.6 Discussion 

2.6.1 Iron promotes rapid in-line cleavage of rRNA 
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Mg2+ is known to cleave the RNA phosphodiester backbone via an in-line 

mechanism (64,114). We have shown here that Fe2+, like Mg2+, can cleave RNA by a 

non-oxidative in-line mechanism. We used cleavage of 23S and 16S rRNA to determine 

the observed rate constants of both Mg2+- and Fe2+- mediated cleavage. The kobs, 

uncorrected for metal concentration, for in-line cleavage by Fe2+ is around 10 times 

greater than for Mg2+. Previous studies of metal concentration effects on kobs suggest that 

in-line cleavage is first-order with respect to metal concentration (127,128), allowing the 

calculation of a per molar metal reaction rate constant by k = kobs/[M2+]. Assuming this 

first-order relationship in our experiments, k with Fe2+ is ~300 times greater for the 23S 

and ~200 times greater for the 16S than with Mg2+. In Table 2.4 we compare our results 

to literature k values of Mg2+ and Zn2+ in-line cleavage taken under a range of conditions 

(127,128,141-145), normalizing for the number of cleavable phosphates in the RNA 

substrate. Changes in metal identity, RNA length, RNA folding, pH, and temperature, 

result in differences in normalized rate constants. The values extend over four orders of 

magnitude. Rate enhancement by switching Mg2+ to another metal while other conditions 

are held constant is greater for Fe2+ than for Zn2+, highlighting the rapidity of cleavage by 

Fe2+. 

Support for a non-oxidative in-line mechanism of cleavage of RNA by anoxic 

Fe2+ is provided by observations that the rate of the reaction is not attenuated by anoxia 

and that the sites of cleavage appear to be conserved for Mg2+ and anoxic Fe2+. The 

absence of hydroxyl radical intermediates in the anoxic cleavage reaction is confirmed by 

the lack of inhibition by a hydroxyl radical quencher known to inhibit Fenton chemistry 

(122). Cleavage products of the RNA dinucleotide ApA include only those that are 
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expected from an in-line mechanism and align with products formed with Mg2+. Among 

these is 2’,3’-cyclic phosphate, the hallmark of in-line attack of the bridging phosphate 

by the 2’OH. 

In-line cleavage is the dominant mechanism of Fe2+ cleavage when contributions 

from Fenton-mediated processes are minimized and is the only mechanism of Mg2+ 

cleavage. By contrast, in oxic environments, transient Fe2+ oxidation generates hydroxyl 

radicals (121) that cleave nucleic acids (120,122-125). Our results have significant 

implications for iron toxicity and human disease. The potency of Fe2+ in inducing rRNA 

cleavage may lead to decreased longevity of Fe2+-containing ribosomes. In fact, rRNA 

cleavage linked to Fe2+ oxidation, as in the human ribosome in Alzheimer’s disease 

(146), or in yeast rRNA (147), could be in some measure attributable to Fe2+ in-line 

cleavage.  

Fe2+ appears to be a potent all-around cofactor for nucleic acids. The combined 

results indicate that: 

a) rRNA folds at lower concentration of Fe2+ than Mg2+ (94),  

b) at least a subset of ribozymes and DNAzymes are more active in Fe2+ than in 

Mg2+ (92,148),  

c) the translation system is functional when Fe2+ is the dominant divalent cation 

(94), 

d) at low concentrations of M2+, T7 RNA polymerase is more active with Fe2+ than 

with Mg2+ (95),  
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e) a broad variety of nucleic acid processing enzymes are active with Fe2+ instead of 

Mg2+ (95), 

f) rates of in-line cleavage are significantly greater for Fe2+ than for Mg2+ (here), 

and 

g) Fe2+ but not Mg2+ confers oxidoreductase functionality to some RNAs (49,109). 

2.6.2 Why so fast? 

Our previous DFT computations (95) help explain why Fe2+ is such a potent 

cofactor for RNA. Conformations and geometries of coordination complexes with water 

and/or phosphate are nearly identical for Fe2+ or Mg2+. However, differences between 

Mg2+ and Fe2+ are seen in the electronic structures of coordination complexes.  

Firstly, because of low lying d orbitals, Fe2+ has greater electron withdrawing 

power than Mg2+ from first shell phosphate ligands. In coordination complexes with 

phosphate groups, the phosphorus atom is a better electrophile when M2+ = Fe2+ than 

when M2+ = Mg2+. This difference between Mg2+ and Fe2+ is apparent in both ribozyme 

reactions and in-line cleavage reactions. 

Secondly, Fe2+(H2O)6 is a stronger acid than Mg2+(H2O)6; depletion of electrons is 

greater from water molecules that coordinate Fe2+ than from those that coordinate Mg2+. 

The lower pKa of Fe2+(H2O)6 may promote protonation of the 5’OH leaving group during 

cleavage. Metal hydrates with low pKas have been reported to induce RNA cleavage 

better than less acidic metal hydrates (64).  
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In in-line cleavage, RNA coordinates M2+ or the M2+ hydrate (64,114). Indeed, 

studies of the in-line cleavage fragment patterns have previously been used to probe 

structural information on RNA molecules, such as metal-binding sites (116,117). We 

demonstrated with ApA that RNA secondary structure is not required for in-line 

cleavage. The same activities that drive in-line cleavage (e.g. 2’OH activation and 

coordination of the leaving group) are thought to occur in metal-catalyzed ribozyme 

cleavage (50). Multiple ribozymes (92) and DNAzymes (148) have been observed to 

function with Fe2+ as a cofactor. Our results with Fe2+ in-line cleavage, and in-line 

cleavage in general, require no enzymatic activity. 

The remarkably high cleavage activity of Fe2+ with RNA demonstrated here bears 

relevance to prebiotic chemistry and early biochemistry. Because these reactions are 

catalytic, they increase both forward and reverse reaction rates. RNA degradation through 

Fe2+ cleavage should be weighed against potential RNA polymerization and the benefits 

of increased catalytic activity. The same dualism exists with Mg2+, but our work suggests 

higher stakes with Fe2+. At the extremes, without M2+, RNA cannot form complex folds 

and has few avenues for catalytic or functional activity while with excessive M2+ RNA is 

degraded. There theoretically exists some point of balance wherein M2+ is beneficially 

utilized with some frequency of disabling cleavage. Given the increased potency of 

cleavage with Fe2+ relative to M2+, this balancing point may be at a lower concentration 

of Fe2+ than Mg2+. However, enhanced cofactor characteristics of Fe2+ may allow RNA to 

access more functions using less metal. On early Earth, heightened RNA cleavage in the 

presence of Fe2+ if balanced by a similar rate of RNA resupply would allow functional 

space to be explored in short time. RNAs would be selected that could cooperate with or 
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tolerate a potent metal. Fe2+ may have been a force for accelerated RNA evolution on 

early Earth. 

2.6.3 Fe2+ associates with rRNA in vivo 

Exchange of non-native metals for native metals is well-known during 

purification of proteins (139). We observe analogous phenomena with rRNA. Fe2+ can 

exchange with Mg2+ (and vice versa) during purification of ribosomes. Ribosomes 

purified in either Fe2+ or Mg2+ associate with 500-1000 M2+ ions that match the type of 

ion in the purification buffers. Our data support the tight association and lack of exchange 

of around 9 M2+ per ribosome. This subset of M2+ do not exchange during purification. 

The number of non-exchangeable M2+ closely matches the number of M2+ identified 

previously as a special class of deeply buried and highly coordinated M2+ in dinuclear 

microclusters (M2+-µc’s) (108). Mg2+ ions in M2+-µc’s are directly chelated by multiple 

phosphate oxygens of the rRNA backbone and are substantially dehydrated. M2+-µc’s 

within the LSU provide a framework for the ribosome’s peptidyl transferase center, the 

site of protein synthesis in the ribosome, suggesting an essential and ancient role for M2+-

µc’s in the ribosome. There are four dinuclear M2+-µc’s in the LSU and one in the SSU, 

accounting for 10 M2+ (108). Displacement of these M2+ would require large-scale 

changes in ribosomal conformation. In sum, there are ten M2+ per ribosome that are 

expected to be refractory to exchange. We hypothesize that this subset M2+ are contained 

in M2+ -µc’s, which can be occupied by either Mg2+ or Fe2+ (109), depending on growth 

conditions. 



 43 

We also hypothesize that ribosomes harvested from aerobic cells have low 

Fe2+/Mg2+ ratios because of low intracellular Fe2+ availability and lability. This 

hypothesis is supported by our observation that the number of slow exchanging Fe2+ per 

ribosome from aerobic cells is near the baseline of our measurements. It appears that 

ribosomes harvested from pre-GOE conditions have high Fe2+/Mg2+ ratios because of 

high intracellular Fe2+ availability and lability, as indicated by the close match in the 

number of slowly exchanging Fe2+ per ribosome and the number of available M2+ sites in 

ribosomal M2+-µc’s. In these experiments we detect only the Fe2+ ions that do not 

exchange during purification. 

2.6.4 Summary 

Here we have shown for the first time that bacteria grown in pre-GOE conditions 

contain functional ribosomes with tightly bound Fe atoms. The ~10 ribosomal Fe ions in 

ribosomes grown anoxically with high Fe2+ are likely deeply buried and specifically 

bound to rRNA. Depending on intracellular Fe lability, ribosomes may have higher Fe 

content in vivo given the high capacity for the ribosome to substitute ~600 loosely bound 

Mg2+ ions for Fe2+. Furthermore, direct association of the rRNA with Fe atoms results in 

a fast rate of in-line cleavage. 1 mM Fe2+ gives a ~10 times higher kobs than does 25 mM 

Mg2+ so that the assumed per molar metal rate constant is hundreds of times greater with 

Fe2+ than with Mg2+. This highlights a potential role of protection from in-line cleavage 

for rProteins and suggests that Fe2+ may drive rapid cycling of RNA between monomers 

and polymers. Our results support a model in which alternate M2+ ions, namely Fe2+, 

participated in the origin and early evolution of life: first in abiotic proto-biochemical 

systems, through potentially rapid rounds of formation and breakdown of RNA 



 44 

structures, and then within early cellular life up until the GOE (93). Our study also 

expands the role of Fe2+ in modern biochemistry by showing that extant life retains the 

ability to incorporate Fe into ribosomes. We surmise that extant organisms under certain 

environmental and cellular states may use Fe2+ as a ribosomal cofactor. In addition, 

obligate anaerobic organisms that have spent the entirety of their evolutionary history in 

permanently anoxic environments may still use abundant Fe2+ in their ribosomes in vivo. 
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CHAPTER 3. GOLDILOCKS AND RNA: WHERE MG2+ IS JUST 

RIGHT 

The work described in this chapter has been published in the journal Nucleic 

Acids Research (149). Experiments were performed by me and by A.M. Mohamed, with 

assistance from E.T. Cowan and A. Henning. I designed and performed the modeling, P4-

P6 RNA cleavage, and tRNA and P4-P6 RNA folding experiments. A.M. Mohamed 

performed the tRNA and rU20 cleavage experiments and the rU20 folding experiment. The 

manuscript was written primarily by me with contributions from all coauthors. 

