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2 

Chapter 1  

 

1.1. Introductions 

The extant complex life that is pervading is the outcome of evolution that happened 

over billions of years. Earth is hypothesized to have been formed around ~4.6 billion 

years ago. This is thought to have been followed by the formation of a stable 

hydrosphere around ~4.2 billion years ago (Hadean era), where interesting prebiotic 

chemistry could have been facilitated1. Some of these prebiotically pertinent 

reactions would have led to the formation of primitive forms of biologically relevant 

molecules on the early Earth2. These would have been mainly nonenzymatic, 

governed and driven by environmental factors, and influenced by co-occurring 

molecules in the heterogenous prebiotic soup. Scientists working in the area of 

chemical origins of life continue to ponder how and where life might have originated. 

A related aspect that is debated often in the field is the features of life and how one 

can actually define it. Despite competing theories, one definition that was put forward 

by Dr. Gerald Joyce, and adopted by NASA, defines life in the following way: Life is 

"A self-sustaining chemical system capable of Darwinian evolution”3. Alternatively, life 

can be described by the fundamental hallmarks that define it, which are: information 

encoding and replication, being metabolically active, and maintaining its integrity by 

invoking relevant boundary conditions4. Given the complexity intrinsic to each of 

these hallmarks, the spontaneous emergence of a primitive life form from a mix of 

chemical entities seems improbable. Nonetheless, on a closer look, it becomes 

obvious that this would have been rendered possible by the formation of complex 

chemical molecules, by a concerted action of the geological, physical and chemical 

variables/constraints that were present at various times in the early history of life on 

Earth. Many of these complex molecules would have evolved to result in emergent 

properties, kickstarting a process that eventually led to the chemical origins of life.  

 

In extant life, biomolecules are utilized to efficiently perform various functions that are 

crucial for it to sustain an out-of-equilibrium state. Nucleic acids (DNA or RNA) 

predominantly store and process genetic information, while proteins perform the 
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metabolic functions and lipid bilayers provide a boundary condition that separates the 

encapsulated system from the environment. Along with providing integrity to the 

system, these membrane compartments also control the exchange of components 

with the outer environment5. The evolution of such efficient and specific biomolecules 

to perform the varied functions of life, took billions of years to evolve. However, at the 

earlier stages of life’s emergence, these functions might have been carried out by 

simpler, prebiotically plausible molecules. These could have included 

oligopeptides/primitive catalysts, a primitive form of an informational encoding system 

(e.g., simpler nucleic acids) and relatively simple amphiphilic compartments. In this 

regard, several hypotheses have been put forward that signify the central role of one 

component over the other. These include the “Lipid World hypothesis”, the “RNA 

World hypothesis” and the “Metabolism first hypothesis”6–8.  

 

The Lipid World hypothesis emphasizes the crucial role of compartments in 

maintaining the integrity of the system9. On the other hand, the metabolism first 

hypothesis highlights the essentiality of a primitive form of metabolism in order to 

maintain the system at a far-from-equilibrium state10–12. The most widely studied RNA 

World hypothesis, argues that the RNA molecule, owing to its capability to act as 

both a genetic material as well as a catalyst, would have possibly been the first 

biomolecule of consequence to have emerged on the early Earth. Although insightful, 

all these aforementioned features would have been crucial for the emergence of a 

self-sustaining primitive cell (protocell). And, this would have been facilitated by the 

heterogeneity of the prebiotic soup that would have promoted cross-talk between 

pertinent prebiotically plausible molecules/co-solutes performing these key functions 

thus aiding the emergence of a protocell. In this chapter, we review relevant studies 

pertaining to different hypotheses and attempt to bridge these studies for a more 

holistic understanding of the prebiotic context. We specifically discuss how 

accounting for the heterogeneity of prebiotic soup, can indeed provide important 

insights towards understanding some of these aspects.  
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1.2. Compartments  

One of the salient features mandatory for a system to be called ‘alive’ is 

compartmentalization, which allows for its maintenance and sustenance at a far-

from-equilibrium state5,7,9. Similar to contemporary cell compartments, primitive 

compartments would have allowed for the exchange of solute molecules with the 

bulk environment along with maintaining the integrity of a system. Towards this, 

several membrane-less systems such as aqueous two-phase systems13, 

coacervates14, and membrane-bound compartments15,16, have been explored. As 

for the membrane-less moieties, biphasic systems are the major contenders and 

these are considered to have preceded membrane-bound organelles. 

Conversely, membrane-bound structures result in a triphasic system with an 

aqueous bulk solution outside, the hydrophobic boundary in between and an 

aqueous lumen in the interior, similar to what is seen in the extant membrane-

bound cell. Such triphasic systems have the ability to encapsulate solute 

molecules within and thus, act as a selectivity barrier between the outside 

environment and the encapsulated system16. Contemporary cell membranes 

utilize phospholipid-based entities that primarily are diacyl chains linked to a 

glycerol moiety with a phosphate head group. The phosphate head group is 

further derivatized to form different head groups such as choline group in 

phosphatidylcholine, serine in phosphatidylserine, to name a few. This 

derivatization of the phosphate head group further adds to the complexity of the 

phospholipid diacyl structure. Additionally, the low yields of their prebiotically 

plausible synthesis have rendered their prebiotic relevance debatable17,18. Given 

this, protocells are thought to have been composed of simpler, prebiotically 

relevant single-chain amphiphiles (SCAs)5,19,20. Herein, we discuss some of the 

model protocellular membrane systems that have been explored in the field.  

 

1.2.1. Membrane-bound compartments 

Extant cell membranes are complex structures that are impermeable to polar 

solute molecules5. To overcome this, cells utilize sophisticated protein machinery 

that facilitates the exchange of solute molecules selectively through it. However, 
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the spontaneous emergence of such proteins on the early Earth is improbable. 

Therefore, the questionable prebiotic abundance of phospholipids, along with the 

limited permeability of these membranes, renders them unsuitable as 

protocellular membranes. Because of the aforementioned issues, several other 

systems composed of structurally simpler SCAs have been explored and 

characterized.  

 

Towards this, systems composed of fatty acids (FAs) have been widely 

explored21,22. FAs can be synthesized by abiotic Fisher-Tropsch- Type (FTT) 

synthesis, and have also been detected in several meteoritic samples23. FAs 

with the chain length >C8 are known to possess high CBC (critical bilayer 

concentration; i.e., the minimum threshold concentration which is required to 

self-assemble into a bilayer). When compared to phospholipids, FA vesicles are 

dynamic in nature and this makes them relatively more permeable. However, 

FAs can self-assemble only around the pH near the pKa of their head group, 

which limits their vesicle formation to a narrow pH regime21,24. Moreover, the 

self-assembled structures are sensitive to the surrounding temperature as well 

as the presence of metal ions5,25. This would have posed a barrier for FA-based 

vesicles to act as protocellular membranes as prebiotically relevant reactions are 

hypothesized to occur at a wide range of pH and temperature26–29. Additionally, 

metal ions have been demonstrated to be crucial for a range of reactions, 

including folding and functioning of ribozymes, in primitive metabolic reactions 

like reverse tricarboxylic acid (rTCA) cycle, gluconeogenesis etc.30–33 This 

necessitates the requirement of a robust prebiotically relevant protocellular 

membrane systems.  

 

In this context, a binary system composed of fatty alcohols along with FAs, was 

demonstrated to self-assemble into vesicular structures at lower CBC that were 

also stable in alkaline regimes25. Subsequently, a tertiary system containing fatty 

alcohols and glycerol derivative of fatty acids, along with FAs, was shown to 

enhance the thermostability of self-assembled structures. Later on, the self-
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assembly behaviour of tertiary systems under varying selection conditions was 

investigated. Similar to the previous results, the addition of fatty alcohol was 

observed to stabilize the FA-based membranes under alkaline conditions. The 

addition of glycerol monoester derivatives of FAs, was observed to stabilize it 

against metal-ion induced flocculation. When multiple selection conditions 

(dilution, presence of salt and alkaline pH) were applied, the compositionally 

diverse systems i.e., tertiary systems, were seen to survive when compared to 

the pure fatty acid or binary systems composed of either glycerol monoester or 

fatty alcohol, along with the fatty acid. Although insightful, even tertiary systems 

composed of fatty acid, with its fatty alcohol and glycerol monoester derivatives 

as co-surfactants, could not facilitate self-assembly in the acidic regimes. 

Several prebiotically pertinent polymer formation reactions such as RNA 

oligomerization and peptide formation are shown to occur at acidic pH and high 

temperature28. Thus, the sensitivity of FA-based vesicles to acidic pH poses a 

significant challenge for these systems to effectively act as protocellular 

membranes. In this regard, other systems have been investigated for their ability 

to form a bilayer in the acidic pH. The admixing of sodium dodecylbenzene 

sulfonate (SDBS) with decanoic acid vesicles was observed to form vesicles 

even at acidic pH (up to pH 4.3)34. In a study where another SCA with a cyclic 

phosphate head group (cyclophospholipid) was characterized, the authors 

observed formation vesicles in a wide range of pH (4-10)35. In very recent work 

from our lab, systems consisting of single-chain alkyl phosphate (i.e., 

dodecylphosphate; DDP), in isolation or in conjunction with fatty alcohols (in a 

binary mixture), was demonstrated to form pH-responsive membranes all the 

way from pH 2 to pH 1036. DDP, when used in conjunction with phospholipid, 

was also shown to modulate the properties of usually not-very-dynamic 

phospholipid membranes. Such tuneability would have been beneficial towards 

constructing protocellular membranes with several desired properties on the 

early Earth. 
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1.2.2. Protocellular model membranes vs Contemporary cell membranes 

As discussed earlier, several systems containing one kind of amphiphile or a 

mixture of different amphiphile (heterogeneous) systems have been explored as 

protocellular membranes. Predominant studies in this regard have used FA-

based vesicles as model membranes. Although insightful, how the transition 

from these model protocellular systems to the extant phospholipid-based cell 

membranes would have happened is still unclear. Some studies have suggested 

hybrid/blended membranes composed of both fatty acids and phospholipids to 

have been an intermediate step in this transition process37. The direct transition 

to the aforementioned kind of blended membranes in a composite prebiotic 

soup, which is very heterogeneous where several other amphiphiles would have 

also been present, does not seem straightforward. Therefore, it is logical to 

assume that the composition of protocellular membranes during the various 

stages of this transition would have been governed by environmental conditions 

and could have involved several intermediate stages, eventually resulting in the 

evolution of extant membranes5. These latter membranes that are composed 

mainly of phospholipids, would have then incorporated proteins and other types 

of amphiphiles (cholesterol, ceramide etc.) in order to modulate their properties 

and promote communication with the external environment; all of which is 

essential for facilitating cell physiology in an effective manner. 

 

1.3. Minimal genetic information 

 

Another key feature of a living system is the presence of genetic material38. This 

characteristic is crucial for the storage and propagation of genetic information 

from one generation to another, thus, imparting the capability to initiate the 

process that eventually leads to Darwinian evolution. Contemporary biology 

utilizes nucleic acids, specifically, RNA and/or DNA for this purpose. Although 

both DNA and RNA are capable of storing genetic information, the higher 

reactivity of RNA due to the presence of a hydroxyl group at the 2′ position allows 

it to fold upon itself, in turn aiding its capability to act as a catalyst in addition to 
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being a genetic material39. This concept is explored widely as the ‘RNA World 

Hypothesis’ and is discussed below and in chapters 2, 3 and 4 in detail. 

 

1.3.1. RNA World Hypothesis 

This well-explored hypothesis was first proposed in the 1960s due to the 

capability of RNA to fold upon itself and attain secondary structures, thus can act 

as a catalyst along with being a genetic material39. It was later supported by the 

discovery of ribozymes (catalytic RNAs) in the ribosome, which facilitates the 

translation of RNA into proteins. Although rational, the RNA World hypothesis 

presumes the presence of reasonably long stretches of RNA that could have 

attained interesting structures to let some of them to act as catalysts. The 

process of formation of RNA on the prebiotic Earth is itself non-trivial and would 

have been predominantly driven by nonenzymatic processes because the 

presence of complex protein machinery on the early Earth would have been 

implausible. Hitherto, scientists have demonstrated the formation of RNA 

constituents i.e., nucleosides and their phosphorylation to form nucleotides, 

which is thought to be catalyzed by prebiotically relevant metal ions and 

minerals40,41. These nucleotides are required to undergo thermodynamically 

uphill condensation reactions to form functional stretches of RNA26,27,42. Towards 

this, several studies have attempted to demonstrate the enzyme-free 

oligomerization and template-directed information propagation of these 

molecules as discussed below. 

 

1.3.1.1. Nonenzymatic oligomerization of nucleotides 

The spontaneous condensation of nucleotides to form RNA strands involves the 

removal of a water molecule in the process, and would have been 

thermodynamically unfavourable in an aqueous prebiotic pool. Majority of studies 

that attempted to demonstrate enzyme-free polymerization in this context, 

typically used chemically modified nucleotides (refs). They also evaluated the 

catalyzing effect of cations present in minerals like montmorillonite, on the 

nonenzymatic oligomerization of nucleotides43. These studies showed that some 
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metal ions (Li+ and Na+) were better catalysts than others (K+, Cu2+, Ni2+ and 

Mg2+ 44,45. These chemically activated nucleotides possess a good leaving group 

attached to their 5′ phosphate moiety; for e.g., imidazole activated-nucleoside-5′-

monophosphates46. The presence of a good leaving group facilitates the 

formation of a phosphodiester bond between two ribonucleotides when there is a 

nucleophilic attack by the 2′ or 3′ hydroxyl group of an incoming nucleotide, as 

shown in Figure 1.1.  

 

Although the prebiotically plausible synthesis of such activated nucleotides has 

been demonstrated, their availability in significant amounts on early Earth is still 

uncertain47. Moreover, the unstable nature of these activated nucleotides toward 

high temperatures and aqueous conditions, makes their potential role as 

substrates for enzyme-free oligomerization highly debatable.  