3.1 Abstract 

Magnesium, the most abundant divalent cation in cells, catalyzes RNA cleavage 

but also promotes RNA folding. Because folding can protect RNA from cleavage, we 

predicted a “Goldilocks peak”, which is a local maximum in RNA lifetime at the Mg2+ 

concentration required for folding. Here we use simulation and experiment to discover an 

innate yet sophisticated mechanism of control of RNA lifetime. By simulation we 

characterized the RNA Goldilocks peak and its dependence on cleavage parameters and 

extent of folding. Supporting experiments with yeast tRNAPhe and Tetrahymena ribozyme 

P4-P6 domains show that structured RNA can inhabit a Goldilocks peak in vitro. The 

Goldilocks peaks are tunable by differences in cleavage rate constants, Mg2+ binding 

cooperativity, and Mg2+ affinity. Broad ranges of those folding and cleavage parameters 

produce Goldilocks peaks of different intensities. Goldilocks behavior allows ultrafine 

control of RNA chemical lifetime, whereas non-folding RNAs do not display a 

Goldilocks peak. In sum, the effects of Mg2+ on RNA persistence are expected to be 

pleomorphic, both protecting and degrading RNA. In evolutionary context, Goldilocks 
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behavior may have shaped RNA in an early Earth environment containing Mg2+ and 

other metals.   

3.2 Introduction 

Universal biopolymers (DNA, RNA, protein, and polysaccharide) are ephemeral 

(150,151). Biopolymers hydrolyze spontaneously in aqueous media, degrading to 

monomers. In dilute aqueous solution, hydrolysis of biopolymers is always 

thermodynamically favored (152-154). However, low rates of hydrolysis, due to kinetic 

trapping, allow biopolymers to persist for extended periods of time (150). RNA is 

especially labile (155), although rates of RNA hydrolysis are modulated by cations, 

sequence, folding, temperature, and proteins (156-158).  

Here we document and characterize Goldilocks behavior of RNAs, with local 

maxima of chemical lifetimes bounded by conditions of lower lifetimes (Figure 3.1). A 

Goldilocks landscape is a continuum of conditions, some of which are just right for RNA 

persistence. We predicted Goldilocks landscapes for RNA because Mg2+ directly 

increases RNA cleavage rates by one mechanism and indirectly decreases cleavage rates 

by a different mechanism. Mg2+, the most abundant divalent cation in cells (77), degrades 

RNA by catalyzing in-line attack of the 2’-oxygen on the backbone phosphate 

(64,98,128,145,156,159,160). Mg2+ can also protect against degradation, by facilitating 

RNA folding (47,48,79-81,161). The mechanism of protection involves converting 

conformationally flexible RNA to more structured RNA (162), which is less likely to 

adopt the geometry required for cleavage (114). A Goldilocks landscape can arise when a 
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given factor acts as a double-edged sword that differentially degrades and protects. Here, 

we investigated RNA Goldilocks behavior through simulation and experiment.  

 

Figure 3.1 – The Goldilocks peak of RNA. Too little Mg2+ accelerates RNA cleavage 
by minimizing folding, a means of cleavage protection. Too much Mg2+ accelerates 
RNA cleavage by over-riding protection. The in-between Goldilocks peak of Mg2+ is 
just right. Figure from Ref. (149). 

In simulations, Goldilocks behavior is observed under a broad variety of 

parameters that influence RNA folding and cleavage. Goldilocks landscapes are 

influenced by folding mechanism, Mg2+-dependency of folding, and folded and unfolded 

cleavage rate constants. Goldilocks landscapes are not accessible to RNAs that do not 

fold or unfold.  

In our experiments, Goldilocks behavior is observed for well-established model 

RNAs, yeast tRNAPhe (163,164) and Tetrahymena ribozyme P4–P6 domain (165,166). 
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An experimental comparison of tRNA and P4-P6 RNA indicates that the Goldilocks 

phenomena is retained even as the landscape is influenced by sequence and chemical 

modification. In experiments, Goldilocks peaks were observed where RNA is ~95% 

folded; a control RNA that does not fold, rU20 (polyuridylic acid 20-mer), does not 

display Goldilocks behavior. 

Goldilocks behavior of RNA suggests intrinsic sophistication, allowing ultrafine 

control of structure and chemical lifetime by a variety of inputs (150,167). RNA chemical 

lifetimes can be tuned by Mg2+-mediated shifts into and out of Goldilocks peaks and by 

remodeling Goldilocks landscapes via sequence and chemical modification. Goldilocks 

behavior of RNA is consistent with its selection in a primordial world of stringent and 

conflicting evolutionary demands. 

3.3 Materials and Methods 

3.3.1 Simulation of RNA lifetime 

We mathematically modeled the effect of [Mg2+] on fraction of RNA folded and 

cleavage rate constants which together combine into an observed cleavage rate constant 

kobs. Lifetime is then the reciprocal of kobs.  

For a two-state model, the fraction folded is ff and the fraction unfolded is fu. We 

used the Hill equation to describe extent of folding (168), although any model that 

reasonably describes RNA folding can be used (Equations 3.1 and 3.2): 

 𝒇𝒇𝒇𝒇 =  
𝟏𝟏

𝟏𝟏 + � 𝑲𝑲𝑫𝑫
[𝑴𝑴𝑴𝑴𝟐𝟐+]�

𝒏𝒏 (3.1) 
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 𝒇𝒇𝒇𝒇 +  𝒇𝒇𝒖𝒖 =  𝟏𝟏 (3.2) 

KD is equivalent to [Mg2+] at the folding midpoint (48) and n is the Hill 

coefficient, which reflects the cooperativity of RNA folding. 

RNA cleavage is a second-order phenomenon in which the rate of cleavage 

depends on [RNA] and [Mg2+] (128,156). The observed pseudo first-order rate constant 

(kobs) is proportional to the second-order rate constant (k) and [Mg2+] (Equation 

3.3)(169): 

 𝒌𝒌𝒐𝒐𝒐𝒐𝒐𝒐 = 𝒌𝒌�𝑴𝑴𝑴𝑴𝟐𝟐+� (3.3) 

To model RNA lifetime with a two-state folding model, we used two cleavage 

rate constants: kf for folded RNA and ku for unfolded RNA. Folding offers protection 

from cleavage, and therefore kf < ku. For an RNA that can occupy two states, kobs is a 

convolution of cleavage contributions based on fractional occupancies and rate constants 

for each state (Equation 3.4, which is an extension of Equation 3.3 with differential 

cleavage based on folding): 

 𝒌𝒌𝒐𝒐𝒐𝒐𝒐𝒐 = 𝒇𝒇𝒇𝒇𝒌𝒌𝒇𝒇�𝑴𝑴𝑴𝑴𝟐𝟐+�+ 𝒇𝒇𝒖𝒖𝒌𝒌𝒖𝒖�𝑴𝑴𝑴𝑴𝟐𝟐+� (3.4) 

RNA lifetime is the reciprocal of the observed cleavage rate constant (kobs) 

(Equation 3.5) (170): 
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 (3.5) 

Initial folding parameters, KD = 0.022 mM Mg2+ and n = 4.1, for native yeast 

tRNAPhe, were obtained from previous work (79). Initial values of relative rate constants 

were set to ku = 1 and kf = 0.2 trel
-1[Mg2+]rel

-1, consistent with changes in RNA cleavage 

rates upon conversion of single strands to duplex (171,172). The software GraphPad 

Prism 8 was used for simulations. 

To model the contribution of folding intermediates to Goldilocks behavior, we 

modified the two-state model using the approach of Shelton et al. (79) (Appendix 

Equations B.1, B.2, & B.3). The transition from unfolded to intermediate is described by 

the terms KD1 and n1, and the transition from intermediate to fully folded is described by 

KD2 and n2. We initialized the three-state equation with KD1 at 1 [Mg2+]rel and ku/kf at 5. 

We set both n1 and n2 to 4.1 and KD2 for the second transition to 2 [Mg2+]rel. ki was 

varied. 

Our simulations and analysis of experimental data related to RNA Goldilocks 

phenomena assume that RNA folding is fast relative to cleavage. We assume both that 

Mg2+ binding to RNA is not rate-limiting and that cleavage operates over a fixed folding 

ensemble. These assumptions are based on experiment and theory. For folding, k = 104 to 

10-4 s-1 (173-180). For cleavage k = 10-4 to 10-7 s-1 (98,128,156,172). To either cleave or 

fold RNA, Mg2+ must first associate with the RNA. Diffuse association (or diffuse 

“binding”) of Mg2+ with RNA has a rate constant of k ≈ 1010 s-1, near the rate of diffusion 
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itself (181), whereas specific binding, involving first shell coordination, has k ≈ 105 s-1 

(182,183). Increasing RNA length might attenuate Goldilocks behavior if rate of folding 

were decreased sufficiently (184) such that folding and cleavage occur on the same 

timescale. 

3.3.2 RNA Preparation 

Yeast tRNAPhe was purchased from Sigma-Aldrich (R4018). rU20 was a custom 

oligo purchased from Integrated DNA Technologies. T7-transcribed, stabilized P4-P6 

RNA was produced as in Athavale et al. (92). Background Mg2+ was removed from the 

RNAs by dialysis in 180 mM NaCl and 50 mM HEPES buffer pH 7.1 using a 10 kDa 

MWCO filter. 

3.3.3 Circular Dichroism 

Extent of folding was quantified by CD spectroscopy. A solution of 10 µM tRNA, 

8 µM P4-P6 RNA, or 10 µM rU20 in 180 mM NaCl and 50 mM HEPES buffer pH 7.1 

was added to a cuvette with a 0.1 cm path length. Spectra were accumulated on a Jasco J-

815 spectropolarimeter with scan rate of 200 nm/min, bandwidth of 3 nm, and data pitch 

of 0.2 nm from 220 to 350 nm at 65°C. The RNAs were titrated with small volumes of 

concentrated known MgCl2 solutions. CD spectra were blank-subtracted and smoothed 

with a moving average. For yeast tRNAPhe and P4-P6 RNA, fraction RNA folded was 

plotted using the theta value at the wavelength that maximized the difference between 

spectra (260 nm for tRNA and 260.6 nm for P4-P6 RNA). Theta values were baseline-

corrected for the effects of dilution, evaporation, and cleavage over the course of CD data 

acquisition. Yeast tRNAPhe showed little cleavage during CD data acquisition. Some P4-
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P6 RNA cleavage was observed, consistent with the longer CD acquisition time and 

greater RNA length (Figure B.1). 

3.3.4 In-line cleavage of RNA 

We approximated native ionic strength at 180 mM NaCl, which required elevated 

temperature (65°C) to observe Mg2+-dependent folding (185). Solutions of 10 µM yeast 

tRNAPhe, 3.8 µM P4-P6 RNA, or 10 µM rU20 in 180 mM NaCl, 50 mM HEPES buffer 

pH 7.1, and variable MgCl2 were incubated at 65°C for 48 hours. Reaction mixtures were 

separated by electrophoresis on 7% or 6% urea PAGE gels run at 120V for 1 hour and 

stained with SYBR Green II. Stained gels were digitized with an Azure 6000 or Typhoon 

FLA 9500 Imaging System. Band intensities were quantified using AzureSpot Analysis 

software to determine the amount of total intact RNA present. 

3.3.5 Sequencing and fragment analysis of P4-P6 RNA cleavage products 

RNA species were analyzed by capillary electrophoresis (SeqStudio, Applied 

Biosystems) by following the manufacturer’s protocol and data was analyzed and aligned 

in MATLAB. In detail, a final concentration of 10 ng/µL uncleaved “fresh” P4-P6 RNA 

with 0.4 µM of FAM-labeled reverse transcription primer that binds to the 3’ end (5’-

AGCTTGAACTGCATCCATATCAACA-3’, Integrated DNA Technologies), 5 mM 

DTT, 1X first strand buffer (Invitrogen), 0.5 mM each dNTP, and 2 mM of either ddATP, 

ddCTP, ddGTP, or ddTTP was reverse transcribed by SuperScript III (Invitrogen) to 

create fragments for sequencing. The P4-P6 RNA cleavage reactions containing 5 mM, 

10 mM, and 15 mM Mg2+ were reverse transcribed in parallel with omission of the 

ddNTPs for identification of cleavage sites. 1 µL of each reverse transcription was 
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combined with 1 µL GenefloTM 625 size standard ROX ladder (CHIMERx) and 20 µL 

HiDi (Applied Biosystems). Samples were resolved on a SeqStudio instrument using the 

FragAnalysis run module. 

3.4 Results 

3.4.1 Simulations reveal Goldilocks behavior 

We investigated RNA Goldilocks behavior for RNAs that fold in response to 

Mg2+. The simplest model (Figure 3.2) allows two states (folded and unfolded) and two 

cleavage rate constants; ku is the cleavage rate constant of an unfolded RNA and kf is the 

cleavage rate constant of a folded RNA. The observed rate constant shifts from ku when 

the RNA is fully unfolded, to a weighted average of ku and kf when the RNA is partially 

folded, to kf when the RNA is fully folded. This model allows a Goldilocks peak of 

chemical lifetime if kf < ku. From the top of a Goldilocks peak, RNA lifetime decreases if 

[Mg2+] is either increased or decreased. The folding transition in this model is governed 

by [Mg2+], KD (for [Mg2+]) and n (the Hill coefficient). 

This simple two-state model predicts a Goldilocks landscape of chemical lifetime 

over a broad range of folding and cleavage parameters (Figure 3.2C-F). KD modulates the 

position of the Goldilocks peak on the [Mg2+] axis; RNAs that fold at lower [Mg2+] show 

a Goldilocks peak at lower [Mg2+]. The Hill coefficient n modulates the sharpness of the 

Goldilocks peak without a substantial change in its position; a larger n gives a sharper 

peak. ku modifies the slope of the Goldilocks peak on the low [Mg2+] side, and kf 

modifies the slope on the high [Mg2+] side. The ratio of ku to kf modulates the intensity of 

the peak. Goldilocks peaks are absent for RNAs that (i) do not fold, (ii) are always 
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folded, (iii) do not change cleavage rate constant upon folding, or (iv) transition very 

gradually between differential cleavage realms with varying [Mg2+] (Figure B.2). 

Here we define Goldilocks peak intensity as the ratio of the lifetime at the local 

maximum to the lifetime at the preceding minimum. In simulation, positions of maxima 

and minima were determined by determining the simulated lifetime derivative across 

[Mg2+] and solving for [Mg2+] where slopes are zero. Returning each of those [Mg2+] 

values back into the original lifetime equation solves for the maximum and minimum 

used for Goldilocks peak intensity. In experiment, the low and high lifetime datapoints 

were used directly for the ratio. 
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Figure 3.2 – Goldilocks behavior of RNA is predicted by simulations. (A) 
Simulations reveal the influence of [Mg2+] on the chemical lifetime of an RNA that is 
cleaved more slowly in the folded state than in the unfolded state (black/red line). 
The Goldilocks peak is highlighted in red. The lifetime of an always unfolded RNA 
is shown by a dashed line (ku = 1 trel-1[Mg2+]rel-1). The lifetime of an always folded 
RNA is shown by a dotted line (kf = 0.2 trel-1[Mg2+]rel-1). An RNA that shifts between 
unfolded and folded states shifts between unfolded and folded lifetimes, to establish 
a Goldilocks peak. Goldilocks behavior requires conversion from unfolded to folded 
and a slower cleavage constant of folded vs. unfolded RNA (kf < ku). (B) The two-
state reaction mechanism. U is unfolded RNA and F is folded RNA. (C-F) Effects 
while other parameters are held constant of (C) KD (D) n (E) kf, and (F) ku. Each 
parameter was varied by multiplication or division by 1+(0.1×2i) (i = 1, 2, 3, …8). 
For this representation, [Mg2+] was converted to [Mg2+]rel where 1 [Mg2+]rel = KD = 
0.022 mM Mg2+. Lifetime (t) was converted to trel where trel = 1 when [Mg2+]rel =1 
and the cleavage constant(s) are always 1 trel-1[Mg2+]rel-1. Figure from Ref. (149). 
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3.4.2 Goldilocks behavior in complex models 

More realistic RNA folding mechanisms involve intermediate states (79). In a 

model with intermediates, each intermediate I is associated with specific cleavage rate 

constant ki (Figure 3.3A). The simulations reveal that the number, intensities, and 

proximities of Goldilocks peaks depend on the relative magnitudes of the rate constants 

and on locations of the folding transitions in [Mg2+]-space. For a three-state model with 

two transitions that are fully resolved in [Mg2+]-space, RNA can display two distinct 

Goldilocks peaks (Figure 3.3B). When the transitions overlap in [Mg2+]-space, 

decreasing ki tends to increase the intensity of the Goldilocks peak at the [Mg2+] where 

the intermediate population is maximum. Increasing ki depresses lifetime at low [Mg2+] 

(peak position 1, Figure 3.3B) and shifts the Goldilocks peak to higher [Mg2+] (peak 

position 2, Figure 3.3B). An RNA with a folding intermediate that is cleaved more slowly 

than the fully folded state (ki < kf) or cleaved more rapidly than the unfolded state (ki > 

ku) it can display especially intense Goldilocks peaks. If an intermediate state has 

intermediate protection, the net Goldilocks peak is less intense than in the absence of an 

intermediate. 
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Figure 3.3 – Complex folding models form Goldilocks peaks. (A) In a three-state 
mechanism, unfolded RNA converts by a first transition to an intermediate and by a 
second transition to fully folded. Unfolded RNA is cleaved with a rate constant ku, 
the intermediate is cleaved with a rate constant ki, and fully folded RNA is cleaved 
with a rate constant of kf. (B) In the simulation, ki was varied relative to ku while 
other parameters were fixed. The black line represents lifetimes when ki = kf. The 
dashed line represents the lifetimes when ki = ku. A ki < kf scenario favors an early 
Goldilocks peak and a ki > ku scenario favors a late Goldilocks peak. Figure from 
Ref. (149).  

3.4.3 Goldilocks intensity 

We show that RNA can inhabit a Goldilocks peak of RNA protection flanked by 

conditions of lability. The level of protection, given by Goldilocks peak intensity, 

depends on RNA properties. We defined Goldilocks peak intensity as the ratio of the 
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peak maximum to minimum, i.e. the ratio of the protected lifetime to the labile lifetime. 

Using Goldilocks peak intensity, one can compare and rank various RNAs. We observed, 

in two-state simulations, that Goldilocks peak intensity increases with increased 

cooperativity of folding (n) or with increased extent of protection afforded by folding 

(decrease of kf relative to ku) (Figure 3.4A). We surveyed values of n and ku/kf to create a 

Goldilocks intensity map (Figure 3.4B). A ku/kf = 3 with an n=4 produces a modest 

Goldilocks peak. Increasing either n or ku/kf increases Goldilocks peak intensity. 

Lowering parameters n or ku/kf disallows a Goldilocks peak unless there is a 

compensatory increase in the other parameter. We considered area under the curve as a 

method for quantifying the Goldilocks phenomena. By this method, greater area under 

the curve would correspond to more extensive protection. Intensity and area together 

describe the shape of a Goldilocks peak. While intensity indicates the protection an RNA 

achieves when reaching its peak, area can be concentrated locally or widely dissipated 

(Figure B.3). We conclude that a local description (intensity) is a more useful 

comparator. 
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Figure 3.4 – Goldilocks peak intensity increases with n and ku/kf ratio. (A) A 
simulated Goldilocks peak (black) is enhanced by increasing the RNA’s 
cooperativity (n) or increasing the ratio of the unfolded to the folded cleavage rate 
constant (i.e. increasing protection of the folded state). (B) Surveying a range of rate 
constant ratios (ku/kf) across a range of n values shows that regions toward high 
ku/kf, n, or both have Goldilocks peaks and regions where both parameters are low 
do not. Figure from Ref. (149). 