Towards this, the nonenzymatic oligomerization of non-activated nucleotides 

(nucleoside 5′-monophosphates; 5′-NMPs) has been investigated under 

terrestrial volcanic geothermal conditions26–28. Such niches that are characterized 

by high temperatures and highly acidic pH (pH 2), were observed to be 

conducive for oligomerization to result in RNA-like polymers. The systematic 

characterization of these polymers showed that they contained abasic sites with 

just one nucleobase seemingly attached to the sugar-phosphate backbone due to 

the depurination which is facilitated under these conditions (Figure 1.2)28. This 

inspired us to investigate other intrinsically activated nucleotides such as cyclic 

nucleotides (cNMP) and nucleoside triphosphates (NTPs) for their potential to 

oligomerize yielding RNA polymers. This is discussed in detail in chapters 2 and 

4. 
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Figure 1.1:  Mechanism depicting the RNA oligomerization reaction. X is a good leaving group 

and acts as a sink for electrons, facilitating the attack of 2′ or 3′-OH on the phosphate group 

thereby helping in phosphodiester bond formation (for simplicity only 2′ attack is shown). 

Structures drawn using ChemDraw 20.0 

 

Figure 1.2:  Mechanism of acid-catalyzed depurination and cleavage in RNA shown for adenine 

base (as an example). This involves protonation at N-7 of adenine, followed by breakage of the 

N-glycosidic bond resulting in depurination. The depurinated product can further undergo ring 

opening and elimination to form an open-chain aldehyde. Structures are drawn using 

ChemDraw 20.0 

 

1.3.1.2. Nonenzymatic template-directed replication of RNA 

Once the genetic information (in this case RNA) is formed, the next logical step to 

discern is their faithful replication to generate more copies of themselves. The 
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replication/ propagation would have been enzyme-free owing to the improbability 

of enzymes on the early Earth and would also have been driven by molecular 

and physicochemical environmental conditions48. Three current models for the 

nonenzymatic replication49 (Figure 1.3) are as follows: a) First one pertains to 

base-pairing of monomeric nucleotides against a preformed template, facilitating 

their clustering and eventually resulting in a phosphodiester bond between 

neighbouring nucleotides to yield a daughter strand. b) The second model in this 

regard involves step-wise addition of nucleotides to a small oligomer annealed to 

the preformed template that acts as a primer and forms a template-primer duplex. 

c) The third model is inspired by the previous two models and suggests 

annealing of multiple small oligomers to the same template based on base 

complementarity. These might result in gaps where the insertion of monomeric 

nucleotides and their subsequent ligation results in a fully formed daughter 

strand.  

 

 

Figure 1.3:  Models depicting nonenzymatic template-directed replication to yield a fully 

replicated daughter strand. A) by base-pairing of monomeric nucleotides on an RNA template. 

B) step-wise addition of nucleotides on a primer annealed to a template. c) annealing of small 

oligomers on the template, followed by nucleotide insertion in the gaps and their subsequent 

ligation. Adapted from Kaddour, H. & Sahai, N. Life 4, 598–620 (2014). 

 

A substantial amount of work has been done in this endeavour. Similar to 

polymerization studies, most of the studies in the aforesaid regard have utilized 

‘activated nucleotides’ where the 5′- phosphate group is activated with a good 

leaving group, predominantly imidazole or imidazolide derivates50–53. In addition 

to facilitating the primer extension by overcoming the thermodynamic barrier for 
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bond formation, this activation of incoming nucleotides also allows for the 

monitoring of these reactions within laboratory time scales. The detailed 

mechanistic characterization of reactions using imidazole-activated nucleotides 

has demonstrated the bond formation by forming a 5′-5′-imidazolium bridged 

dinucleotide intermediate54. Other activating groups like carbodiimide or 1-

hydroxy-7-azabenzotriazole (HOAt) have also been shown to facilitate 

nonenzymatic template-directed replication55. One important aspect of replication 

is its fidelity as the addition of a mismatch nucleobase can lead to the loss of 

functional information. In 2010, Rajamani et al. have shown that the rates of 

subsequent nucleotide addition decrease by more than 2 orders of magnitude 

upon the addition of an incorrect nucleotide50. This decrease in the rate results in 

the stalling of replication after a mismatch addition, thus providing a proof of 

principle for faithful copying of the genetic information even in the absence of 

enzymes.  

 

A subsequent related study demonstrated that the presence of background 

molecules (co-solutes) such as lipids and/or PEG (as a proxy for molecular 

crowding) results in an increase in the frequency of mismatch pairs51. This was 

indeed interesting as the prebiotic soup is thought to be heterogeneous in nature 

and would have been compositionally diverse. Therefore, the presence of co-

solutes in such scenarios would have allowed for the exploration of different 

sequences and thereby different functions, over reasonable timescales. 

Nonetheless, the question of the ready availability of a substantial pool of such 

intrinsically activated nucleotides led researchers in a parallel study to use non-

activated 5′-NMP. They studied acid-catalyzed template-directed primer 

extension using 5′-NMP but the extended primer was observed to contain abasic 

site48. Similar to the oligomerization reactions, this was due to the cleavage of 

glycosidic bonds under harsh conditions such as acidic pH (2) and high 

temperature (90°C). This further emphasized the necessity and importance of the 

use of intrinsically activated prebiotically relevant nucleotides, which do not 

require harsh conditions to oligomerize and propagate information readily under 
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early Earth conditions. The ability of intrinsically activated prebiotically relevant 

nucleotides such as cNMP to propagate template-directed information is 

discussed in details in chapter 3.     

 

1.3.1.3. Ribozyme-mediated catalysis and role of metal ions 

The emergence of a polymerase and self-replicase ribozymes lies at the heart of 

the ‘RNA World Hypothesis’. Under early Earth-like conditions, these and other 

ribozymes are thought to have facilitated several prebiotically pertinent reactions 

that eventually resulted in protocell formation. For e.g., these ribozymes would 

have facilitated the formation as well as propagation of RNA, a crucial feature for 

the emergence and sustenance of protocells56. In 1993, a pioneering study 

demonstrated the emergence of a ligase ribozyme when a random pool 

containing 1015 molecules of RNA was subjected to repetitive in-vitro selection 

cycles. This prompted a series of studies investigating the catalytic role of RNA, 

their in-vitro emergence and evolution using Systematic Evolution of Ligands by 

Exponential Enrichment (SELEX), to produce different ribozyme sequences that 

resulted in different functions56–58. Ribozymes possessing replicase, ligase and 

polymerase activity have been developed by various groups through in-vitro 

evolution. Although insightful, the spontaneous emergence of ribozymes which 

are itself long stretches of structured RNA, is non-trivial in the absence of 

specialized protein machinery. Another salient feature for most of these 

ribozymes is the requirement of appropriate amounts of metal ions to maintain 

their structure and function59–62. RNA phosphodiester backbone possesses a 

negative charge that results in repulsion and, in turn, hindering its folding to result 

in secondary structure formation. Metal ions are known to coordinate with the 

negatively charged phosphate groups of the RNA backbone, thus reducing this 

repulsion and facilitating folding that is central to its function. In addition to this, 

metal ions are also observed in the active site of several ribozymes where they 

directly take part in the catalytic processes. Most of the ribozymes rely on the 

presence of Mg2+ ion that is coordinated in its active site for their functioning63. 

Previous studies have also evaluated a significant increase in catalytic activity by 
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substituting Mg2+ with Fe2+ in two different ribozymes, i.e., L1 ribozyme ligase 

and hammerhead (a self-cleaving) ribozyme64. This further emphasize the crucial 

role of metal ions in the structural stability and functioning of ribozymes, which 

are key for a putative RNA World. Even though these SELEX based studies have 

been truly revealing, the iterative in-vitro selection is generally carried out under 

controlled reaction conditions, which would have not been the case on early 

Earth. This, therefore, leaves a gap for discerning realistic approaches that would 

result in the nonenzymatic emergence of fully functional ribozymes.  

 

1.4. Minimal metabolism 

 

Lastly, for the sustenance of any living system, there is the requirement of access 

to (minimal) metabolic pathways(s) that can take care of the energy 

requirements. In this regard, the two unresolved questions in the context of early 

life are as follows: 1) What kind of reactions are crucial for the sustenance of 

primitive cellular life? 2) Which prebiotically plausible catalysts would have aided 

various steps of these crucial reactions? On the early Earth, metabolism is 

hypothesized to have been dependent mainly on redox reactions, as is seen in 

carbon fixation, sulfur reduction or nitrogen fixation, wherein energy is produced 

via electron transfer65,66. Prior to the onset of an oxygenic atmosphere, nitrogen 

and sulfur reduction are thought to have been the major driving forces for 

facilitating metabolism67. Using phylogenetic analysis, enzymes involved in the 

aforementioned reactions have been traced from higher organisms (like plants), 

all the way back to eubacteria, archaebacteria, and cyanobacteria68. Additionally, 

some of the core metabolic cycles such as the (reverse) tricarboxylic acid cycle, 

pentose phosphate pathway, glycolysis and gluconeogenesis etc.13,32,69, are also 

considered as ancient due to their favourable thermodynamics and universality.  

 

Previous literature has investigated the role of metal ions in primitive metabolic 

networks, including the reverse tricarboxylic acid (rTCA) cycle, glycolysis, 

pentose phosphate pathway etc.31,32,69,70, that underscore the central role of 
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simple inorganic molecules in prebiotic catalysis. Importantly, about one-third of 

contemporary enzymes are metalloenzymes, i.e., they depend upon metal ions 

for their functioning71. This emphasizes the crucial role that metal ions would 

have played, in the emergence and early evolution of such metalloenzymes. This 

has inspired researchers to explore primitive metabolism and to specifically 

investigate the capability of metal ions/ metal-inorganic scaffolds (as present in 

minerals) in catalyzing several prebiotic pertinent reactions. In this regard, Zn2+, 

Cr3+ and Fe0 were shown to promote multiple reactions of the rTCA cycle31 in an 

acidic aqueous environment. Ralser’s group has demonstrated the nonenzymatic 

formation and interconversion of metabolites involved in the pentose phosphate 

pathway, with the help of a mimetic Archean ocean that is rich in ferrous (Fe2+) 

ions69,70. Moran’s group has also demonstrated the catalytic role of native 

transition metals (Fe0, Ni0 and Co0) in CO2 reduction, to yield the intermediates 

(such as acetate and pyruvate) of the Wood-Ljungdahl pathway30.  

 

The iron catalysis aspect pertaining to life’s origins, has been well explored as 

Iron-sulfur World hypothesis, which was proposed by Gunter Wachterhauser72–

74. It hypothesizes that life arose as a geochemical process from inorganic 

starting materials on the surface of sulfide minerals (such as pyrite), in the vicinity 

of deep-sea hot springs. Based on all the aforementioned aspects, it seems 

reasonable to argue that the first cellular life on Earth might have utilized 

relatively simpler protoenzymes and/or a more basic, related scaffold to carry out 

metabolic redox reactions. The capability of pyrite to fix nitrogen under UV 

irradiation has been demonstrated further supporting the hypothesis75. Minerals 

such as CdS (greenockite), ZnO (Zincite), CdSe and FeS2 (pyrite) have recently 

been shown to catalyze transmembrane electron transfer reactions (TMETR) 

upon irradiation76. Although insightful, these studies do not bridge the 

evolutionary pathway of metalloenzymes from a geochemistry-based 

perspective. 

 



 

 

16 

Iron-sulfur cluster proteins and metalloporphyrins consisting of a metallic core 

with a porphyrin ring and is surrounded by a protein scaffold, are some of the 

most ancient of enzymes present universally in the tree of life68,77 (Figure 1.4). A 

pioneering study by Melvin Calvin in 1959 showed that the efficiency of 

catalyzing the hydrolysis of peroxide increases by up to 103 times when ferric ion 

is complexed with porphyrin heterocycle to form ferric-porphyrin coordinated 

complex78. The activity was found to be 107 times higher than just the ferric ion in 

a native peroxidase78. This emphasized that the addition of, and increase in the 

complexity of a scaffold, increases the reaction efficiency and its rate. With this 

line of thought, some previous studies have demonstrated the formation of iron-

sulfur clusters under prebiotically plausible conditions and their capability to 

accept and donate electrons79–82. Subsequently, a potential pathway from iron-

sulfur catalysts to iron-sulfur cofactor containing peptide catalysts was also 

recently demonstrated83. These iron-sulfur peptides were able to generate a pH 

gradient across the membrane, which is a salient feature of contemporary life. 

These studies have indeed added to our understanding of the emergence of 

metalloenzymes on the early Earth, mainly the ones that belong to the iron-sulfur 

class of proteins. However, studies pertaining to the emergence and early 

evolution of other ancient metalloenzymes such as plastocyanin, cytochrome c 

and symerythrin, are largely unexplored. Thus, relevant studies on iron-sulfur 

clusters and a few studies towards metalloporphyrins, set the stage for further 

exploration of these minimal enzymes as well as other small folds pertinent to 

functional aspects. Inspired by this in chapter 5, we investigated the capability of 

different metalloporphyrins to catalyze proxy essential redox reactions. 
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Figure 1.4: Estimated age of modules relative to the four stages of global electron transfer 

network expansion, inferred from geological records. Adapted from 84: Raanan, H. et. al, 

PNAS, 115, 1280–1285 (2018).  