3.4.4 Experimental observation of a Goldilocks landscape of tRNA 

To experimentally investigate Goldilocks behavior, we assayed both fraction 

folded and lifetime of yeast tRNAPhe across a range of [Mg2+]. Circular Dichroism 

showed a clear cooperative folding transition with a [Mg2+] midpoint between 1 and 2 

mM (Figure 3.5; Figure B.4). Random coil yeast tRNAPhe folds to the native L-shaped 

structure upon addition of Mg2+ (173,186-191). Chemical lifetime of yeast tRNAPhe 

showed a distinct Goldilocks peak near 3 mM Mg2+, where the tRNA was ~95% folded 

(Figure 3.5; Figure B.5). The tRNA lifetime was longer at 3 mM Mg2+ than at either 2.0 

mM or at 3.5 mM Mg2+. In contrast, rU20, which does not fold, did not exhibit Goldilocks 

behavior (Figure B.6). 
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Figure 3.5 – Yeast tRNAPhe shows Goldilocks behavior. Lifetimes of yeast tRNAPhe 
(black circles) and rU20 (black triangles) were determined over a range of [Mg2+]. 
The yeast tRNAPhe fraction folded (gray circles) was determined by CD. 
Experimental lifetimes were fit to two-state (black dashed) and three-state (black 
solid) models. Fraction folded was fit with two-state (gray dashed) and three-state 
(grey solid) Hill equation models. The three-state model better approximates the 
lifetime data, with a more intense Goldilocks peak than the two-state model. The 
tRNA Goldilocks peak is coincident with folding. rU20 lifetimes decrease 
monotonically with no Goldilocks peak (dotted black). rU20 did not show a folding 
transition (Figure B.6). Lifetimes were determined by quantification of intact RNA 
resolved by PAGE after 48 hours and normalized per phosphodiester bond. All 
experiments were conducted in 180 mM NaCl, 50 mM HEPES pH 7.1 at 65°C, with 
variable [Mg2+]. Yeast tRNAPhe lifetime error bars represent the standard deviation 
of five replicates. Folding and rU20 lifetime experiments used one replicate. Figure 
from Ref. (149). 

We compared the experimental lifetime data with predictions of our models 

(Figure 3.5). The observed yeast tRNAPhe Goldilocks landscape is reasonably fit by a 

two-state model. The fit and observed Goldilocks peaks are centered at the same [Mg2+]. 

The cleavage rate constant of the unfolded tRNA is predicted to be 2.7 times greater than 

that of the folded tRNA. However, the observed Goldilocks peak is sharper and more 

intense than predicted by the two-state model. A three-state model provides a better fit to 

the data, especially in the center of the Goldilocks peak. In the three-state model the 
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cleavage rate constant for the unfolded RNA is predicted to be 3.2 times that of the 

intermediate and 2.2 times that of the fully folded tRNA (ku > kf > ki). The statistical 

significance of the improved fit of the three-state versus the two-state lifetime and folding 

models is indicated by residual errors (Figure B.7). Our results are consistent with 

previous observations of >2 states for folding of yeast tRNAPhe (79,173,186,192). The 

fundamental conclusion here, which is the prediction and validation of Goldilocks 

behavior by RNA, is not dependent on the folding model.   

Yeast tRNAPhe, with an intense Goldilocks peak, appears to fold via a protected 

intermediate. Prior work has shown that yeast tRNAPhe is most compact in intermediate 

ionic strength (193-195) suggesting that the folding intermediate is more compact that the 

native state (however, see reference (196)).  

3.4.5 Experimental observation of a Goldilocks landscape of Tetrahymena ribozyme 

P4-P6 domain 

P4-P6 RNA is a well-established model (165,166) that folds with  increasing 

Mg2+ (197,198). The Mg2+-dependence of P4-P6 RNA folding by CD (Figure B.8) and 

chemical lifetime (Figure B.9) were determined (Figure 3.6) by the same methods and 

under the same conditions as for yeast tRNAPhe. P4-P6 RNA has a clear Goldilocks peak 

that is coincident with RNA folding.  

The Goldilocks behavior of P4-P6 RNA is approximated by both the two-state or 

three-state models. Both models recreate the position in Mg2+-space and intensity of the 

single Goldilocks peak. The peak is produced by the intermediate to folded transition in 

the three-state model wherein ki is 8 times kf. When constrained to two states, ku is 22 
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times kf. A low [Mg2+] folding transition prior to the transition that forms the Goldilocks 

peak is approximated by the three-state model. The low [Mg2+] trend is captured only by 

the three-state model. The fit suggests that P4-P6 RNA folds by least three states, even 

though only two contribute to the Goldilocks peak. This conclusion is supported by 

residual plots for both lifetime and folding (Figure B.10) and previous observations that 

P4-P6 RNA has more than two folding states (197,198). 

 

Figure 3.6 – P4-P6 RNA shows Goldilocks behavior. P4-P6 RNA lifetime (black 
circles) shows a Goldilocks peak when the RNA is near-fully folded. The two-state 
(dashed line) and three-state (solid line) fits equally capture lifetime within the 
Goldilocks peak but the three-state fit better approximates lifetime at low [Mg2+]. 
Lifetime is normalized per phosphodiester bond. For a non-folding RNA 
comparison, rU20 lifetime (black triangles) is included and fit with a single state 
model (dotted line). P4-P6 RNA folding measured by CD (gray circles) is better 
approximated by a three-state fit (solid gray line) than a two-state fit (dashed gray 
line). Both folding and lifetime experiments were conducted in 180 mM NaCl, 50 
mM HEPES pH 7.1 at 65°C with variable MgCl2. Error bars represent the standard 
deviations. P4-P6 RNA lifetime had four replicates, P4-P6 RNA folding had two 
replicates, and rU20 lifetime had one replicate. Figure from Ref. (149). 

3.4.6 Comparison of yeast tRNAPhe and P4-P6 RNA 
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Both RNAs display Goldilocks peaks in experiment and in simulation. Both 

RNAs are best fit to models with more than two states. For the tRNA the Goldilocks peak 

is sharp, with a half-height peak width of around 1 mM Mg2+. This level of cooperativity 

is associated with a pronounced Goldilocks peak. tRNA is noted for its high level of 

structure (199,200). Conversely, P4-P6 RNA has low cooperativity, which is associated 

with a broad Goldilocks peak, with a peak width at half-height of around 5 mM Mg2+. 

Goldilocks peak intensity for tRNA is greater (2.4) than for P4-P6 RNA (1.5). The fit 

parameters of each RNA are compared in Table 3.1. 

Table 3.1 – Fitted parameters for yeast tRNAPhe and P4-P6 RNA  

RNA Exp.a States ku (s-1M-1)b ki (s-1M-1)b kf (s-1M-1)b KD1 (mM) KD2 (mM) n1 n2 
tRNA lifetime 3 8.7×10-5 2.7×10-5 3.9×10-5 2.2 3.3 15c 15c 
 lifetime 2 8.2×10-5 -- 3.1×10-5 2.3 -- 33.5 -- 
 folding 3 -- -- -- 0.2 1.3 1.1 3.8 
 folding 2 -- -- -- -- 1.2 -- 3.4 
P4-P6 lifetime 3 6.1×10-4 2.8×10-5 3.5×10-6 0.5 4.9 3.9 3.4 
 lifetime 2 8.7×10-5 -- 3.9×10-6 -- 4.8 -- 3.4 
 folding 3 -- -- -- 2.3 3.8 0.9d 2.9 
 folding  2 -- -- -- -- 2.7 -- 2.0 
aExperiment type, either lifetime analysis by fraction intact in PAGE or folding analysis 
by CD. 
bCleavage rates are per phosphodiester bond 
cValues were poorly constrained, the value shown is one that minimizes magnitude while 
following the data 
dn values less than one have literature precedent (201) 

3.4.7 Site specificity of cleavage 

To characterize Goldilocks phenomena at the level of single nucleotides, we 

quantified cleavage fragments of P4-P6 RNA using a sequencer. We examined the site-

specific extent of cleavage under conditions of the Goldilocks peak (10 mM Mg2+), on 

the partially folded side of the peak (5 mM), and on the fully folded side of the peak (15 
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mM) (Figure B.11). The average extent of cleavage is less under the conditions of the 

Goldilocks peak (0.18) than in regions flanking the peak (0.21 pre-peak and 0.20 post-

peak). Subtracting the 10 mM Mg2+ Goldilocks peak condition as a baseline shows 

nucleotides that experience more cleavage off the peak than on the peak, with larger 

Δcleavage values indicating greater cleavage (Figure 3.7A). This information was 

superimposed on P4-P6 RNA’s secondary structure (Figure 3.7B). The number of 

detectable cleavage sites and variety of cleavage intensities are greatest for the partially 

folded RNA (at 5 mM Mg2+). These sites overwhelm the few nucleotides that are highly 

cleaved in the folded state (strong negative Δcleavage). In the partially folded realm, 

double-stranded RNA shows more uniform extent of cleavage than unpaired RNA (202). 

Variability decreases when the RNA fully folds, where the conformations of essentially 

all nucleotides become fixed. Here, Δcleavage for 5 mM to 10 mM Mg2+ is most 

variable, especially in bulge and loop-forming regions. When increasing from 10 mM to 

15 mM Mg2+ a few cleavage hot spots emerge in unpaired regions, where the RNA is 

most susceptible to cleavage (114).  

In P4-P6 RNA, the Mg2+-binding core does not appear to be folded at 5 mM 

Mg2+, as indicated by extent of cleavage (Figure 3.7A-B). The metal core folds and is 

protected at 10 mM Mg2+. This region is a representation of the double-edged sword of 

Mg2+; by associating with Mg2+ the RNA is protected from Mg2+. As expected (203), by 

its low reactivity relative to other loop or bulge regions, the GAAA tetraloop appears to 

be fully folded by 5 mM Mg2+.  

The sequencing data indicate that even though the low resolution P4-P6 RNA 

PAGE banding patterns remain reasonably constant, relative extent of cleavage at various 
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sites does in fact change. Although the yeast tRNAPhe banding pattern appeared uniform 

across [Mg2+] in gels, we assume significant differences in locations of cleavage upon 

folding. Site-specific analysis of yeast tRNAPhe was not possible with our method 

because of the RNA base modifications.  

 

Figure 3.7 – Differences in site specificity of cleavage with changing [Mg2+]. (A) 
Δcleavage reports differences in cleavage between P4-P6 RNA at the Goldilocks 
peak (10 mM Mg2+) and at 5 or 15 mM Mg2+. Δcleavage indicates highest lifetime at 
the Goldilocks peak. (B) Superimposition of cleavage data onto the secondary 
structure of P4-P6 RNA shows that hot spots for cleavage (red) or protection (blue) 
relative to P4-P6 RNA at 10 mM Mg2+ occur at loops and bulges in the RNA. 
Important structural features are provided as in Bisaria 2016 (204). Each Δcleavage 
value is the mean of two replicates. Figure from Ref. (149). 

3.5 Discussion 

By simulation and experiment we validated a Goldilocks model of RNA. Local 
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maxima in lifetime are flanked by conditions of greater lability. RNAs can resist Mg2+-

mediated cleavage when Mg2+ folds the RNA. Increasing [Mg2+] beyond the folding 

threshold increases Mg2+-mediated cleavage. We use Goldilocks model framework to 

explain how lifetime landscapes are modulated by specific characteristics of diverse 

RNAs. We predict that Goldilocks landscapes are modulated by monovalent cation 

concentrations, type of divalent cation, RNA sequence and modification, protein and 

ligand association, and temperature. RNA that cannot fold or unfold cannot access 

Goldilocks protection. Self-cleaving ribozymes are exempt from Goldilocks behavior 

because their folding increases rates of cleavage. 

3.5.1 Goldilocks landscapes 

RNA response to [Mg2+] is modulated by RNA sequence and chemical 

modification. The number, intensity, profile, and position in [Mg2+]-space of Goldilocks 

peaks depends on RNA sequence and chemical modification. The position of a 

Goldilocks peak in [Mg2+]-space is determined primarily by the affinity of the folded 

RNA for Mg2+.  A smaller KD shifts the Goldilocks peak to lower [Mg2+]. 

Goldilocks behaviors of RNA should extend beyond Mg2+ to species such as Fe2+, 

which also promote both RNA folding and cleavage (92,94). Even farther, the general 

principles of Goldilocks behavior can be applied to any agent that has differential 

opposing effects on lifetime. For example, protein is cleaved by hydrolysis (205). Protein 

folding decreases rates of hydrolysis (150) and is often promoted by high water activity 

(206). This model predicts water-defined Goldilocks phenomena for proteins. 

3.5.2 Goldilocks behavior in vivo 
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RNA Our simulations anticipate some RNAs in vivo may inhabit Goldilocks 

peaks. Free Mg2+ in vivo is near 1 mM (207,208). An RNA hairpin ribozyme used as a 

model is mostly folded at 1 mM Mg2+ in molecularly crowded conditions  mimicking the 

cytosol (209). If the minimal [Mg2+] required for folding in vivo coincides with the in 

vivo [Mg2+], RNA may occupy a Goldilocks peak in cells. More specific in vivo 

conclusions remain unresolved thus far because of differences in in vitro and in vivo 

conditions and limitations in manipulating in vivo [Mg2+] (210). Goldilocks landscapes 

remain to be evaluated in vivo and in the context of protein and ligand binding. For 

mRNAs, with lifetimes in vivo of minutes (211-215), spontaneous cleavage might be 

insignificant. However, long-lived RNAs (tRNAs, ~9 hours to days (216-219); and 

rRNAs, ~5 hours to days (220-224)) might be subject to spontaneous cleavage, governed 

by the Goldilocks phenomena. Goldilocks behavior could explain in part why cells invest 

in careful maintenance of Mg2+ homeostasis (225). It seems likely that a narrow range of 

[Mg2+] prolongs specific RNA lifetimes in vivo.  

3.5.3 Goldilocks and Origins of Life 

RNA can transit between dangerous spaces and safe spaces. Finely controlled 

metastability, with access to Goldilocks peaks of protection, is most likely an imprint of 

evolutionary processes (226) during the emergence of RNA on the ancient Earth. 

Sophisticated internal control of lifetime is an indication of selection - of backbone 

structure, base modifications, and sequence, all of which modulate Goldilocks 

landscapes. 
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CHAPTER 4. CONCLUSION AND OUTLOOK 

4.1 Import on the origin of life 

4.1.1 Fe2+ could have driven rapid RNA evolution 

We find that Fe2+ was an important and more potent cleavage catalyst than Mg2+ 

for RNA on early Earth. Initially, fast RNA cleavage with Fe2+ relative to Mg2+ seems a 

detriment to the emergence of RNA in an early environment with more abundant Fe2+. 

However, such a stance assumes the current Mg2+-based rate of other biological 

processes including RNA synthesis. Overall rates of biochemistry may have been altered 

in an Fe2+ world. If RNA polymerization rates matched RNA cleavage rates in the 

presence of Fe2+, then a population of RNA could be maintained. In fact, some RNA 

polymerases show higher RNA production using Fe2+ in place of Mg2+ under certain test 

conditions (95,227,228). Supporting rationale is that catalysts, in this case Fe2+ or Mg2+, 

lower activation energy for reactions to more readily proceed forward and in reverse 

(229). Enhanced cleavage with Fe2+ relative to Mg2+ should be paralleled in the reverse 

reaction, enhanced polymerization, allowing RNA to persist. 

Rapid rates of RNA turnover through Fe2+-driven cleavage and polymerization 

would have impacted the rate of evolution on early Earth. In an Fe2+ environment, new 

RNAs can enter and exit the population quickly, allowing sequence space to be explored 

in little time (Figure 4.1). The result is that evolution proceeds quickly, and more 

diversity can exist in Fe2+-evolved than Mg2+-evolved RNA. More sequence diversity and 



 69 

fast evolution with Fe2+ may have helped RNA persist across changing environmental 

conditions over billions of years.  

 

Figure 4.1 – RNA’s explorable sequence space is greater under Fe2+ than Mg2+. 
Each bar represents an RNA sequence (black), which is replaced by the end of its 
lifetime with the next RNA going forward in time. In this representation, a mutation 
(red) emerges once per replication, or lifetime. The example RNA lifetime is half as 
long with Fe2+ as Mg2+. Given the same amount of time, an RNA population will 
have explored more sequence space under Fe2+ evolution than under Mg2+ evolution 
because mutations accumulate with more generations.  

4.1.2 Goldilocks peaks are signs of selection 

Origin of life theory posits that there has been continuous selection driving 

chemical and gradually Darwinian evolution of a persistent system across Earth’s history 

(4). Therefore, one explanation for why life has its current set of biomolecules is because 

those are the molecules that survived and survive selection and not because they are 

optimal or special in any other way. It should then be possible to find fingerprints of 

selection on biomolecules such as RNA that are emblematic of their selection history and 

can help us reconstruct the past. Goldilocks peaks appear to be one such fingerprint.  
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As a sign of selection, we would expect a biopolymer to have a trait or combined 

traits that only support its survival within a flexible window of boundaries. The 

importance of the window of boundaries is that the biomolecule neither becomes 

unchangeable nor fleeting, and flexibility in the window allows adaptability of the trait as 

environmental conditions change. RNA Goldilocks peaks fit this criterion in the single 

trait of a limited but variable lifetime optimum across metal conditions. Other 

competitors to RNA during its selection without such a property may have been 

winnowed out. Therefore, the modern existence of RNA is likely due to ancient selection 

on a chemical level. 

4.1.3 Goldilocks peaks may help reconstruct the M2+ environment at the cradle of life 

We demonstrated that folded RNAs of different structures and classes have 

distinct Goldilocks peaks. Two RNAs only give a preview of the Goldilocks peak 

landscape across RNAs and M2+, let alone different conditions of temperature, ligand 

binding, etc. Thus far, low mM Mg2+ appears important for RNA lifetime under our 

conditions, but testing more RNAs will show whether this range is conserved, and 

perhaps can be extended back to early Earth. If so, low mM Mg2+ might have been 

important for the emergence of RNA. Similarly, testing other M2+ will allow prediction 

of which M2+ might have enriched RNA evolution through Goldilocks peaks. M2+ with 

the dualism of both folding and cleaving RNA may produce Goldilocks peaks. Therefore, 

our work suggests that Fe2+ will produce RNA Goldilocks peaks. Possibly, a mixture of 

M2+ supported RNA evolution. 
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Goldilocks peak insight on ancient M2+ conditions is a rare and significant 

window onto the bio-geochemical environment of the cradle of life. Contextual 

geological records are limited by the age of preserved rocks themselves, which are 

thought to extend back 3.8 billion (230,231) to possibly 4 billion years (232). However, 

there was surface water to support life on Earth estimated about 4.4 billion years ago 

(233,234), leaving a significant gap in the historical record. Additionally, in the oldest 

rocks, there is great contention to claims that they were altered by life (2,235). 

Biomolecules only are preserved in rocks up to hundreds of millions of years (236), and 

rocks are regularly metamorphosed and their original compositions are modified or 

overwritten. However, Goldilocks peaks that persisted across time may preserve an 

environmental record as old as RNA itself. 

Knowledge of the ancient metal environment is helpful in two areas of 

astrobiology. In prebiotic chemistry, it can inform what metal conditions are appropriate 

to use in experiments simulating the early biotic or prebiotic environment, which might 

lead to more provocative and meaningful outcomes. In the search for life, defined metal 

conditions might help target the search for habitable environments elsewhere, for 

example, on Mars. 