 

1.5. Discussion 

The first forms of cellular life (protocells) on the early Earth are posited to be “a self-

sustaining chemical system capable of Darwinian evolution”; composed of primitive 

genetic polymers and metabolic reaction networks encapsulated in a membranous 

compartment7. Given this, we first set out to investigate the formation and replication 

of RNA using prebiotically pertinent nucleotides. RNA is thought to have been one of 

the first biomolecules to have emerged on the early Earth due to its intrinsic ability to 

both store and propagate information, and to facilitate catalysis of reactions. Previous 

studies have investigated the nonenzymatic oligomerization/replication of chemically 

activated nucleotides whose presence on the prebiotic Earth in significant amounts is 

debatable. Therefore, we evaluated the oligomerization using intrinsically-activated 

yet prebiotically relevant nucleotides i.e., cyclic nucleotides (cNMPs) and nucleoside 

5′-triphosphates (NTPs). Both, cNMPs and NTPs resulted in oligomers when 

subjected to repeated dry-wet cycles, a feature common on the early Earth just as it 

is today. Furthermore, we also tested the role of metal ions on these aforementioned 

processes by characterizing these reactions in hot spring water samples from 

Astrobiologically relevant sites in Ladakh, India85. Subsequently, we investigated the 

ability of cNMPs to propagate genetic information in enzyme-free template-directed 
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replication reactions. These reactions showed the addition of intact nucleotides to the 

primer, which resulted in the formation of informational polymers, something that has 

been a challenge when using potentially more readily available non-activated 

monomers. In all, these studies underscored the relevance of both cNMPs and NTPs 

to act as building blocks, in the formation and propagation of genetic information on 

the early Earth. In addition to the aforesaid, we were also keen on investigating 

transition metal ion-mediated oxidation reactions, specifically in the context of 

primitive metabolism. Few studies in the past showed that free metal ions and select 

metal-complexes can catalyze certain prebiotically relevant reactions. Nonetheless, 

the transition from metal ions to extant metalloenzymes has continued to largely 

remain unclear. To unravel the plausible route, we evaluated the influence of a pre-

biologically and biologically relevant porphyrin scaffold, on metal ion-mediated 

oxidation reactions. The presence of porphyrin was observed to modulate the 

catalytic activity of certain metal ions, highlighting the selective advantage that these 

metal ions would have had in the presence of scaffolds like porphyrin. Altogether, our 

findings have helped to delineate aspects pertaining to the emergence and 

propagation of primitive genetic polymers. Furthermore, we have also been able to 

ascertain a framework for the evolution of minimal enzymes, thereby furthering the 

field’s insights on processes central to the emergence of early life. 
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Chapter 2 

 

2.1 Introduction 

The “RNA World hypothesis” highlights the potential of RNA as the first biomolecule to 

have emerged on the prebiotic Earth. This is due to the capability of RNA to act as a 

catalyst in addition to being a genetic material 1. The presence of complex protein 

machinery that could have assisted in the process of encoding and processing genetic 

information would have been highly improbable on early Earth. Therefore, the formation 

and replication of RNA molecules on prebiotic Earth would have been nonenzymatic; 

driven by the environmental conditions and the physio-chemical properties of the 

molecules, resulting in oligonucleotides. Small oligoribonucleotides (up to trimers) have 

been shown to not only enhance the rate of template-directed replication 2–5, but are 

also thought to act as precursors for cofactors that pervade extant biology 6–8. 

Towards this, the prebiotically plausible synthesis of the components of RNA i.e., 

nucleotides, has been demonstrated. However, initial studies pertaining to the formation 

of RNA polymers and their propagation, have predominantly employed chemically 

activated nucleotides 9,10. These activated nucleotides consist of a good leaving group, 

the presence of the leaving group enhances the electrophilicity of the phosphate group 

and hence facilitates the nucleophilic attack by the 2´ or 3´ hydroxyl group of an 

incoming nucleotide (Figure 1.1.). Though recently, a prebiotically plausible synthesis 

pathway for such activated nucleotides has been demonstrated 11. Owing to their 

susceptibility to high temperature and aqueous environment, their presence in 

significant amounts on prebiotic Earth is uncertain, thus their potential to act as a 

substrate for enzyme-free oligomerization is questionable.  

Towards this, the lipid-assisted non-activated nucleotides such as nucleoside 5´-

monophosphate (NMPs) were shown to oligomerize in RNA-like oligomers 12. These 

reactions were facilitated under acidic terrestrial geothermal conditions i.e., highly acidic 

pH (pH~2) and high temperature. However, systematic characterization of these 

polymers has shown oligomers with abasic sites due to depurination under such 
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conditions 13. Hence, it is disputable that the resultant moieties that formed under such 

conditions would have been capable of functioning as informational oligomers. 

As mentioned in Chapter 1, all the aforementioned reasons necessitate the requirement 

of intrinsically reactive, prebiotically relevant nucleotides. One such candidate is cyclic 

nucleoside monophosphates (cNMPs). These nucleotides are shown to be formed 

readily by dry heating of NMPs and also have been detected in mineral-mediated 

phosphorylation of nucleosides 14. Their plausibility to form readily under prebiotic 

conditions and stability to high temperatures while being intrinsically active 14–20, 

highlights their potential to serve as monomers for enzyme-free oligomerization 

reactions, hence, resulting in RNA. Depending on the groups involved in the 

intramolecular phosphodiester bond ring, two types of cNMP are known i.e., 2´-3´cNMP 

and 3´-5´cNMP (2´-3´ and 3´-5´ groups are involved in the ring, respectively). Earlier 

studies have demonstrated the nonenzymatic oligomerization of 2′–3′ cNMPs under 

completely dry conditions 15. Subsequent studies from di Mauro’s group have shown the 

formation of RNA oligomers up to tetramers using 3′–5′ cNMP under dry and slightly 

alkaline regimes 21,22. Dry conditions can provide a concentration mechanism, thus 

allowing for the reactants to interact with each other by bringing them into closer 

proximity. Thereby, such regimes facilitate the oligomerization, while decreasing the 

back-hydrolysis of oligomers formed, if any. Although insightful, an important aspect 

pertaining to these studies is the uncertainty of the existence of permanently dry niches 

on the early Earth. The realistic approach would then be to consider these reactions in 

niches that have been hypothesized to support the chemical emergence of life. One of 

these proposed niches is that of terrestrial hydrothermal pools. Temperature and 

seasonal fluctuations in these terrestrial pools would result in dry-wet cycles 

(Dehydration–Rehydration/DH–RH cycles) 23,24, a feature common to the geology of the 

planet. Such DH–RH cycles have been demonstrated to facilitate the formation of a 

diverse set of RNA building blocks (purine nucleosides) 25,26, and also in the 

condensation of hydroxy acids, either alone or in combination with amino acids, to result 

in oligoesters and depsipeptides, respectively 27,28. As mentioned earlier, lipids have 

been shown to facilitate the oligomerization of 5′-NMPs under DH–RH conditions, 

resulting in the formation of RNA-like oligomers (abasic oligomers) 12,13. Upon 
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dehydration lipid molecules arrange themselves into two-dimensional arrays, 

concentrating the reacting monomers thereby promoting concentration-dependent 

oligomerization. Upon rehydration, the multilamellar structures can encapsulate the 

monomers, as well as the growing oligomers, forming protocell-like entities, thus 

protecting them from hydrolysis 29,30. Despite their implicit relevance, the Influence of 

lipids on enzyme-free oligomerization of cNMPs has not been explored till date. 

Additionally, most of the previous studies that have been undertaken to demonstrate the 

nonenzymatic oligomerization of cyclic nucleotides have used purines as the starting 

monomer 15,16,22. Very few studies have looked at the oligomerization of pyrimidines 

under dry conditions 14,17. Purines are known for their tendency to stack better than 

pyrimidines. This increases the proximity of these nucleotides thereby facilitating 

intermolecular condensation leading to their efficient oligomerization 31. Given this, we 

aimed to elucidate whether there is any effect from the aforesaid difference (between 

purine and pyrimidine) on the oligomerization efficiency under our reaction conditions. 

Furthermore, we also wanted to discern the role of lipid molecules on the 

oligomerization of cyclic nucleotides under prebiotically pertinent DH–RH regimes. 

Toward this, enzyme-free oligomerization of cyclic nucleotides was studied using cyclic 

adenosine monophosphate (cAMP), a purine, and cyclic cytidine monophosphate 

(cCMP), a pyrimidine nucleotide, using both the 2′–3′ and 3′–5′ cyclic isomer versions. 

Lastly, the studies pertaining to nucleotide oligomerization are predominantly carried out 

under laboratory-controlled conditions. Although insightful, such controlled reactions 

may not be representative of the complex scenarios that might have been present on 

the early Earth. Toward this, few studies have begun to evaluate prebiotic processes 

under more “realistic” conditions. For example, Deamer et al. attempted to constrain the 

range of possible environments/conditions for the origins of life by analyzing 

prebiotically pertinent processes under realistic conditions 32. The previous study from 

our laboratory looked at the self-assembly of simple amphiphiles, like fatty acids and 

their derivatives, in alkaline hot spring water samples of varying ionic content that were 

collected from three locations in Ladakh, a site with early Earth-like environmental 

niches 33. However, to our knowledge, similar studies have not been undertaken in the 

context of nonenzymatic oligomerization of nucleotides, under prebiotic early Earth 
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environments. Therefore, we also set out to investigate how cyclic nucleotide 

oligomerization reactions would advent in a complex 

“realistic” context. We evaluated this by using a hot spring sample that was used in the 

previous study 33, and studied it alongside reactions carried out under laboratory-

controlled conditions. Under the laboratory-simulated conditions, intact oligomers up to 

trimers (in the pyrimidine reactions) and tetramers (in the purine reactions) were 

observed in some of the oligomerization reactions. Interestingly, in the reactions 

performed using the hot spring water sample, not only the rate of oligomerization but 

also the destabilization of the oligomers was enhanced over prolonged cycles. 

 

2.2 Materials and Methods 

2.2.1 Materials    

The monosodium salts of all four cyclic monophosphates viz. adenosine 3′,5′-cyclic 

monophosphate (3′,5′-cAMP), adenosine 2′,3′-cyclic monophosphate (2′,3′-cAMP), 

cytidine 3′,5′-cyclic monophosphate (3′,5′-cCMP), cytidine 2′,3′-cyclic monophos- 

phate (2′,3′-cCMP), adenosine monophosphate (AMP) linear dimer, trimer, and 

tetramer were purchased from Sigma–Aldrich and used without further purification. 1-

palmitoyl-2-oleoyl-sn- glycero-3-phosphocholine (POPC) was purchased from Avanti 

Polar Lipids Inc. All other reagents used were of analytical grade and purchased from 

Sigma–Aldrich. TLC Silica gel 60 F254 was purchased from Merck (EMD Millipore 

Corporation). 

 

2.2.2 Methods 

2.2.2.1. Simulating early Earth conditions 

Early Earth conditions were simulated using a bench-top heating block that was 

maintained at high temperatures, that is, 90°C as described by Mungi et al.13. The 

oligomerization reactions were carried out in 20 ml glass vials with their caps fitted 

with PTFE septa purchased from Chemglass. The anoxygenic environment was 

maintained by delivering a gentle flow of carbon dioxide into the vials through two 
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PEEK tubings of about 1–1.5 in, one acting as an inlet and another as an outlet for 

the gas. 

2.2.2.2.  Vesicle solution preparation 

The vesicle solutions were prepared by drying the required amount of chloroform 

solution (with strength 25 mg/ml) of POPC under nitrogen gas flow to prepare a dry 

lipid film. It was then kept under vacuum for 5–6 h to make sure that no trace amount 

of chloroform remained. Subsequently, nanopure water was used to rehydrate the 

thin film to form the vesicles. 

2.2.2.3.  Nonenzymatic oligomerization reaction conditions and procedure 

A typical reaction mixture consisted of 5 mM cyclic nucleotide in nanopure water with 

pH ∼8.5 or the hot spring water sample. In lipid-assisted reactions, 1 mM of POPC 

was added to each reaction to maintain a constant ratio of 5:1 for nucleotide to lipid. 

The lipid concentration was chosen based on a previous study in our laboratory 13. 

The samples were rehydrated with nanopure water and mixed properly followed by a 

prolonged dehydration phase during each DH–RH cycle, with 24 h per cycle. The 

rehydrated samples were collected at different periods. The lipid was extracted from 

the rehydrated sample using a previously standardized butanol-hexane extraction 

procedure. The aqueous portion containing nucleotides was collected and analyzed 

using HPLC and LC-MS/MS. 

2.2.2.4.  Microscopic analysis 

Ten microliters of the reaction sample containing only 1 mM of POPC, was placed on 

a glass slide which was then evenly spread and covered with a 18 X 18mm coverslip. 

This was then air sealed by covering its four sides with liquid paraffin. This was done 

in order to decrease the motion of solution. The slides prepared were then observed 

under 40X magnification using a DIC microscope AxioImager Z1, (NA= 0.75) to 

check for the presence of lipid vesicles. 

2.2.2.5.  HPLC analysis 

HPLC analysis was performed using the Infinity series 1260 HPLC instrument 

(Agilent Technologies, Santa Clara, CA, USA). The reaction products, after 
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removing the lipid molecules using previously standardized butanol-hexane 

extraction, were loaded onto HPLC 13. The molecules were separated by an anion-

exchange column viz. DNAPac PA 200 (Thermo Scientific, Sunnyvale, CA, USA). It 

separates the molecules based on their interaction with the column through 

phosphate moiety, thus providing single-nucleotide resolution. The separation 

method was standardized using a gradient of 2 mM Tris buffer at pH 8 (Solvent A) 

and 0.4 M sodium perchlorate in 2 mM Tris buffer at pH 8 as an eluting solvent 

(Solvent B). The gradient used was: 0% solvent B for 3 minutes, from 3 min to 10 

min, solvent B goes from 0 to 30%, in next 3 min (10-13 min) it increases to 100%, 

where it is kept for 3 min (13-16 min), followed by equilibration with solvent A from 

18-21 min. A photo Diode-Array Detector (DAD) was used to detect analytes at 

260nm, using a highly sensitive 60 mm flow cell. The separation between a dead 

volume peak (which was later characterized as open ring structures lacking 

phosphate moiety, i.e., adenosine or adenine by mass), cAMP monomer, linear AMP 

monomer, and oligomers was observed in a typical HPLC chromatogram. The 

analytes were semi-quantified by measuring the area under corresponding peaks 

separated through column. Although the semi-quantified area can be due to the 

presence of various species with the same charge, it can still provide us with the 

distribution of species in the reaction after a particular DH-RH cycle.  