4.2 Import on modern biology 

4.2.1 In-line cleavage might dominate Fe2+-driven RNA cleavage in anoxic cells 

Our work shows that Fe2+ is readily used in critical biomolecules like the 

ribosome but is a double-edged sword because it also rapidly cleaves RNA by in-line 

cleavage in anoxia. In oxic conditions, though, Fe2+ in-line cleavage of RNA is 



 72 

overshadowed by Fe2+ and O2-driven Fenton chemistry. In our experiments, 1 mM Fe2+ 

completely cut all rRNA before 15 minutes by Fenton reactions and by ~4 hours by in-

line cleavage, although under different conditions. Cleavage of RNA by Fenton 

chemistry in just 30 seconds is detectable by gel electrophoresis (237). Therefore, Fe2+ is 

not evolutionarily favorable in high doses in oxic post-GOE systems but might balance 

the double-edged sword in life unexposed to oxygen or in the pre-GOE world. In fact, 

there is a high usage of iron by organisms in oceanic oxygen minimum zones measured 

by genes and transcripts for iron-binding proteins (238). Fe2+ use in RNA balanced with 

RNA in-line cleavage may have carried on from life’s anoxic origins into organisms that 

retain their anoxic lineage in Earth’s oceans today. Other anoxic life possibly balancing 

Fe2+ in-line cleavage is in the gut, which contains bacteria evolved as strict anaerobes 

(239). 

4.2.2 Fe2+ in-line cleavage may contribute to iron toxicity 

Our work suggests a new pathway for iron toxicity through Fe2+-driven in-line 

cleavage. Free Fe2+ can reach up to 20 µM in diseased states (240). This load of iron 

causes oxidative reactions through Fenton chemistry as the main mechanism of cell 

damage (241). In the example of Alzheimer’s Disease, rRNA will take up additional Fe2+ 

then is oxidatively damaged by that Fe2+, inhibiting its ability to translate (146). This 

suggests that rRNA is also exposed to low levels of Fe2+-mediated in-line cleavage at the 

same locations and affecting its translation whenever excess Fe2+ is present, not just in 

oxic conditions. The low level of in-line cleavage is likely still important. If the rate of 

Fe2+-driven in-line cleavage is similar in vivo to our experiments, then a 1,000 

nucleotide-long RNA exposed to 20 µM Fe2+ would have a lifetime of just seven hours. 
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A normal lifetime for human rRNA is one or more days (221,223). tRNAs also have long 

lifetimes and could be cut prematurely by in-line cleavage with excess Fe2+. Fe2+-driven 

in-line cleavage of RNA is an added reason why cells might carefully maintain their iron 

stores. 

4.2.3 Goldilocks peaks in vivo 

Our experiments support the conclusion that Goldilocks peaks modulate the 

survival of RNA in non-cellular conditions. However, it remains untested whether RNAs 

are subject to Goldilocks peaks in cells. The primary challenge to in vivo experiments is 

manipulating the cellular [M2+]. Cells will likely die quickly when lowering [M2+] to the 

point of RNA unfolding, which is required to define a Goldilocks peak. It will also be 

difficult to separate the lifetime effects of M2+-driven cleavage and folding from other 

influences that changing M2+ has across the cell, particularly for Mg2+ as life’s most used 

M2+. If these challenges can be overcome, then in vivo Goldilocks peak studies can 

address questions including: 

1. Do Goldilocks peaks exist in vivo? 

2. Where does physiological [M2+] fall relative to in vivo RNA Goldilocks 

peaks? 

3. How does lifetime driven by Goldilocks peaks compare to other drivers of 

programmed RNA turnover (e.g. RNases)? 

4. How do native interactions with proteins and other cell components affect 

Goldilocks peaks? 

5. Does forcing RNAs out of their Goldilocks peaks contribute to M2+ toxicity? 
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6. Might cells have adopted their [M2+] to keep their RNAs within their innate 

Goldilocks peaks? 

7. How do Goldilocks peaks compare between organisms with different [M2+] 

requirements? 

Simulating the in vivo environment may more readily answer some but not all 

these remaining questions. Experiments could be performed in cell lysate or in the 

presence of molecular crowders, allowing control of [M2+] while maintaining cell-like 

conditions. Overall, there is great potential for discovery of Goldilocks influences on 

cells.  

4.3 Future outlook 

4.3.1 Does Fe2+ support non-enzymatic RNA polymerization? 

Our results suggest that the reverse reaction of non-enzymatic in-line cleavage, 

i.e. non-enzymatic RNA polymerization, should also be accelerated with Fe2+. 

Polymerization can be favored by beginning with all unpolymerized RNA monomers so 

the reaction can only go in the polymerization direction. In one study, non-enzymatic 

RNA polymerization has been shown with Fe2+ and is more effective than with Mg2+ 

(242). However, this reaction used a 5’ activated nucleotide as the starting monomer, 

which polymerizes through a different route than reversed in-line cleavage.  To test the 

reverse of the in-line cleavage reaction, the starting monomer would instead have a 2’,3’-

cyclic phosphate. Simple incubation of the cyclic phosphate monomers in a buffer 

containing Fe2+ with or without a template strand may reveal a new mechanism of RNA 

polymerization with Fe2+. Wet-dry cycling could be incorporated to incrementally grow 
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longer, farther-from-equilibrium RNA (243). The polymerization reaction could also be 

attempted in the presence of amino acids or peptides, shown to enhance other RNA 

polymerization experiments (244,245). Fe2+ RNA polymerization reactions will answer 

whether Fe2+ possibly supported rapid RNA turnover and evolution on early Earth. 

4.3.2 What are the bounds of Goldilocks peaks across M2+, RNAs, and time? 

There still are many questions surrounding Goldilocks peaks that can be answered 

readily in vitro. Three main questions are whether (i) prebiotically important M2+ like 

Fe2+ and Mn2+ or M2+ mixtures produce Goldilocks peaks, (ii) RNAs of different classes 

have characteristic Goldilocks peaks that factor into their different lifetimes, and (iii) 

ancient RNAs have a Goldilocks peak range that is a footprint of the M2+ environment of 

RNA origins. Ideally to address these questions, many RNAs could be tested at once to 

greatly expand the surveyable space. There is no current limitation directly on how many 

different RNAs can be cleaved at once, as RNAs of entire organisms could undergo 

cleavage simultaneously in a single tube. However, analyzing the fraction of each type of 

RNA that becomes cleaved would be impossible to resolve on a gel in a mixture of RNAs 

plus their cleavage products without some intervention. There are at least two methods to 

help distinguish between RNAs in a messy, cleaved mixture so that the boundaries of 

RNA Goldilocks peaks across M2+, sequence, and time can be explored. 

One method to increase experimental throughput is to modify the RNAs so only 

intact, uncleaved RNAs are detectable, then to measure their presence across [M2+]. This 

method requires relatively few preparatory steps to assess the cleavage products, is 

affordable, and could be done in little time. The process would involve adding 
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fluorescent and biotin tags to opposite ends of the RNAs then to proceed with cleavage 

by M2+. If an RNA is cleaved, it produces two smaller RNAs, one attached to biotin, and 

the other attached to the fluorophore. Streptavidin can then separate for analysis any 

RNAs, cleaved or uncleaved, still attached to biotin. RNAs that were uncleaved will still 

have their fluorophore attached and be fluorescently detectable, while cleaved RNAs will 

be missing the fluorophore and escape detection. The amounts of remaining intact RNAs 

could be fluorescently detected by gel or capillary electrophoresis. Thereby, many RNAs 

can be examined in parallel, and their Goldilocks peaks found across M2+ identity and 

concentration. 

 

Figure 4.2 – A mixture of RNAs can be cleaved for simultaneous Goldilocks peak 
analysis using tags. F is for the fluorophore tag and B is for the biotin tag.   

A second method for increased throughput of RNA cleavage analysis is by using 

RNA-seq. RNA-seq is a high-throughput method that measures both the quantity and 

sequence of different RNAs in a mixture. With RNA-seq, it would be possible to not only 

determine the lifetimes of RNAs across [M2+], but also sequence the cleavage fragments 

to map where cleavage occurs. There are many examples of using RNA-seq to detect 

RNAs and RNA cleavage products from entire transcriptomes (246-250). RNA-seq has 

the advantage of being data-rich, but it is also expensive, slow, and has an intensive data 

analysis process. RNA-seq would be a beneficial supplement to the biotin and 
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fluorophore tagging method through which appropriate experimental conditions can be 

found. Through this and related experiments, many more answers will be revealed about 

RNA and metals and their intersection near the origin of life. 
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APPENDIX A. SUPPLEMENTAL INFORMATION FOR 

CHAPTER 2 

Table A.1 – Proteins differentially expressed in ribosomes purified from aerobic vs 
anaerobic cells. Information on metal cofactors was taken from the UniProt entries 
for each protein  

Condition 

Protein 
more 

abundant 
in 

Protein name UniProt 
ID 

Fold 
more 

abundant 

p-
value 

Metal 
cofactor 

1 mM 

added 

Fe2+ 

Anaerobic 

vs. 

Aerobic 

L-threonine dehydratase catabolic TdcB P0AGF6 211.8 0.02 N.A. 
Hydrogenase maturation factor HypB P0AAN3 12.1 0.03 N.A. 

Glycerol dehydrogenase P0A9S5 11.4 0.01 Zn2+ 
Phosphoribosylaminoimidazole-

succinocarboxamide synthase P0A7D7 6.0 0.02 N.A. 

Aldehyde-alcohol dehydrogenase P0A9Q7 6.0 0.03 Fe2+ 
Uncharacterized protein YjjI P37342 5.8 0.02 N.A. 

Probable acrylyl-CoA reductase AcuI P26646 5.5 0.01 N.A. 
Bacterial non-heme ferritina P0A998 5.1 0.03 N.A. 
Aspartate ammonia-lyase P0AC38 4.1 0.01 N.A. 

Fumarate reductase flavoprotein subunit P00363 3.7 0.05 N.A. 
UvrABC system protein B P0A8F8 3.6 0.01 N.A. 
Formate acetyltransferase 1 P09373 3.2 0.01 N.A. 

UPF0227 protein YcfP P0A8E1 3.1 0.02 N.A. 
Phosphoenolpyruvate-protein 

phosphotransferase P08839 2.6 0.03 Mg2+ 

Ubiquinone/menaquinone biosynthesis C-
methyltransferase UbiE P0A887 2.4 0.02 N.A. 

Glycogen phosphorylase P0AC86 2.2 0.01 N.A. 
Maltodextrin phosphorylase P00490 2.1 0.04 N.A. 
Thymidine phosphorylase P07650 2.1 0.01 N.A. 