2.2.2.6.  Mass analysis 

Mass analysis of the samples was performed on a Sciex X500R QTOF mass 

spectrometer (MS) fitted with an Exion-LC series UHPLC (Sciex) using information-

dependent acquisition (IDA) scanning method. The acquired data were analyzed 

using the Sciex OS software (Sciex; University of Florida). The crude reaction mixture 

was separated on Zorbax C8 column (dimensions: 4.6×150 mm, 3.6 μm particle size) 

(Thermo Scientific) fitted with its guard column. A gradient of nanopure water 

containing 0.1% formic acid and acetonitrile containing 0.1% formic acid was used to 

separate the oligomers. The gradient used was: 0% solvent B for 3 minutes, from 3 

min to 7 min, solvent B goes from 0 to 20%, in next 9 min (7-16 min) it increases to 

30%, followed by a further increase to 100% from 16-18 min, the column is kept at 

100% solvent B for next 3 min (18-21 min), followed by equilibration with solvent A 
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from 22-25 min. All the mass acquisition was performed using electron spray 

ionization (ESI) with the following parameters: turbo spray ion source, medium 

collision gas, curtain gas=30 L/min, ion spray voltage=5500 V (positive mode), at 

500°C. TOF-MS acquisition was done at declustering potential as 80 V with 20 V as 

spread and using 10 V collision energy. To perform TOF-MS–MS analysis, 50 V 

collision energy with 20 V spread was used. As the mass acquisition was carried out 

in positive mode, the observed masses correspond to the mass of the H+-adduct of 

the parent molecule. The presence of a specific species/molecule was confirmed by 

the presence of precursor mass within the 5-ppm error range as well as its 

fragmentation pattern. 

2.2.2.7.  TLC (thin layer chromatography) of POPC 

TLC analysis for evaluating the chemical stability of POPC molecules was performed 

using TLC Silica gel 60 F254 (Merck, EMD Millipore Corporation). A mixture of 

chloroform, methanol, and water in 65:25:4 was used as the mobile phase. The TLC 

chamber (Latch-lid TLC developing chambers for 10×10 cm plates, Sigma–Aldrich) 

was lined with filter paper and equilibrated with the solvent system before use. The 

TLC plates (dimension 5× 10 cm) were pre-run with the mobile phase in order to 

eliminate interference coming from any intrinsic contaminant. It was then dried, and 6 

µL of each sample was withdrawn at different DH–RH cycles (cycle 0, cycle 4, cycle 

10, cycle 20, and cycle 30 in lanes b, c, d, e, and f, respectively) along with POPC as 

a control (lane a), was spotted 0.8 cm apart to each other and 2 cm above the bottom 

edge of TLC plate. The dried TLC plates were then chromato- graphed in the 

equilibrated chamber. Following the chromatography, the TLC plates were dried and 

kept in the presaturated tank containing iodine vapours. The plates were then 

immediately scanned on a Syngene G-Box Chemi-XRQ gel documentation system 

(Syngene). 

 

2.3.  Results 

2.3.1.  Nonenzymatic oligomerization of cyclic adenosine monophosphate under 

DH–RH conditions 
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We investigated the enzyme-free oligomerization of cyclic nucleotides under 

laboratory-simulated DH–RH regimes. A typical reaction involved 5 mM of the 

corresponding cyclic nucleotides (2′–3′ or 3′–5′ cAMP) at pH 8, which were subjected 

to 30 DH– RH cycles (at 24 h per cycle) (Methods). A dry heating control reaction 

was also set up under identical temperature, pH and reactant concentrations, 

wherein the sample was only subjected to prolonged drying without any rehydration 

involved. This was also done to recreate conditions used in previous studies 15,16,21,22. 

The reactions were analyzed using high-performance liquid chromatography (HPLC) 

(Methods). The product identities were ascertained by coeluting them on HPLC with 

known controls. The control species including cAMP, AMP monomer, dimer, and 

trimer, showed peaks eluting at 1.8, 6.1, 6.3, and 7.1 min, respectively. The peak 

observed with a retention time of 1.5 min is adenine, which is mentioned as a 

breakdown peak in the chromatogram (Figure 2.1A). Free adenine does not interact 

with an anion-exchange column like the one that was used for this analysis and 

elutes out of the column in the void volume.   

As shown in the HPLC chromatogram (Figure 2.1B), the reaction mixture kept at 

90°C for 30 d under complete dry heating conditions led to the hydrolysis of cAMP to 

its linear form (i.e., AMP), however, no oligomers were observed for both of the cyclic 

isomers (2′, 3′ cAMP and 3′, 5′ cAMP) (Figure 2.1B, D). Conversely, under DH–RH 

conditions, a peak, which had an identical retention time as that of the control dimer, 

was observed in the 2′, 3′ cAMP oligomerization reaction (Figure 2.1A). Nonetheless, 

there was no clear separation observed among the other peaks with a retention time 

more than that of AMP in the HPLC chromatogram. This could be, both, due to the 

relatively low yields of the reaction, and due to the presence of different types of 

product species. For example, the resultant products could be either cyclic or linear 

versions, and could also have varied internucleotide linkages, especially in the 2′, 3′ 

cNMP reactions (Figure 2.2). However, in the case of 3′, 5′ cAMP reactions under 

DH–RH conditions, oligomeric species was not detected using HPLC (Figure 2.1C). 

All the reactions were performed at least in replicate to validate the results. 

 



 34 

 

Figure 2.1. Effect of DH–RH cycles on the oligomerization of cAMP. Representative 

HPLC chromatograms for oligomerization reactions of 2′, 3′ cAMP and 3′, 5′ cAMP 

subjected to 30 DH–RH cycles (A and C, respectively); oligomerization of 2′, 3′ cAMP 

and 3′, 5′ cAMP, but only under prolonged dry heating (B and D, respectively). The 

black trace depicts the chromatogram for cycle 0, which was collected at time zero, and 

the red trace shows the chromatogram for reaction time point equivalent to 30 d. Y-axis 

shows the absorbance at 260 nm while the x-axis shows time in minutes. 
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Figure 2.2. Schematic showing possible phosphodiester linked products resulting in the 

oligomerization reactions of 2′, 3′ cyclic nucleotides and 3′, 5′ cyclic nucleotides. 

Schematic made using ChemDraw Professional, version 19.0.0.26 

 

 

Figure 2.3. The stability of cAMP under aqueous heating. The graph shows the stability 

of the starting monomer (after accounting for both 2′, 3′ cAMP and AMP as they can 



 36 

readily interchange in aqueous conditions). The X-axis shows different time periods (in 

hours) after which samples were withdrawn and analyzed using HPLC. Y-axis shows 

cAMP (%) remaining, normalized to the amount present in cycle zero. 

Additionally, an aqueous heating control was also set up under identical conditions 

without invoking a dry phase and was monitored for 120 h. The stability of 2′, 3′ 

cAMP was compromised under such conditions and only breakdown (adenine) and 

AMP peaks were observed (48.28% of cAMP was remaining after 120 h of aqueous 

heating; Figure 2.3). Time of flight-mass spectrometry (TOF-MS) analysis was 

performed in order to further confirm and characterize the various species that were 

formed under DH–RH conditions and observed in the HPLC chromatograms 

(Methods). Fragmentation was induced for the precursor molecule using the TOF-

MS/MS mode. 
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Figure 2.4. Representative TOF-MS and TOF-MS/MS spectra in ESI positive mode for 

cAMP reactions. From left to right: the TOF-MS spectrum, TOF-MS/MS spectrum, and 

the representative structure of different AMP oligomer species observed. The species 

correspond to H+ adducts of AMP linear dimer (A–C) with a monoisotopic mass of 

677.12 Da, AMP linear trimer (D–F) with a monoisotopic mass of 1006.17 Da, and AMP 

linear tetramer (G–I) with a monoisotopic mass of 1335.23 Da, respectively. 

 

Figure 2.4 shows representative TOF-MS and TOF-MS/MS spectra that were 

observed in electrospray ionization (ESI) positive mode for H+ adducts of AMP linear 

dimer (panels A and B), along with its corresponding structure (panel C), AMP linear 

trimer (panels D and E), and its corresponding structure (panel F), and AMP linear 

tetramer (panels G and H), and its corresponding structure (panel I). All the observed 

masses have been summarized in Table 2.1, with the errors being well within the 

acceptable range (give or take [±] 5 parts per million [ppm]). The fragmentation of the 

AMP linear dimer with a monoisotopic mass of 677.123 Da yielded an intense 

fragment at 348.067 Da, and another fragment at 542.064 Da (Figure 2.4A, B). AMP 

linear trimer with a monoisotopic mass of 1006.170 fragmented into two intense 

fragments of 348.067 Da, and 677.112 Da (Figure 2.4D, E). AMP linear tetramer with 

a monoisotopic mass of 1335.238 fragmented into two intense fragments of 348.074 

Da, and 677.12 Da (Figure 2.4G, H). The fragmentation fingerprint of the parent 

molecule, its ppm accuracy, and the elution time were all used in conjunction to 

confirm the presence of the target molecules. The TOF MS spectrum for the 2′, 3′ 

cAMP reaction showed the presence of intact linear dimer within four DH–RH cycles, 
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and intact linear trimer and tetramer after 10 DH–RH cycles (Figures 2.4 and 2.8A; 

Table 2.4). However, 3′, 5′ cAMP yielded only an intact linear dimer even after 20 

DH–RH cycles. This lower oligomerization propensity of 3′, 5′ cAMP (oligomers only 

up to dimer as compared to tetramer in the case of 2′, 3′ cAMP) could possibly stem 

from its higher intrinsic stability. More than 90% of the starting monomer typically 

remained even after 30 DH–RH cycles and this could possibly be due to 

comparatively less ring strain in its six-membered ring (8.9 kcal/mol) than in the five-

membered ring (12 kcal/mol) of 2′, 3′ cAMP 34. 

 

2.3.2.  Nonenzymatic oligomerization of cyclic cytidine monophosphate under 

DH–RH conditions 

 

In order to compare the oligomerization potential of purine versus pyrimidine cyclic 

nucleotides, reactions were carried out using cCMP. The reactant concentrations and 

reaction conditions including DH–RH cycling at 90°C (30 DH–RH cycles with 24 h per 

cycle), were kept identical to what was used in the cAMP reactions. Both of the cyclic 

isomers, that is, 2′, 3′-cCMP and 3′, 5′-cCMP were investigated for their 

nonenzymatic oligomerization potential. Mass analysis of the cCMP oligomerization 

reaction products was performed and the parameters for TOF-MS and TOF-MS/ MS 

were kept identical to that of the cAMP reactions (Methods). Figure 2.5 shows a 

representative TOF-MS spectra and TOF-MS/MS spectra in ESI positive mode that 

were observed for the H+ adduct of CMP linear dimer (panels A and B), along with its 

corresponding structure (panel C), and H+ adduct of CMP linear trimer (panels D and 

E) and its corresponding structure (panel F). As seen in Figure 2.5, the CMP linear 

dimer with a monoisotopic mass of 629.099 Da fragmented into daughter fragments 

with masses 611.087, 306.046, and 518.063 Da. CMP linear trimer with a 

monoisotopic mass of 934.142 fragmented into 306.047 Da, and 629.096 Da, 

respectively. All the observed masses with their respective ppm errors are 

summarized in Table 2.1. The TOF-MS and MS/MS analysis for the 2′, 3′ cCMP and 

3′, 5′ cCMP reactions show the presence of linear trimer and linear dimer, 

respectively, within 10 DH–RH cycles (Figures 2.5 and 2.8B). The lower extent of 
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oligomerization for cCMP than cAMP (oligomers only up to trimer as compared to 

tetramer), could potentially be due to the intrinsically higher stability of cCMP toward 

the hydrolysis of intramolecular phosphodiester linkage (ΔHhydrolysis=−8.1 kcal/mol for 

cCMP and ΔHhydrolysis =−9.4 kcal/mol for cAMP, both at pH 7.3, 25°C) 35. 

 

Table 2.1. Summary of the masses in the nonenzymatic oligomerizations reactions 

of cAMP and cCMP. 

 

 

 

Figure 2.5. Representative spectra of TOF-MS and TOF-MS/MS in ESI positive mode 

for cCMP reactions. The figure represents the TOF-MS spectrum, TOF-MS/MS 

spectrum, and the structures that were observed for the H+ adducts of CMP linear 



 40 

dimer (A–C) with monoisotopic mass 629.1 Da, and CMP linear trimer (D–F) with 

monoisotopic mass 934.14 Da, respectively. 

 

2.3.3.  Effect of lipids on the stability of cyclic nucleotides under DH–RH 

conditions 

 

Lipids have been demonstrated to encapsulate macromolecules under DH–RH 

cycles 36. They are also known to interact better with certain molecules present in the 

bulk solution 37,38, consequently protecting them from the harsh environmental 

conditions of an early Earth. In the context of nucleotide oligomerization reactions, 

lipids have been shown to also facilitate the formation of RNA-like polymers (abasic 

oligomers) from nucleoside-5′ monophosphates 12,13. Given this, we set out to 

elucidate the plausible effect of lipids on the enzyme-free oligomerization of cNMP 

(cAMP and cCMP based reactions). The reactions were performed in the presence of 

1-palmitoyl, 2-oleoyl phosphatidylcholine (POPC), a phospholipid that has been used 

as a proxy membrane component in several previous studies 12,13,39–41. A total of 1 

mM of POPC was added to each reaction containing 5mMof cNMP to maintain a 

constant ratio of 5:1 of nucleotide to lipid. The reaction conditions and subsequent 

procedures were kept identical to those mentioned in the previous section (90°C, 30 

DH–RH cycles with 24 h per cycle) (Methods). In order to get an estimate of the 

amount of starting monomer in the HPLC runs, the areas under both linear NMP and 

cNMP peaks were taken into consideration, as cNMP can readily convert to NMP 

under aqueous conditions 20. 

Figure 2.6 shows the graph of the semi-quantitation done on the HPLC data, which 

corresponds to the stability of the starting monomer (accounting for both cNMP and 

NMP). The amount of the starting monomer (either cAMP or cCMP) decreased with 

increasing DH–RH cycles (Figure 2.6; Table 2.2). In the 2′, 3′ cAMP reactions 

(without lipid) (Figure 2.6A), cAMP reduces to 80%, 50%, 30%, and 20% in 4, 10, 20, 

and 30 cycles, respectively. However, in lipid-assisted reactions, the starting 

monomer was more stable; up to 60% of the starting monomer persisted even after 

30 DH– RH cycles. In the case of 3′, 5′ cAMP, in both lipid-assisted and lipid-free 
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reactions, only 5% of the starting monomer underwent breakdown even after 30DH–

RH cycles. The results suggested that the presence of lipid enhanced the stability of 

the starting monomer in the 2′, 3′ cAMP reaction. However, the protecting effect of 

lipid was not evident in the reactions with 3′, 5′ cAMP as it is inherently much more 

stable.  

 

 

Figure 2.6. The stability of cyclic nucleotides in enzyme-free oligomerization reactions, 

in both, without lipid and lipid-assisted reactions. The graphs show the stability of the 

cAMP (A) and cCMP (B), during the reactions carried out under the DH–RH regimen, 

either in the presence or absence of lipids. The X-axis shows different reactions with 

indicated cNMP. Different colours depict different DH–RH cycles. Y-axis shows 

corresponding cNMP (%) remaining, normalized to that present in cycle zero. Error bars 

indicate SD. 

 

In the case of 2′, 3′ cCMP reactions (Figure 2.6B; Table 2.2), the quantity of starting 

monomer reduced by 10%, 20%, 40%, and 55% in 4, 10, 20, and 30 d of DH–RH 

cycling, respectively, in both the without lipid and lipid-assisted reactions. 3′, 5′ cCMP 

was found to be more stable than the 2′, 3′ cCMP under our reaction conditions, 

similar to what was observed with cAMP isomers. In all, the concentration of 3′, 5′ 

cCMP reduced to 95% of its initial concentration in 30DH–RH cycles. Hence the lipid 

did not seem to have any influence on the cCMP reactions, both, in the case of 2′–3′ 

cCMP and 3′–5′ cCMP reactions. As alluded to earlier, the protecting effect of lipid on 
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a particular solute molecule could stem from either its entrapment inside a 

vesicle/within bilayers or by directly interacting with the amphiphilic surfaces. 

However, the mechanisms of interaction can vary for different molecules and might 

depend on the variables such as planarity, hydrophobicity, and hydrogen bonding 37. 

Purines are shown to bind fatty acid membranes more than pyrimidines, mainly via 

hydrophobic interactions 37. The reduced binding of pyrimidine 

nucleobases/nucleotides with lipid could possibly explain the negligible effect of the 

lipid in the case of nonenzymatic oligomerization reactions involving cCMP. 

 

Table 2.2. Stability of cyclic nucleotides in enzyme-free oligomerization reactions, in 

both, without lipid and lipid-assisted reactions. 

 

 

2.3.4.  Nonenzymatic oligomerization reactions of cyclic nucleotides in hot spring 

water 

 

To obtain a more realistic picture of the oligomerization phenomenon involving cyclic 

nucleotides, the enzyme-free oligomerization reactions were also performed using 

water samples collected from a hot spring. Few previous studies have demonstrated 

that the presence of certain metal ions can catalyze nonenzymatic oligomerization 

reactions of nucleotides 42–44. Thus, metal ions present in a hot spring could also 

potentially affect nonenzymatic oligomerization. Nonetheless, high amounts of salt 

are also known to be detrimental to RNA 45. Panamic hot spring water that was used 

in the study by Joshi et al.33 was chosen to investigate the aforementioned 
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oligomerization reactions in detail. This site was studied as part of the Spaceward 

Bound expedition to Ladakh, an astrobiologically relevant site in the northern part of 

India 46. It is considered an early Earth and a Martian equivalent site due to its 

various topological features. Panamic water sample has a total salt content of around 

7.6–7.9 mM, with predominantly Na+ as major cation (∼92.5%) followed by Ca2+ 

(∼5%), K+ (∼2%), Li+ (∼0.7%), and Mg2+ (∼0.03%) ions. HCO3
− was found to be the 

major anion (∼82%) followed by SO4
2− (∼14.3%) and Cl− (∼3.8%) (Table 2.3). The 

reaction conditions such as temperature and other parameters like reactants 

concentrations were kept identical to what was described for the aforesaid reactions 

that were studied in nanopure water (i.e., 30 DH–RH cycles, each cycle consists of 

24 h at 90°C). The native pH of the hot spring water sample was ∼8–8.5, which was 

kept as is in the experiments undertaken. Figure 2.8 gives a comparative abundance 

of the different oligomeric species (normalized to cNMP at cycle 0) that were 

observed in cAMP and cCMP both in the presence and absence of lipid (POPC), in 

nanopure and hot spring water reactions (Figure 2.8; Table 2.4). All the oligomers 

were characterized using LC-MS and MS/MS analysis. Lipid-free reactions of 2′, 3′ 

cAMP yielded oligomers up to intact AMP linear tetramer after four DH–RH cycles. 

However, it seemed to degrade after 10 cycles of DH–RH. AMP linear trimer was 

also observed to disappear after 20 DH–RH cycles. On the contrary, in lipid-assisted 

reactions, 2′, 3′ cAMP oligomerized to yield linear trimer in 4 d of DH– RH cycling and 

persisted even after 30 DH–RH cycles, indicating the stabilizing effect of lipid. 

However, in the case of 3′, 5′ cAMP reaction, only a dimer was observed after 10 

DH–RH cycles, both, in the presence and absence of lipid. Therefore, the presence 

of lipid did not seem to make any significant difference in this case. In 2′, 3′ cCMP 

lipid-assisted and the without lipid reactions, CMP linear trimer was observed after 10 

DH–RH cycles, which was stable throughout the reaction, that is, till 30 cycles. The 

experiments with 3′, 5′ cCMP yielded linear dimer after 20 DH– RH cycles. In general, 

the metal ions and other co-solutes (like bicarbonates, etc.) present in the hot spring 

water sample seemed to increase the rate of oligomerization reaction, albeit 

destabilizing the resultant oligomers too. 
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Table 2.3. Geochemical analysis of Panamic hot spring water sample. 

 

 

2.3.5.  Stability of POPC vesicles under multiple DH–RH cycles in nanopure vs 

Panamic water 

 

Our results demonstrated that the presence of POPC could indeed enhance the 

stability of the starting monomer and oligomers in some of the reactions that were 

investigated (2′, 3′ cAMP in both nanopure and Panamic water) under DH–RH 

conditions. This corroborates with previous studies that have reported a similar 

protective effect coming from the presence of lipids in the reaction milieu 12,13. Lipid 

bilayers can do so by trapping the substrate molecules in the interlamellar spaces 

during the dry phase 30. Coincidentally, this also provides a concentration effect 

thereby facilitating uphill forward reactions like oligomerization. Furthermore, the 

lipids would also encapsulate the resultant oligomers upon rehydration, thus 

protecting them from back reactions like hydrolysis, which leads to their accumulation 

over multiple cycles. However, to the best of our knowledge, none of the previous 

studies has examined the stability of the POPC vesicles under multiple DH–RH 

cycles for a prolonged duration, for example, for 30 d, as was done in this study. In 

order to evaluate whether the lipid vesicles are stable under our reaction conditions, 

1 mM of POPC was used and DH–RH cycling was performed, both, in nanopure 

water and Panamic water samples at pH 8 for 30 d. The stability of the POPC 

vesicles was monitored by observing them under a microscope after a different 

number of DH–RH cycles using differential interference contrast (DIC) microscopy 

(Methods).  
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Figure 2.7. The stability of POPC vesicles under our reaction conditions. The stability of 

POPC vesicles under oligomerization reaction conditions with increasing DH–RH cycles 

(left to right), viz. cycle 0, cycle 4, cycle 10, cycle 20, cycle 30, either in nanopure water 

(A) or in Panamic water sample (B). The black and red arrows indicate vesicles and 

aggregates (collapsed vesicles), respectively. The scale bar in all the images is 10 μm. 

The chemical stability of POPC molecules under DH–RH conditions in nanopure water 

(C) and Panamic water (D). Different lanes from left to right, that is, a to f, indicate 

POPC control, the reactions corresponding to DH–RH cycle 0, cycle 4, cycle 10, cycle 

20, and cycle 30, respectively. A solid black arrow indicates the band corresponding to 

POPC, dashed black arrows indicate new bands that appear corresponding to 

degradation products. 

 

Vesicles were observed in nanopure water reactions even after 30 DH–RH cycles 

(Figure 2.7A). On the contrary, small aggregates (collapsed vesicles) were observed 

along with vesicles after 20 and 30 DH–RH cycles in the Panamic water sample 

(Figure 2.7B). Nonetheless, an important aspect to consider here is that the mere 

presence of vesicles does not necessarily have to be a direct reflection of the 

molecular stability of POPC. Previous literature in the field has demonstrated that the 

fatty acid chains can also self-assemble into vesicles around the pH that is near or 

equal to their pKa 47. Oleic acid has a pKa around 8.5, consequently, at our reaction 

pH, that is, 8, if POPC is degrading to its components, the resulting oleic acid can 

potentially form vesicles. Thus, the vesicles observed could also be a false positive 

indication of the stability of POPC. Therefore, the chemical stability of POPC 

molecules was also evaluated using thin-layer chromatography (TLC) (Methods). 
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POPC seemed to be comparatively more stable (stable up to 30 DH–RH cycles) in 

nanopure water (Figure 2.7C) than in the Panamic water reaction. TLC band 

corresponding to POPC (band indicated by black solid arrow) disappeared by 30 

DH–RH cycles in the Panamic water sample reaction (Figure 2.7D). With increasing 

DH–RH cycles, there were also some new bands that were observed, which 

correspond to the degradation products. These were mainly fatty acids (palmitic acid 

and oleic acid) and monoacylated phospholipid, whose identity was confirmed by 

high-resolution mass spectrometry (HRMS). As mentioned earlier, fatty acids (oleic 

acid) on their own have a tendency to form vesicles at pH 8. So, the vesicles 

observed in the Panamic water sample after 30 cycles of DH–RH using microscopy 

(Figure 2.7B) could also be pure fatty acid vesicles or a blended membrane 

composed of POPC and fatty acid. This is interesting as POPC, being a diacyl 

structure, can provide stability toward fluctuating pH conditions and the presence of 

metal ions, while the presence of fatty acid can allow the membrane to exchange 

material with the bulk solution 48–53. These are properties that have been argued to 

be highly desirable in model protocellular membranes. 

 

2.4.  Discussion 

Cyclic nucleotides have been hypothesized to undergo oligomerization via base-

catalyzed reaction 21. Nonenzymatic oligomerization of purine cyclic nucleotides has 

been demonstrated under completely dry conditions 15,22. However, to our 

knowledge, only a few studies have tried to investigate the nonenzymatic 

oligomerization of cyclic pyrimidine nucleotides 14,17. The present study illustrates the 

enzyme-free oligomerization resulting in the formation of intact informational 

oligomers in both a purine (cAMP) and a pyrimidine (cCMP) system, under 

prebiotically relevant DH–RH conditions as well as in a hot spring water sample 

reminiscent of early Earth environment. It has been reported that short oligomers (up 

to trimers) can enhance the rate of template-directed replication by about threefold 2–

5. Thus, the intact oligomers reported in the present study can potentially assist in the 

information propagation in template-directed replication scenarios. Our study 

demonstrates that prebiotically relevant DH– RH cycles can indeed facilitate the 
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enzyme-free oligomerization of, both, 2′, 3′ and 3′, 5′ isomers of cyclic nucleotides of 

both purine and pyrimidine systems. The dry phase facilitates the condensation 

reaction, although, the rehydration phase is necessary for effective collisions to occur 

between monomers and/or the growing oligomers. The latter, however, can also 

enhance the back hydrolysis of oligomers that are already present. Therefore, there 

is always a dynamical interplay of oligomerization and hydrolysis in these geological 

settings.  

 

Figure 2.8. Heat map of all the species observed in enzyme-free oligomerization 

reactions using LC-MS/MS. (A, B) The species were observed in different reactions of 

cAMP and cCMP, respectively, as mentioned toward the left of the figure. The numbers, 

viz. 0, 4, 10, 20, and 30, on the left axis of the heat map indicate the number of DH–RH 

cycles. Lanes 1–4 show the presence of cNMP, dimer, trimer, and tetramer, 
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respectively. Each block depicts a single reaction with rows and columns, signifying 

different time points and different species observed, respectively. The numerical data 

used for this analysis are presented in Table 2.4. 

 

Table 2.4. Nonenzymatic oligomerization of cyclic nucleotides as observed using LC-

MS analysis. 

 

 

Subsequent cycles of DH–RH can act as a kinetic trap by pushing the reaction 

toward oligomerization, thereby facilitating the formation of longer oligomers over 
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multiple cycles 12,13. In these settings, lipids can provide a boundary condition and 

facilitate the formation of a protocellular entity by encapsulating and thus, conferring 

protection to select solute molecules (as seen in the case of 2′, 3′ cAMP reactions in 

both the water samples) 30. In addition to the formation of intact linear oligomers, the 

formation of oligomers with cyclic ends (cyclic oligomers) could also potentially be 

facilitated in the reactions studied. When present in reasonable concentrations, these 

cyclic oligomers could possibly undergo ligation-like reactions resulting in longer 

oligomers. 