Protein-export protein SecB P0AG86 2.0 0.01 N.A. 
Integration host factor subunit beta P0A6Y1 2.0 0.04 N.A. 

Cold shock-like protein CspE P0A972 2.0 0.03 N.A. 
Fatty acid metabolism regulator protein P0A8V6 1.9 0.02 N.A. 

Aerobic 

vs. 

Anaerobic 

Lipoyl synthase P60716 2.2 0.04 [4Fe-4S] 
Translation initiation factor IF-3b P0A707 2.2 0.00 N.A. 

Ribosomal protein S12 methylthiotransferase 
RimOb P0AEI4 2.3 0.02 [4Fe-4S] 

Dihydrolipoyllysine-residue acetyltransferase 
component of pyruvate dehydrogenase 

complex 
P06959 2.4 0.01 N.A. 

Ribonucleotide monophosphatase NagD P0AF24 2.4 0.01 Mg2+ 
Ribosomal RNA large subunit 

methyltransferase K/Lb P75864 2.4 0.04 N.A. 

2-oxoglutarate dehydrogenase E1 component P0AFG3 4.7 0.01 N.A. 
Alkyl hydroperoxide reductase C P0AE08 5.4 0.05 N.A. 
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Pyruvate/proton symporter BtsT P39396 9.1 0.02 N.A. 
Bifunctional protein PutA P09546 10.7 0.02 N.A. 

No added 

Fe2+ 

Anaerobic 

vs. 

Aerobic 

L-threonine dehydratase catabolic TdcB P0AGF6 137.5 0.00 N.A. 
Uncharacterized protein YfdQ P76513 38.0 0.02 N.A. 

Hydrogenase-2 large chain P0ACE0 31.5 0.01 Ni2+ 

Fumarate reductase iron-sulfur subunit P0AC47 17.5 0.01 
[2Fe-2S],  
[3Fe-4S],  
[4Fe-4S] 

Glycerol dehydrogenase P0A9S5 16.9 0.01 Zn2+ 
Bacterial non-heme ferritina P0A998 14.9 0.00 N.A. 

Hydrogenase maturation factor HypB P0AAN3 11.6 0.02 N.A. 
PFL-like enzyme TdcE P42632 8.6 0.01 N.A. 

Aldehyde-alcohol dehydrogenase P0A9Q7 7.2 0.01 Fe2+ 
Anaerobic ribonucleoside-triphosphate 

reductase P28903 5.8 0.04 N.A. 

Aspartate ammonia-lyase P0AC38 4.5 0.01 N.A. 
Uncharacterized protein YjjI P37342 4.3 0.03 N.A. 

SCP2 domain-containing protein YhbT P64599 4.1 0.01 N.A. 
2,3-bisphosphoglycerate-independent 

phosphoglycerate mutase P37689 3.9 0.00 Mn2+ 

2-octaprenylphenol hydroxylase P25535 3.7 0.05 N.A. 
Fructose-1,6-bisphosphatase 1 class 2 P0A9C9 3.3 0.03 Mn2+ 

Stationary-phase-induced ribosome-associated 
proteinb P68191 3.3 0.00 N.A. 

Evolved beta-galactosidase subunit alpha P06864 3.2 0.04 N.A. 
Ribonuclease T P30014 2.8 0.03 Mg2+ 

UPF0227 protein YcfP P0A8E1 2.5 0.03 N.A. 
UPF0313 protein YgiQ Q46861 2.4 0.01 [4Fe-4S] 

Methionine--tRNA ligase P00959 2.4 0.02 Zn2+ 
Polyphosphate kinase P0A7B1 2.4 0.03 Mg2+ 

RecBCD enzyme subunit RecC P07648 2.3 0.02 N.A. 
ADP-heptose--LPS heptosyltransferase 2 P37692 2.2 0.03 N.A. 

Aerobic 

vs. 

Anaerobic 

RNA-binding protein YhbY P0AGK4 2.2 0.01 N.A. 
Chaperone protein HscA P0A6Z1 2.3 0.00 N.A. 

Cytochrome bd-I ubiquinol oxidase subunit 2 P0ABK2 2.3 0.03 heme 
5'-methylthioadenosine/S-

adenosylhomocysteine nucleosidase P0AF12 2.3 0.02 N.A. 

Ribosomal silencing factor RsfSb P0AAT6 2.4 0.00 N.A. 
DNA topoisomerase 4 subunit B P20083 2.7 0.01 Mg2+ 

Lipoyl synthase P60716 3.0 0.01 [4Fe-4S] 
Transcriptional regulatory protein GlrR P0AFU4 3.2 0.00 N.A. 

Modulator of FtsH protease HflC P0ABC3 3.5 0.01 N.A. 
Ribosomal RNA small subunit 

methyltransferase Ab P06992 3.7 0.01 N.A. 

Pyruvate/proton symporter BtsT P39396 5.8 0.04 N.A. 
Enterobactin synthase component Ba P0ADI4 8.0 0.01 Mg2+ 

Respiratory nitrate reductase 1 alpha chain P09152 37.3 0.01 
[4Fe-4S] 
Mo-bis-
MGD 

aProtein is involved in bacterial iron homeostasis; bProtein is involved in translation 
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Table A.2 – Proteins differentially expressed in ribosomes purified from cells grown 
with or without 1 mM added Fe2+. Information on metal cofactors was taken from 
the UniProt entries for each protein. 

Condition 

Protein 
more 

abundant 
in 

Protein name UniProt 
ID 

Fold 
more 

abundant 

p-
value 

Metal 
cofactor 

Anaerobic 

1 mM 
added Fe  

vs. 
without 

added Fe 

Transcriptional regulatory protein OmpR P0AA16 2.0 0.01 N.A. 
UvrABC system protein B P0A8F8 2.1 0.03 N.A. 
5'-methylthioadenosine/S-

adenosylhomocysteine nucleosidase P0AF12 2.3 0.04 N.A. 

Large ribosomal RNA subunit accumulation 
protein YceDb P0AB28 2.3 0.01 N.A. 

ATP-dependent dethiobiotin synthetase BioD 
2 P0A6E9 2.7 0.04 Mg2+ 

Phosphoribosylaminoimidazole-
succinocarboxamide synthase P0A7D7 2.7 0.01 N.A. 

Phosphoserine phosphatase P0AGB0 4.1 0.02 Mg2+ 
Without 
added Fe 
vs. 1 mM 
added Fe 

4-alpha-glucanotransferase P15977 2.2 0.03 N.A. 

Aerobic 

1 mM 
added Fe  

vs. 
without 

added Fe 

Probable 4-deoxy-4-formamido-L-arabinose-
phosphoundecaprenol deformylase ArnD P76472 2.0 0.01 N.A. 

GDP-mannose pyrophosphatase NudK P37128 2.0 0.03 Mg2+ 
Uncharacterized protein YfdQ P76513 2.1 0.02 N.A. 
Uncharacterized protein YciO P0AFR4 2.1 0.00 N.A. 

ABC transporter ATP-binding protein ModF P31060 3.1 0.04 N.A. 
Without 
added Fe  
vs. 1 mM 
added Fe 

Enterobactin synthase component Ba P0ADI4 8.9 0.03 Mg2+ 

Fe(3+) dicitrate-binding periplasmic proteina P15028 7.7 0.02 N.A. 

aProtein is involved in bacterial iron homeostasis; bProtein is involved in translation 

Table A.3 – Reaction kinetics of in-line cleavage  

 
 

Conditions 
kobs (10-5 sec-1) No. cleavable 

phosphates 
[M2+] 
(M) 

k/phosphate (10-5 sec-1, no. 
phosphates-1, [M2+]-1) 

This study 
Mg2+, 23S rRNA pH 7.6, 37°C 5 2905 0.025 0.07 
Mg2+, 16S rRNA pH 7.6, 37°C 3 1541 0.025 0.08 
Fe2+, 23S rRNA pH 7.6, 37°C 67 2905 0.001 23 
Fe2+, 16S rRNA pH 7.6, 37°C 25 1541 0.001 16 

Outside studies 
aMg2+, UpU pH 5.6, 90°C 0.01 1 0.005 2.1 
bMg2+, *S(ApG) pH 9.5, 37°C 0.18 1 0.005 37 
cMg2+, polyU pH 5.6, 90°C 0.32 300 0.005 0.21 
dZn2+, ApA pH 5.1, 90°C 0.64 1 0.01 64 
eZn2+, ApA pH 7.0, 62.1°C 0.06 1 0.001 56 
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aZn2+, UpU pH 5.6, 90°C 0.43 1 0.005 85 
fZn2+, UpU pH 7, 80°C 0.04 1 0.001 41 
cZn2+, polyU pH 5.6, 90°C 0.43 300 0.005 0.28 
gZn2+, Up(Tp)7Tp pH 5.5, 37°C 0.50 1 0.01 50 

aKuusela & Lönnberg, 1993 (128); bLi & Breaker, 1999 (127); cKuusela & Lönnberg, 
1994 (143); dKuusela & Lönnberg, 1996; eIkenaga & Inoue, 1974 (144); fBreslow & 
Huang, 1991 (145); gKuusela et al., 1995 (141). 
*22 nucleotide DNA-RNA hybrid  

 

Figure A.1 – Example quantification of a gel scan for rRNA reactions with 1 mM 
Fe2+. Shown here is a typical example of lane profiles and peak quantification for 
rRNA in-line cleavage reactions from a gel scan. Peak fitting was done in Igor Pro 7. 
The areas of quantified peaks were compiled and plotted in Figure 2.1. Figure in 
Ref. (98). 
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Figure A.2 – 1% agarose gel showing 5% v/v glycerol does not inhibit Mg2+ in-line 
cleavage of naked rRNA at 37⁰C in air over the course of 96 hours. Chelation by 100 
mM EDTA inhibits in-line cleavage, but there is no difference with and without 5% 
glycerol. Figure in Ref. (98). 