Nonetheless, the structure of these cyclic oligomers cannot be unequivocally 

ascertained using LC-MS as the mass of the covalently linked cyclic oligomer and 

noncovalently linked stacked oligomers happen to be the same. This is an aspect 

that has also been highlighted in other studies too 54. In the hot spring water sample 

reactions, the oligomers seemed to form more readily, as was observed, for example, 

in the reactions involving 2′, 3′ cAMP (tetramer was observed after 4 d of DH–RH 

cycles) (Figure 2.8A). However, the oligomers formed were also found to be 

susceptible to hydrolysis, potentially because of the presence of different metal ions 

or other co-solutes in these scenarios. Interestingly, 2′, 3′ cNMP, upon 

oligomerization could potentially yield 2′, 5′ as well as 3′, 5′ linked phosphodiester 

bonds (Figure 2.2) 22. On the contrary, 3′, 5′ cNMP can oligomerize to yield only 3′, 5′ 

linked phosphodiester bonds. Given this, it is logical to assume that the enzyme-free 

oligomerization of both the cyclic nucleotide isomers (2′, 3′ and 3′, 5′) might result in 

products with mixed phosphodiester linkages. Significantly, 2′, 5′ phosphodiester 

linkages are more prone to hydrolysis even at pH8 and 40 C with a rate of hydrolysis 

of about 0.01/h as compared to 0.003/h for 3′, 5′ linkages 55, indicating that this could 

only get even more exaggerated at 90 C (that we used in our experiments). Our 

study emphasizes the fact that even though the speed of oligomerization of 3′, 5′ 

cNMPs is compromised, the resultant oligomers are found to be stable even after 30 

DH–RH cycles (Figure 2.8). The comparatively low stable products resulting in 2′, 3′ 

cNMP oligomerization (especially in cAMP reactions in Panamic water) could be due 

to the formation of more hydrolyzable 2′, 5′ linked oligomers, in comparison to the 3′, 

5′ linked oligomers. The results from our reactions pertaining to the hot spring water 
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sample (a proxy for prebiotically pertinent conditions), could, therefore, be indicative 

for how the selection of 3′, 5′ phosphodiester linkages might have been driven by 

such relevant selection pressures. We propose that in prebiotic environments (e.g., 

hot spring waters) or in the presence of metal ions, selection for the 3′, 5′ 

phosphodiester linkage over time might have been naturally facilitated. Additionally, 

our results seemed to indicate that the presence of ions and other co-solutes (such 

as silicates) in the hot spring water sample, could effectively act as a selection 

pressure playing an important role in shaping the evolutionary landscape of a 

putative RNA World. Altogether, this study provides a comprehensive and robust 

means by which enzyme-free oligomerization of intrinsically activated, prebiotically 

pertinent nucleotides might have occurred in a heterogenous prebiotic soup. 
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Chapter 3 

 

3.1. Introduction 

 

Contemporary biology relies on dedicated biopolymers such as DNA/RNA to store and 

propagate genetic information, and proteins that enable the catalysis of reactions 1. As 

primitive cells are considered to be devoid of a refined and evolved molecular 

machinery, these functions might have been carried out by prebiotically relevant, simple 

molecular systems. Towards this, the well-explored ‘RNA World Hypothesis’ suggests 

RNA as having been the first biopolymer to have emerged due to its ability to serve both 

as a catalyst and a genetic material 2. In the absence of enzymes, the formation and 

replication of RNA would have had to be nonenzymatic; driven by both the monomeric 

species involved and the environmental conditions. Previous attempts to demonstrate 

the enzyme-free primer extension of RNA either involved chemically modified primer (3′-

dideoxy-NH2 modified primer (NH2-primer)), nucleotides (imidazole, methylimidazole or 

aminoimidazole at 5′ end of the nucleotide), or both, and were performed at ambient 

temperature (24°C) 3–11. Although some studies have shown a plausible route for the 

formation of such activated nucleotides under prebiotic settings 12–16, their presence in 

significant amounts on the early Earth is questionable. Pertinently, their susceptibility 

towards hydrolysis at high temperature and in aqueous conditions, renders them as 

unsuitable substrates, putting into question their use as prebiotically compatible 

reactants. Pertinently, other relevant studies have investigated the possibility of in situ 

activation in primer extension reactions using high concentrations (0.1-0.8 M) of 

condensing agents such as 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 1-

methyladenine and 1-ethylimidazole (1-EtIm) etc. at cold to ambient temperatures (0°C 

to 20°C)17–19. However, primer extension reactions with non-activated nucleotides i.e., 

nucleoside 5′-monophosphate (5′-NMP) without the use of any activating/condensing 

agent under simulated early Earth conditions (high temperature) are limited. In 2018, 

Bapat et. al. investigated phospholipid-assisted template-directed NH2-primer extension 

reactions using non-activated nucleotides i.e., nucleoside 5′-monophosphate (5′-NMP), 

under acidic hydrothermal conditions 20. The presence of amino group in the primer 
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makes it a better nucleophile as compared to hydroxyl-terminated primer, facilitating its 

attack on the phosphorus group of the incoming nucleotide, resulting in the formation of 

a phosphoramidate bond. These reactions were performed under alternating 

dehydration-rehydration (DH-RH) cycles at high temperature (90°C) and acidic pH (pH 

2). DH-RH cycles are a recurring geological phenomenon facilitated readily in terrestrial 

hydrothermal pools and have been demonstrated to facilitate condensation reactions 

and the formation of different biopolymers under prebiotic settings 21,22. The dry phase 

concentrates the substrate molecules and the rehydrated phase facilitates mixing, thus, 

increasing the chances of effective collisions and redistribution of the growing 

oligomers. Lipids have been shown to form multilamellar films during the dry phase, 

which upon rehydration can encapsulate the surrounding solutes (e.g. informational 

oligomers), resulting in protocell-like entities 23–25. However, similar to the 

oligomerization reactions, the systematic characterization of the primer extension 

product obtained under these reaction conditions (high temperature and pH 2), showed 

depurination of potentially the incoming nucleotide that resulted in loss of the 

information moiety 20,26,27. Importantly, similar nonenzymatic template-directed primer 

extension reactions with 5′-NMPs and hydroxyl-terminated primer (OH-primer), resulted 

in no prominent primer extension 20. This emphasizes the necessity of using 

prebiotically relevant alternative monomers, which do not require acidic pH for the 

formation of a phosphodiester bond, thereby alleviating the problem of the loss of 

information moiety.  

 

Recently, we demonstrated the nonenzymatic oligomerization of prebiotically relevant 

cyclic nucleoside monophosphates (cNMPs) under DH-RH cycles that yielded intact 

RNA oligomers 28. Their prebiotically possible synthesis, stability to high temperatures, 

and being intrinsically active due to the presence of an intramolecular cyclic group, 

make cNMPs a potential substrate for nonenzymatic oligomerization and replication 

reactions 12,13,29–34. However, to our knowledge, no study has been reported wherein 

template-directed primer extension has been attempted using cNMPs. Therefore, we 

investigated the use of  cNMPs in template-directed primer extension reactions of RNA. 

The two isomers of cNMP (2′-3′cNMP or 3′-5′cNMP) are known to possess different 
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stability towards hydrolysis, and hence differ in their reactivity and oligomerization 

potential 28. Given this, the template-directed primer extension reactions were 

performed with both the structural isomers i.e., 2′-3′ cNMP and 3′-5′ cNMP using a 

purine, (cAMP) or a pyrimidine (cCMP) as the incoming monomer. The reactions were 

undertaken using both the OH-primer and NH2-primer (latter has been used extensively 

in many previous studies). As lipids have been shown to impart protection to RNA 

against hydrolysis under DH-RH conditions 20,26,35, the effect of the presence of lipids 

was also evaluated in these reactions. Previous studies that evaluated lipid-assisted 

template-directed primer extension have predominantly employed pure phospholipid 

(PL) membranes 20,36. Although insightful, such membranes are impermeable to polar 

molecules and would require complex membrane proteins to facilitate such processes 

37. The exchange of material with the surroundings is an essential feature of robust 

protocells, thus, making it implausible for just pure PL membranes to act as prebiotic 

compartments. In this regard, few other studies have investigated fatty acid/PL blended 

(hybrid) membranes as model protocellular compartments 38. Presence of a single chain 

amphiphile (SCA) like fatty acids in these blended membranes, enhanced the 

permeability of these compartments, while the use of a diacyl chain amphiphile like PL, 

enabled maintaining their stability against environmental fluctuations. Given this, we 

evaluated the effect of lipids on nonenzymatic primer extension reactions using three 

different model protocellular membranes i.e., only palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), and two binary systems of POPC with glycerol 1-monooleate 

(GMO) and POPC with oleic acid; both present in 1:1 molar ratio in the binary 

systems.  

 

Our results showed the extension of the primer with two intact nucleotide additions, in 

the reactions involving 2′-3′ cNMPs at pH 8 and under DH-RH conditions. No significant 

primer extension was observed in the reactions involving 3′-5′ cNMPs. Importantly, the 

primer extension by two intact nucleotides was observed for both the OH-primer and 

NH2-primer, which would have resulted in phosphodiester and phosphoramidate 

linkage, respectively (Scheme 3.1). The primer extension was observed with both 2′-3′ 

cAMP as well as 2′-3′ cCMP. Pertinently, in the 2′-3′ cCMP reactions, the presence of 
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lipids was observed to significantly increase the yield of the extended product. 

Altogether, this study provides a comprehensive approach by which enzyme-free 

information propagation might have been facilitated on the early Earth in a putative RNA 

World that involves the use of prebiotically realistic, ‘intrinsically active’ monomers.  

 

 

Scheme 3.1: Scheme showing template-directed primer extension using cyclic 

nucleotide and either NH2-primer or OH-primer, resulting in phosphoramidate bond or 

phosphodiester bond, respectively.   

 

3.2. Materials and Methods  

 

3.2.1. Materials   

 

The monosodium salts of all four cyclic monophosphates viz. Adenosine 3′, 5′ cyclic 

monophosphate (3′, 5′ cAMP), Adenosine 2′, 3′ cyclic monophosphate (2′, 3′ cAMP), 

Cytidine 3′, 5′ cyclic monophosphate (3′, 5′ cCMP) and Cytidine 2′, 3′ cyclic 

monophosphate (2′, 3′ cCMP) were purchased from Sigma-Aldrich (Bangalore, India) 

and used without further purification. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC) was purchased from Avanti Polar Lipids Inc (Alabaster, AL, USA); other co-

surfactants i.e., glycerol 1-monooleate (GMO) and oleic acid (OA) were purchased 

from Nu-Chek-Prep (Elysian, MN, USA) and all were used without further purification. 

All other reagents used were of analytical grade and purchased from Sigma-Aldrich 

(Bangalore, India). The RNA primers used in this study are Amino-G (NH2-primer; 

acquired from Keck laboratory, Yale, USA), Hydroxyl-G (OH-primer) and 10-mer 

hydroxyl-G (10-mer OH-primer) (acquired from Thermo Fisher Scientific, USA) primers. 

Both Amino-G and Hydroxyl-G primers were fluorescently labelled with Cyanine 3 (Cy3) 

on their 5′-end for facilitating their detection on polyacrylamide gel electrophoresis 
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(PAGE). The Amino-G primer terminates with a 3′-amino-2′, 3′-dideoxynucleotide 

(Metkinen, Finland) while the Hydroxyl-G primer terminates with a canonical 

ribonucleotide. The sequences of the primers and templates are as given below, with 

the template base indicated in bold: 

 

Primer Amino-G (Amino/ NH2-primer): 5′ GG GAU UAA UAC GAC UCA CUGNH2-3′  

Primer Hydroxyl-G (Hydroxyl/ OH-primer): 5′ GG GAU UAA UAC GAC UCA CUGOH-3′  

10-mer primer hydroxyl-G (10-mer OH-primer): 5′ C GAC UCA CUGOH-3′  

Template U: 5′ AGU GAU CUU CAG UGA GUC GUA UUA AUC CCOH-3′ 

Template G: 5′ AGU GAU CUG CAG UGA GUC GUA UUA AUC CCOH-3′ 

 

3.2.2. Methods 

 

3.2.2.1. Reaction setup  

In a typical reaction, 2.5 µM of the template (U in the case of cAMP and G in the case of 

cCMP) was annealed with 1.25 µM of the Cy3 labelled primer (either OH-primer or NH2-

primer), by heating them at 95 °C for 5 minutes and then cooling to room temperature 

(RT). 5 mM of the corresponding cyclic nucleotide monophosphate (cNMP) was added 

to the annealed primer-template complex. 1 mM of either pure POPC or binary 

suspension of POPC:GMO::1:1 or POPC:OA::1:1 was added in case of the lipid-

assisted reactions. The pH of the mixture was adjusted to ~ 8, unless specified. The 

reaction mixtures were then subjected to repeated cycles of Dehydration-Rehydration 

(DH-RH) at 90°C, using 24 hours per cycle. After each dehydration cycle, the reaction 

mixture was rehydrated with 1 mM of the respective cNMP to compensate for potential 

loss of substrate. The samples were withdrawn after the rehydration step for analysis 

after regular intervals (i.e., starting of the reaction, after one day, two days and five 

days, respectively). These samples were then analyzed using denaturing PAGE. 

 

3.2.2.2. PAGE analysis of the reaction products 

After varying time periods (i.e., starting of reaction, after one day, two days and five 

days), the samples were collected in 1X TBE buffer containing 8 M urea. The sample 
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volumes withdrawn at different time points were adjusted to a standardized amount to 

compensate for the degradation of RNA primer that occurs over multiple cycles of DH-

RH. A non-fluorescent competitor RNA (untagged primer), whose sequence was exactly 

the same as that of the tagged primer, was added in at least 10 times excess as 

compared to the fluorescently tagged primer, in all the samples that were to be run on 

the PAGE gel. This was done in order to successfully separate the fluorescent primer 

and the extended product from the template for unhindered and effective gel analysis. 

The reaction products were analyzed on 20% denaturing PAGE. The gels were then 

scanned with an Amersham Typhoon Biomolecular imager (GE Healthcare) at 550 PMT 

and 100-micron resolution setting, using the Cy3 (532 nm) excitation laser. The gel 

images were subsequently processed using ImageQuant v8.2 software for 

quantification of the relevant bands.  

 

3.2.2.3. Quantification of the reaction products 

The yield (%) of the extended products of the primer was calculated by using the 

following formula:  

𝑌𝑖𝑒𝑙𝑑 (%) 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑥𝑡𝑒𝑛𝑑𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =  (
(

𝐼𝑛

𝐼0
)∗100

𝑉𝑛0
)                Eq. 1        

Where, In and I0 are the intensities of the band at the nth cycle and the 0th cycle, 

respectively, and Vn0 is the volume fold change in nth cycle with respect to 0th cycle, 

calculated by: 

𝑉𝑛0 =
𝑉𝑛

𝑉0
                                               Eq. 2 

 

3.2.2.4. LC-MS analysis of the extended products 

For LC-MS analysis, primer extension reactions were performed using the 10-mer OH-

primer. This was done in order to detect the undegraded extended primer under the 

conditions optimal for LC-MS analysis, as the longer the RNA, the higher is the 

possibility of its degradation upon ionization. A mixture of 1.25 µM of 10-mer primer and 

5 mM of 2′, 3′ cNMP was subjected to DH-RH cycles at pH 8. After each dehydration 

cycle (24 hours per cycle), the reaction mixture was rehydrated with 1 mM of the 

respective cNMP. After two DH-RH cycles, all the reaction mixture timepoints from a 
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specific reaction were pooled together (total volume 5 ml), in order to increase the total 

extended product to be present in detectable amount. This mixture was then lyophilized 

and resuspended in 52 µl, out of which 50 µl was loaded onto LC-MS. The reaction 

mixtures were separated on a Zorbax C8 column (dimensions: 4.6 X 150 mm, particle 

size: 3.6 µm) (Thermo Scientific), fitted with a guard column. The species were 

separated on LC using a gradient of solvent A of 95:5 (vol/vol) H2O/methanol 

(MeOH) + 0.1% ammonium hydroxide, and solvent B of 60:35:5 (vol/vol) 

isopropanol/MeOH/H2O + 0.1% ammonium hydroxide. The gradient involved an 

isocratic phase of solvent A for 10 minutes, followed by an increase to 100% of solvent 

B for six minutes and subsequent equilibration with solvent A for seven minutes. Mass 

spectra of the reaction samples was recorded on a Sciex X500R QTOF mass 

spectrometer (MS) fitted with an Exion-LC series UPLC (Sciex, CA, USA) using 

information-dependent acquisition (IDA) scanning method. The acquired data was 

analyzed using the Sciex OS software. All the mass acquisition was performed using 

Electron spray ionization (ESI) in the negative mode with the following parameters: 

turbo spray ion source, medium collision gas, curtain gas = 30 L/min, ion spray voltage 

= -4500 V (negative mode), at 500 °C. TOF-MS acquisition was done using a 

declustering potential of -80 V, and -10 V collision energy. As the mass acquisition was 

carried out in the negative mode, the observed masses correspond to the mass of the 

nH- (where n is the number of deprotonation sites) adducts of the parent molecule. The 

presence of a specific species/molecule was confirmed by the presence of precursor 

mass within 10 ppm error.  

 

3.3. Results  

 

3.3.1. Primer extension using NH2-primer and cyclic nucleotides under DH-RH 

conditions. 
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Given that cNMPs are prebiotically relevant nucleotides and can oligomerize 

nonenzymatically 28,30,31,39,40, we asked whether these can act as a substrate for 

enzyme-free RNA copying. Firstly, we investigated template-directed primer 

extension using an amino terminated primer (NH2-primer), with 2′, 3′ cAMP as the 

incoming nucleotide, under multiple DH-RH cycles at 90°C and varying pH (2, 8 and 

10) (Figure 3.1a). As alluded to earlier, the rehydrated reaction mixture was 

withdrawn after various time periods and analyzed using denaturing PAGE 

(detailed in the Methods section). A reaction with known single nucleotide addition to 

the original 20-mer amino primer was used as the control (indicated by ‘N+1’ lane; ‘N’ 

indicates 20-mer amino primer and ‘N+1’ indicates the extended 21-mer product).  

At pH 2, the intensity of ‘N’ band decreased with increasing DH-RH cycles, with no 

extension observed. This could be because of low stability of RNA under these 

harsh conditions (pH 2 and 90°C). However, at both pH 8 and 10, two new bands 

above the ‘N’ band, indicating the presence of species with higher molecular weight, 

were observed (Figure 3.1a). These new bands indicated the possibility of extension 

by one (N+1) and two nucleotides (N+2), respectively (Figure 3.1a). In the case of pH 

10, up to 9.4% of the extended product was observed after one DH-RH cycle. 

Nonetheless, the intensity of the bands corresponding to the extended products was 

observed to decrease significantly with increasing number of DH-RH cycles. Only 5.6 

% of the extended product was observed after two cycles at pH 10, which further 

decreased to 3.8% after five DH-RH cycles. The reason behind this could be the 

instability of particularly the phosphodiester bond at alkaline pH. The template-

directed reactions carried out at pH 8 gave optimal yield, with up to 15.9 % of primer 

being extended within one DH-RH cycle (Figure 3.1c). The yield of the extended 

product was observed to decrease to 12.7 % and 11.9 % after two and five DH-RH 

cycles, respectively. Pertinently, this extended product was also observed in 

untemplated reactions (Figure 3.1a). In the case of untemplated reactions, up to 12.4 

% primer was observed to extend within one DH-RH cycle. Similar to the template-

directed reactions, the yield of extended primer decreased to 10.6 % and 7.7 % after 

two and five DH-RH cycles, respectively. Given the aforementioned observations, all 

subsequent reactions were performed at pH 8. 
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As mentioned earlier, the two cyclic isomers possess different reactivity owing to their 

corresponding ring strains. Encouraged by the primer extension using 2′, 3′ cAMP, 

we next investigated the template-directed primer extension reaction using 3′, 5′ 

cAMP. All other reaction conditions (such as temperature, pH and DH-RH duration) 

were kept the same as that of the reactions that were done using 2′, 3′ cAMP. 1 mM 

3′, 5′ cAMP was used as the rehydrating agent in these reactions. Given the intrinsic 

higher stability of 3′, 5′ cAMP (over 2′, 3′ cAMP), the reaction mixtures were subjected 

to ten DH-RH cycles to characterize observable reaction changes.  

As observed in Figure 3.1b, with increasing number of DH-RH cycles, the intensity 

of the ‘N’ band decreased. However, no clear primer extension bands were 

observed even after ten DH-RH cycles (Figure 3.1b). This could be potentially 

because of the higher ring stability of 3′, 5′ cAMP, which makes it comparatively less 

reactive. Moreover, our reaction conditions of high temperature (90 °C) and alkaline 

pH (8) results in relatively greater RNA primer degradation when experienced for 

longer periods (e.g., ten days), as is seen in Figure 3.1b. This further adds to the 

incompatibility of using 3′, 5′ cAMP, as it potentially requires longer duration to react 

and facilitate template-directed primer extension reactions. 

 

Figure 3.1: Extension of the NH2-primer using cAMP as the monomer over 

multiple cycles of DH-RH. The reactions were performed using 2′, 3′ cAMP (a) or 3′, 
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5′ cAMP (b), either in the absence (1a, left panel) or presence of template U (1a right 

panel and b), and analyzed after varying number of DH-RH cycles (cycle 0, cycle 1, 

cycle 2, cycle 5 and cycles 10). In the N+1 lane, blue arrows indicating ‘N’ and ‘N+1’ 

denote the control 20-mer RNA primer and the primer extended by one nucleotide 

(21-mer RNA), respectively. The black arrows indicate the extended products in the 

respective reactions showing up to two nucleotide additions as against the control 

lane. The black vertical lines have been used to demarcate two reaction sets that 

were run on the same gel. (c) Yield of the extended primer product in the reactions 

involving template-directed NH2-primer reaction, by analyzing denaturing gels using 

Image Quant v8.2. Y-axis shows the quantified yield percent of the total extended 

product (sum of both the extended bands), after different DH-RH cycles (viz., 1, 2 and 

5) as indicated in the X-axis. The difference was found to be insignificant based on a 

two-tailed t-test. Error bars = s.d., N = 3. 

 

3.3.2. Primer extension using OH-primer and cyclic nucleotides under DH-RH 

conditions 

After undertaking preliminary template-directed primer extension reactions using 

NH2-primer where the extended product is linked with a phosphoramidate bond, we 

also used OH-primer to check its propensity for extension using cNMPs. It is 

pertinent to mention that earlier attempts involving template-directed OH-primer 

extension using non-activated nucleotides, did not result in intact single nucleotide-

based extensions 20. This could be because of the lesser nucleophilicity of the 

hydroxyl group when compared to an amino group. Nonetheless, we wanted to 

investigate the capability of cyclic nucleotides to extend OH-primer, which would 

result in the contemporary phosphodiester inter-nucleotide linkage. Towards this, 

reactions were performed using OH-primer and 2′, 3′ cAMP. All other reaction 

conditions (concentrations of reactants, pH, temperature and DH-RH duration) were 

kept the same as in the reactions that involved the use of NH2-primer.  

Contrary to when non-activated nucleotides ((5′-NMP) were used, two extension 

bands of the OH-primer were observed in both the untemplated as well as the 
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template-directed reactions; similar to what was seen with the NH2-primer (Figure 

3.2a) reactions. Up to 12.9% of the extension product yield was observed after one 

DH-RH cycle in these reactions. Up to 12.6% and 11% of extension products 

persisted even after two and five DH-RH cycles, respectively (Figure 3.2b). In the 

case of untemplated OH-primer extension reactions, the extended product yield was 

observed to be 8% within one DH-RH cycle. Upon comparison, up to 11% of the 

extended product was observed to persist in the presence of template even after five 

DH-RH cycles, as compared to only ~5.3 % in the untemplated reactions. Upon 

comparison of the OH-primer reactions with NH2-primer reactions, the difference in 

the yield of the extended product was observed to be insignificant, irrespective of the 

presence or absence of the template. This was really encouraging as the extension 

with OH-primer results in a canonical phosphodiester linkage instead of 

phosphoramidate linkage (as is the case when using NH2-primer). Moreover, to our 

knowledge, this is the only reaction to date that has been shown to extend 

contemporary hydroxyl RNA primer, without the requirement of activating either the 

nucleotide or the primer. This is exciting as the use of cNMPs would have readily 

facilitated uphill oligomerization and templated primer extension reactions, without 

the need for invoking any activation chemistries in the prebiotic scenario. Additionally, 

similar to the reactions with NH2-primer, no extension bands were observed when 3′, 

5′ cAMP was used instead of 2′, 3′ cAMP. 

In order to confirm whether the extended products seen in the aforementioned 

contexts are indeed intact nucleotide additions, we performed the same reaction but 

with a 10-mer OH-primer (detailed in Methods section), to facilitate a comprehensive 

analysis of the reaction mixture using LC-MS (detailed in the Methods section). The 

presence of m/z corresponding to intact nucleotide additions to yield ‘N+1’ (Figure 

3.2c) and ‘N+2’ (Table 3.1) within ± 5 ppm error, confirmed beyond doubt that the 

primer extensions in reactions using 2′, 3′ cAMP indeed are extended products with 

intact informational moieties. This is contrary to scenarios that led to the sugar-

phosphate backbone extension but resulted in abasic sites that were a consequence 

of deglycosylation of the informational entities, resulting in molecules that would lack 

the capacity for hydrogen bonding-based functionalities 20,26.  
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Figure 3.2: Extension of the OH-primer using 2′, 3′ cAMP as the monomer over 

repeated cycles of DH-RH. (a) The reactions were performed either in the absence 

(2a, left panel) or presence of template U (2a, right panel) and analyzed after varying 

number of DH-RH cycles (cycle 0, cycle 1, cycle 2 and cycle 5). In the N+1 lane, blue 

arrows indicating ‘N’ and ‘N+1’ denote the control 20-mer RNA primer and the 

extended 21-mer RNA, respectively. The black arrows indicate the extended product 

in the respective reaction mixtures. The black vertical lines have been used to 

demarcate two reaction sets that were run on the same gel. (b) Yield of the extended 

primer product with the OH-primer, obtained by analyzing the denaturing gels using 

Image Quant v8.2. Y-axis shows the quantified yield percent of the total extended 

product (sum of both the extended bands), after different DH-RH cycles (viz., one, 

two and five) as is indicated in the X-axis. The difference was found to be insignificant 

based on a two-tailed t-test. Error bars = s.d., N = 3. (c) Representative TOF-MS 

spectrum in ESI negative mode for cAMP reactions showing the extended 10-mer 

primer with the addition of AMP, resulting in a 11-mer primer [M] with m/z 

corresponding to [M-6H]6- = 573.9105.  

 

Table 3.1: Masses observed during LC-MS characterization of primer extension reactions using 2′, 

3′ cAMP, along with calculated parts per million (ppm) error. Masses for one nucleotide and two 
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nucleotide extensions on to the 10-mer OH-primer have been indicated as ‘N+1’ and ‘N+2’, 

respectively. 

 

 

 

3.3.3. Effect of lipids on the cNMP-based primer extension reactions under DH-RH 

conditions   

Encouraged by the addition of two intact nucleotides in the aforementioned primer 

extension reactions involving 2′, 3′ cNMP, we investigated the effect of lipids on these 

reactions. Previously, the presence of lipids has been demonstrated to protect the 

molecules involved in the nonenzymatic oligomerization and template-directed primer 

extension reactions, against hydrolysis. Further, their presence also imparts an 

identity to the encapsulated system that form instantaneously post rehydration in 

such scenarios 20,26,28. Given this, primer extension reactions were also performed in 

the presence of 5 mM POPC for the template-directed as well as untemplated 

reactions, using both OH-primer and NH2-primer.  