 

Figure A.3 – 1% agarose gel showing 5% v/v glycerol inhibition of Fenton chemistry 
against naked rRNA at 37⁰C in air over the course of 4 hours. “+ Fenton” reactions 
contained 1 mM Fe2+, 0.3% H2O2, 10 mM ascorbic acid, and 10 mM EDTA. “- 
Fenton” reactions contained 10 mM EDTA. Figure in Ref. (98). 
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Figure A.4 – C18 column HPLC chromatograms of ApA reactions showing 
accumulation of the same products with Fe2+ and Mg2+. 3’-AMP, adenosine, and 
2’,3’-cAMP standards (2.5 μM) were spiked into ApA solutions (0.5 mM ApA, 20 
mM HEPES pH 7.6, 30 mM NaCl, 5% v/v glycerol) giving characteristic retention 
times for 3’-AMP, adenosine, and 2’,3’-cAMP. ApA solutions (0.5 mM ApA, 20 mM 
HEPES pH 7.6, 30 mM NaCl, 5% v/v glycerol) anoxically incubated at 37°C with 
either 25 mM Fe2+ out to 2 days or 25 mM Mg2+ out to 8 days accumulate 3’-AMP, 
adenosine, and 2’,3’-cAMP. 2’,3’-cAMP peaks build to a lesser extent due to cyclic 
phosphate hydrolysis to form 3’-AMP or 2’-AMP. There is little cleavage product 
formation in the no metal (M2+) control. Figure in Ref. (98). 
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Figure A.5 – In vitro translation activity of purified ribosomes. Production of the 
protein dihydrofolate reductase (DHFR) from its mRNA was used to monitor 
translational activity. Protein synthesis was assayed by measuring the rate of 
NADPH oxidation at Abs340 by DHFR. Average values are reported ± standard 
error of the mean (n=4). All ribosomes were normalized to 9 mg mL-1 before adding 
to translation reactions. Figure in Ref. (98).  
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Figure A.6 – 12% SDS polyacrylamide gels for proteins from ribosomes purified in 
(a) 3 mM Mg2+ or (b) 1 mM Fe2+ compared to commercial ribosomes supplied by 
New England Biolabs. Figure in Ref. (98).  
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Figure A.7 – Differential protein abundance between ribosomes purified from cells 
grown under four growth conditions. Graphs display relative protein abundance in 
ribosome samples between two growth conditions. Black circles represent proteins 
not significantly more abundant in either sample. Gray rectangle and white stars 
represent proteins significantly more abundant in one of the samples. Proteins with 
a 2-fold or greater abundance in one sample versus another and a p-value less than 
or equal to 0.05 (n=3), were classified as significantly more abundant. Figure in Ref. 
(98).  
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APPENDIX B. SUPPLEMENTAL INFORMATION FOR 

CHAPTER 3 

The lifetime of RNA with three states is given by Equation B.1: 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = (𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜)−1 = �
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 (B.1) 

The overall lifetime can also be written simply as the proportional contributions 

of the lifetimes of RNA in each state (Equation B.2), where the fraction of RNA in each 

state adds to one (Equation B.3). 

 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑓𝑓𝑢𝑢𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑢𝑢 +  𝑓𝑓𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖 +  𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑓𝑓 (B.2) 

 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑓𝑓𝑢𝑢𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑢𝑢 +  𝑓𝑓𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖 +  𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑓𝑓 (B.3) 

Table B.1 – Cytosolic free Mg2+ (non-complexed and unbound) concentrations in 
bacteria and eukarya. References (251,252) are compiled from previous studies.  

Species and cell type Free Mg2+ (mM) Reference 
Escherichia coli (bacterium) 0.8±0.2 (253) 

Salmonella enterica (bacterium) 0.9-1.5 (254) 
Saccharomyces cerevisiae (yeast) 0.9-2.0 (255) 
Penicillium chrysogenum (fungi) 0.4-0.8 (255) 

Endomyces magnusii (fungi) 0.4-1.6 (255) 
Xenopus laevis (giant squid) 0.3 (256) 

Skeletal muscle (human, mouse, frog, rat) 0.6-1.3 (251,257) 
Cardiac myocytes (chicken, rat, guinea pig) 0.5-1.1 (251,252) 
Smooth muscle cells (rabbit, rat, guinea pig) 0.3-1.0 (251) 

Neuronal cells (human) 0.7-1.0 (251) 
Exocrine cells (rat, lymphocytes) 0.2-0.4 (251) 
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Figure B.1 – RNA cleavage is possible during long CD experiments. Yeast tRNAPhe 
showed little degredation during CD data acquisition. P4-P6 RNA showed some 
cleavage. P4-P6 RNA cleavage is greater than yeast tRNAPhe cleavage because CD 
data acquisition times were longer than for yeast tRNAPhe, and because P4-P6 RNA 
is longer than yeast tRNAPhe. Figure from Ref. (149). 

Adrenal cells (rat) 0.5-0.9 (258) 
Red blood cells (human) 0.3-1.9 (251,257) 

Hepatocytes 0.3-0.7 (251) 
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Figure B.2 – The Goldilocks peak requires cooperative binding of Mg2+ to RNA. kobs 
is the reciprocal of lifetime. When lifetime rises kobs decreases and vice versa. The 
kobs vs. [Mg2+] graph has the advantage of straight trends and easy visualization. For 
very low n there is not an inflection of kobs with increasing [Mg2+] (darker blue 
lines). So, lifetime does not increase, and no Goldilocks peak occurs. The same 
parameters and scale were used as in Figure 3.2D, where the initial n is equal to 4.1 
(black line) and the various colors have n values that are the initial n multiplied by 
the indicated factor. Figure from Ref. (149). 
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Figure B.3 – Methods for quantitation of Goldilocks behavior. (A) Goldilocks 
behavior is not quantified by the total difference in areas under the curves, because 
the two curves never converge. The bottom curve assumes no folding. (B) Goldilocks 
behavior is quantified by intensity, the ratio of lifetime at the local maximum to the 
lifetime at the preceding minimum. Alternatively, Goldilocks behavior is quantified 
by local area between the lifetime curve and a horizontal line at the local minimum. 
(C) Increasing local area calculated as shown in panel B with fixed intensity (= 2) 
and KD (= 1 [Mg2+]rel) causes changes in RNA lifetime over an extended range of 
[Mg2+]. (D) Peaks with fixed area calculated as in panel B and KD (= 1 [Mg2+]rel) but 
different intensities illustrate the spectrum of differences in RNA lifetime. A high 
intensity peak (e.g. the darkest line) allows fine control of RNA lifetime with small 
changes in [Mg2+], while a lower intensity peak of the same area changes RNA 
lifetime over a larger [Mg2+] range. The Goldilocks landscape is essentially flat if the 
intensity is very low (yellow line). Figure from Ref. (149). 
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Figure B.4 – tRNA folds with increasing [Mg2+]. Yeast tRNAPhe shows a change in 
CD spectra upon addition of MgCl2 indicating a Mg2+-induced structural transition. 
To extract the fraction of full-length RNA from the spectra, the theta values at 260 
nm were corrected for dilution upon MgCl2 addition then plotted against the [Mg2+]. 
The experiment was run in 180 mM NaCl, 50 mM HEPES pH 7.1 at 65°C with 
variable MgCl2. Figure from Ref. (149).  

 

Figure B.5 – the fraction of intact tRNA has a multiphasic response to increasing 
[Mg2+]. A representative gel of yeast tRNAPhe after no reaction (fresh) or 48 hours of 
cleavage shows that the fraction of intact RNA first decreases, then increases, then 
decreases again when exposed to increasing [Mg2+]. Quantification in our gels of the 
top band, i.e. the full-length band, produced our fraction intact and lifetime data. 
The re-emergence of the full-length band does not depend on position in the gel, 
shown by loading some samples out of order. Figure from Ref. (149). 
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Figure B.6 – rU20 does not fold. rU20 does not show a change in CD spectra upon 
addition of MgCl2 as expected for a non-folding RNA. The experiment was run in 
180 mM NaCl, 50 mM HEPES pH 7.1 at 65°C with variable MgCl2. Figure from 
Ref. (149). 

 

 



 93 

 

Figure B.7 – The tRNA lifetime and folding residual errors are minimized by the 
three-state model. (A) For the two-state model the lifetime errors are large and non-
random; all the mean errors are positive between 2.8 and 3.0 mM Mg2+ and are 
negative for all values of [Mg2+] greater than 3.0. For the three-state model the 
errors appear to be more randomly distributed around zero. (B) Errors in folding 
are minimized by the three-state model below 2.5 mM Mg2+, showing better 
approximation of an early transition state. Figure from Ref. (149). 
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Figure B.8 – P4-P6 RNA folds with increasing [Mg2+]. P4-P6 RNA shows a change in 
CD spectra upon addition of MgCl2 indicating a Mg2+-induced structural transition. 
The initial rise in peak height is the Mg2+ folding response, which is followed by a 
peak decrease, the effect of dilution when adding Mg2+ that becomes apparent when 
the RNA has completed folding. To extract the fraction of full-length RNA from the 
spectra, the theta values at 260.6 nm were corrected for dilution then plotted against 
the [Mg2+]. The experiment was run in 180 mM NaCl, 50 mM HEPES pH 7.1 at 
65°C with variable MgCl2. Figure from Ref. (149). 

 

Figure B.9 – the fraction of intact P4-P6 RNA has a multiphasic response to 
increasing [Mg2+]. A representative gel of P4-P6 RNA after 48 hours of cleavage 
shows that the fraction of intact RNA first decreases, then increases, then decreases 
again when exposed to increasing [Mg2+]. A surplus of prepared RNA allowed a 
single mixture to be added to up two gels. In this way each gel was made to share 
four samples with its neighboring gel allowing for normalization between gels and 
for the running of the large number of samples. Additionally, running and then 
imaging was performed simultaneously for the three gels. Figure from Ref. (149). 
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Figure B.10 – P4-P6 RNA has an apparent transition to an intermediate folding 
state at low [Mg2+]. (A) Lifetime residuals between two- and three-state models only 
differ at low [Mg2+] where only the three-state model captures the data of an 
apparent early folding state. (B) Residual error in the two-state model 
systematically weaves above and below zero while the three-state difference is 
smaller and spreads randomly near zero. The three-state fit is a more accurate 
representation of the folding of P4-P6 RNA again showing an intermediate state 
between unfolded and folded. Figure from Ref. (149). 

 

Figure B.11 – P4-P6 RNA cleavage changes at specific sites with changing [Mg2+]. 
The data from Figure 3.7 is shown with absolute cleavage values (relative to 
cleavage at the first nucleotide). Each trend is an average of two replicates. Figure 
from Ref. (149).  
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