As shown in Figure 3.3 (panels a-d), extension till two bases (‘N+1’ and ‘N+2’) was 

observed in all the reactions. The presence of lipids was observed to enhance the 

yield of extended products in both the templated as well as untemplated reactions 

(Figure 3.3e and 3.3f). In the case of POPC-assisted template-directed OH-primer 
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reactions, yield of the extended product enhanced from 12.9% (in the absence of 

POPC) to 18.4 % within one DH-RH cycle, and 15.5% of the product persisted even 

after five DH-RH cycles (Figure 3.3e and 3.3b). Similarly, in the untemplated 

reactions, the presence of POPC led to an increase in the product yield to 13.3% (as 

compared to 8% in the absence of POC) within one DH-RH cycle, wherein 9.6% of it 

remained even after five DH-RH cycles. In the NH2-primer containing POPC-assisted 

reactions, the yield enhanced to 13.6% (12.4% in the absence of POPC) and 21.6% 

(15.9% in the absence of POPC) in untemplated and template-directed reactions, 

respectively (Figure 3.3f and 3.3a). Up to 9.5% (in untemplated) and 19.8% (in 

template-directed) of the product persisted even after five DH-RH cycles in the 

presence of POPC, whereas only 7.7 % and 11.9 % was observed in its absence (in 

untemplated and template-directed reactions, respectively). This increase in the 

extended primer yield in the presence of POPC could be because of its protecting 

effect towards the substrates (primer as well as cyclic nucleotides) against hydrolysis. 

This, in turn, would have enhanced the availability of the reacting substrates, thereby 

leading to an enhancement in the product yield. 

Importantly, as mentioned earlier, we investigated the effect of prebiotically realistic 

hybrid compartments on our enzyme-free template-directed primer extension 

reactions. Towards this, prebiotically relevant composite compartments comprising 

POPC along with equimolar concentrations of either oleic acid (OA) or glycerol 

monooleate (GMO), were investigated (see Methods for details). Similar to the 

POPC-assisted reactions, both POPC:OA and POPC:GMO systems were observed 

to enhance the yield of the extended product when compared to the reactions without 

any lipid in them (Figure 3.4, Table 3.2). Nonetheless, the difference between the 

yield of extended products in the presence of any of the membrane systems was 

found to be insignificant (based on a two-tailed t-test). These results signify that all 

the lipid compositions evaluated seemed to impart protection to the extended 

products against hydrolysis as the amount of extended product did not decrease 

significantly (based on a two-tailed t-test) even after five DH-RH cycles 
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Figure 3.3: Effect of POPC on RNA primer extension. Reactions were performed 

using template U, 2′, 3′ cAMP, and either NH2-primer or OH-primer, over repeated 

cycles of DH-RH (i.e., cycle 0, cycle 1, cycle 2 and cycle 5). The black arrows 

indicate the extended product. In the N+1 lane, ‘N’ indicates the control 20-mer RNA 

primer while ‘N + 1’ indicates extension of the primer by one nucleotide. The black 

vertical lines in the above two panels have been used to demarcate two reaction sets 

that were run on the same gel. Panels e and f show the quantified total yield (%) of 

the extended primer in the lipid-assisted reactions of OH-primer (panel e) and NH2-

primer (panel f), respectively. Yields were quantified for both the untemplated and 
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template-directed reactions (as depicted in the legend), after varying the number of 

DH-RH cycles (x-axis). The difference was found to be insignificant based on a two-

tailed t-test. Error bars = s.d., N=3.  

 

 

 

Figure 3.4: Effect of different lipids on lipid-assisted RNA primer extension. 

Reactions were performed using template U, 2′, 3′ cAMP and NH2-primer, in the 

presence of 5 mM lipid, over repeated cycles of DH-RH, as indicated by X-axis. 

Different panels show the quantified yield (%) of extended product in the presence of 

compartments with different lipid compositions, viz. pure POPC (a), 1:1 POPC:GMO 

(b) and 1:1 POPC:OA (c). The difference was found to be insignificant based on a 

two-tailed t-test. Error bars = s.d., N=3. 

 

Table 3.2: The yield (%) of the extended product in the presence of different lipid 

systems i.e., pure POPC and two hybrid membrane systems (1:1 POPC:GMO and 

1:1 POPC:OA) over repeated DH-RH cycles  
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3.3.4. Primer extension using a pyrimidine-based cyclic nucleotides (cCMP) under 

DH-RH conditions 

Our results showed template-directed primer extension using cAMP as the incoming 

nucleotide, against uracil as the templating base. Importantly, purines are known to 

stack better and potentially have a better tendency to undergo concentration-

dependent condensation reactions. Similar results were also observed in the 

nonenzymatic oligomerizations reactions, where the yield of oligomers in cCMP 

reactions were lower than that of cAMP 28. Therefore, we examined how the 

presence of a pyrimidine-based cNMP i.e., cCMP, would influence these reactions as 

compared to purine-based cAMP. Towards this, we performed template-directed 

primer extensions using cyclic 2′, 3′ cCMP (Figure 3.5) against template G. The 

reactions were performed with both OH-primer and NH2-primer.  

As observed in Figure 3.5a, the primer extension with up to two nucleotide additions 

was observed for both of these primers when analyzed using PAGE (Figure 3.5a). 

The intact nucleotide additions in the primer extension reactions (involving a 10-mer 

primer) were further confirmed using LC-MS. The m/z corresponding to ‘N+1’ and 

‘N+2’ was observed within less than 5 ppm error (Table 3.3). Upon quantification, 

3.5% and 3.4% of the extended product was observed within one DH-RH cycle in the 

case of OH-primer and NH2-primer, respectively (Figure 3.5a, 3.5c and 3.5d). With an 

increase in the number of DH-RH cycles to five, the yield of the extended product 

decreased significantly (based on a two-tailed t-test) for both the OH-primer (1.32%) 

and NH2-primer (1.9%). The reason behind this could be the instability of RNA under 

our reaction conditions i.e., 90°C and pH 8 for five DH-RH cycles.       

As alluded to earlier, the presence of lipids under such scenarios has been shown to 

impart protection against hydrolysis. In order to investigate the effect of lipids on 

template-directed primer extension, the extension reactions were performed using 

cCMP against template G in the presence of POPC. As observed in Figure 3.5b and 

table 3.4, two extension bands were seen in the lipid-assisted extension of both OH-

primer and NH2-primer within one DH-RH cycle. Both the extension bands persisted 
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till five DH-RH cycles in these reactions. Upon quantification, the yield of extended 

product in these POPC-assisted reactions was observed to be significantly higher 

(based on a two-tailed t-test) than in the reactions without lipid. In the case of POPC-

assisted OH-primer reactions, 7.0 % of the extended product was observed within 

one DH-RH cycle (Figure 3.5e) as compared to just 3.5 % in the corresponding 

reactions without lipid. Moreover, the decrease in the extended product yield after 

five DH-RH cycles was found to be insignificant (based on a two-tailed t-test) in 

POPC-assisted OH-primer reactions. Conversely, in the reactions without lipids, with 

the increasing number of DH-RH cycles, the yield of the extended product 

significantly decreased. 

 

 

Figure 3.5: Primer extension using cCMP under multiple DH-RH cycles and 

effect of lipids on these reactions. Reactions were performed using template G, 2′, 

3′ cCMP and with NH2-primer or OH-primer, over repeated DH-RH cycles in the 

absence (a) or in the presence of 5 mM POPC (b). The black arrows indicate the 



 74 

extended products. In the N+1 lane, ‘N’ indicates the control 20-mer RNA primer 

while ‘N + 1’ indicates extension of the primer by one nucleotide. The black vertical 

lines in the above two panels have been used to demarcate two reaction sets that 

were run on the same gel. N=3. Panels c to f show the quantified total yield (%) of the 

extended primer in the absence of POPC (c and d) and POPC-assisted reactions (e 

and f), for OH-primer and NH2-primer, respectively. Yields were quantified for both 

untemplated and templated reactions (as depicted in the legend) after varying 

number of DH-RH cycles (x-axis). The ** indicates a significant change with a p-

value<0.01 based on a two-tailed t-test. The difference was found to be insignificant 

for the remaining bars.  Error bars = s.d., N=3.  

 

Table 3.3: Masses observed during LC-MS characterization of primer extension reactions using 2′, 

3′ cCMP, along with calculated parts per million (ppm) error. Masses for one nucleotide and two 

nucleotide extensions on to the 10-mer OH-primer have been indicated as ‘N+1’ and ‘N+2’, 

respectively. 
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Table 3.4: The yield (%) of the extended product in the presence and absence of 

POPC using 2′, 3′ cCMP and with NH2-primer or OH-primer over repeated DH-RH 

cycles 

 

 

In the case of POPC-assisted NH2-primer reactions, 11.6 % of extended primer was 

observed within one DH-RH cycle for NH2-primer (Figure 3.5f). This was significantly 

higher when compared to the 3.4 % yield obtained in the absence of POPC (Figure 

3.5d). Moreover, the decrease in the extended product yield after five DH-RH cycles 

was found to be insignificant (based on a two-tailed t-test) in the POPC-assisted NH2-

primer reactions (Figure 3.5f). These results emphasize the fact that the yield and 

stability (against hydrolysis) of the extended primer was enhanced significantly based 

on a two-tailed t-test in the lipid-assisted reactions.  

 

3.4. Discussion 

 

Enzyme-free oligomerization of RNA and its propagation, are central to the RNA 

World Hypothesis 2. Previous studies in this context have predominantly employed 

activated nucleotides to study these phenomena 4,41–47. However, the availability of 

activated nucleotides in significant amounts on the prebiotic Earth is debatable 28,48. 

In this context, a related study demonstrated template-directed primer extension 

reactions using non-activated 5′-NMPs under acidic terrestrial geothermal conditions 

i.e., acidic pH, high temperature and DH-RH cycles 20. However, systematic 

characterization of these extended products indicated abasic sites due to the 

cleavage of the glycosidic bond especially because of the acidic pH 26,27. Since 

cNMPs are intrinsically reactive due to the ring strain present in them, they do not 
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require harsh conditions such as acidic pH for undergoing oligomerization reactions 

49. In an earlier study, we demonstrated the nonenzymatic oligomerization of these 

cNMPs under high temperature, alkaline conditions (pH 8), using repetitive dry-wet 

cycles 28. In this study, we demonstrate the enzyme-free template-directed primer 

extension using cNMPs, under the same conditions. Our results show primer 

extension happening, with up to two nucleotide additions in all the reactions 

investigated, using 2′, 3′cNMP under alkaline conditions (pH 8 and 10). Nonetheless, 

alkaline conditions are known to be challenging for RNA stability as it leads to 

phosphodiester bond cleavage. This explains the optimal yield of the extended 

product at pH 8. However, similar reactions with 3′, 5′ cNMP did not yield in any 

extension products under our experimental conditions. This could be due to their 

relatively higher stability towards hydrolysis when compared to 2′, 3′ cAMP 28,49. Also, 

3′, 5′ cNMP contains a six-membered ring when compared to a five-membered ring in 

2′, 3′ cNMP. This makes it comparatively less reactive due to the lower ring strain that 

it experiences (8.9 kcal/mol) when compared to the five-membered ring of 2′,3′ cAMP 

(12 kcal/mol, 49.  

 

Pertinently, the extension of primer was observed with both OH and NH2-primers, for 

both cAMP and cCMP containing reactions. This signifies the generalizability of 

primer extension using cNMPs without the imminent need for any external activation 

for facilitating these reactions. Upon comparing the yield of the extended product, the 

cAMP containing template-directed reactions were observed to be significantly higher 

yielding as compared to the corresponding cCMP reactions (Table 3.5). In the case 

of template-directed reactions using OH-primer, the difference in cAMP and cCMP 

reactions, after one and two DH-RH cycles, was found to be insignificant based on a 

two-tailed t-test (Table 3.5). After five DH-RH cycles, the extended product in cAMP 

was found to be significantly (Table 3.5) higher. In template-directed NH2-primer 

extension reactions, after one and two DH-RH cycles, the extended product was 

significantly higher in cAMP (Table 3.5). However, by five DH-RH cycles, the 

difference was found to be insignificant (Table 3.5). In lipid-assisted reactions, the 

primer extension was observed to occur in the presence of POPC as well as 
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prebiotically relevant hybrid membrane systems (POPC+GMO and POPC+OA), 

highlighting the compatibility of these reactions with model protocellular membranes. 

In the case of cCMP-based reactions, the presence of PL was observed to 

significantly increase the yield of the extended product. This could be because of the 

capability of lipid to impart protection to RNA as well as cNMPs against hydrolysis 28.  

 

Table 3.5: Comparison of template-directed RNA primer extension using 2′, 3′ cAMP vs 2′, 3′ cCMP 

in either without lipid or lipid-assisted reactions, across various DH-RH cycles between the two 

reactions, using two-tailed type 2 t-test. (Significant p-value is highlighted with a green 

background). N = 3. 

 

 

 

 

Most previous studies have employed activated nucleotides to study primer extension 

reactions, and these are facilitated at ambient temperatures 6,41,46,50–52. Therefore, 

one of the crucial challenges faced by enzyme-free template-directed primer 

extension reactions under these ambient conditions, is “strand separation” 42. This is 

essential for the replicated duplex strands to separate, in order to allow for multiple 

rounds of information propagation. Towards this, few studies that involved the use of 

activated nucleotides, have suggested workarounds including the use of viscous 

solvent, pH change or incorporating backbone heterogeneity in order to overcome 

this problem 42,53,54. In our study, the template-directed primer extension reactions 

occur under prebiotically relevant conditions of high temperature (90°C), and under 
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geochemically pertinent DH-RH cycles. Such a high temperature (90°C) is expected 

to separate the template-primer complex; however, previous computational studies 

have argued that under dry conditions, the melting temperature of a duplex with the 

length comparable to our template-primer combination (i.e., 9 mismatch in a 30 base-

paired duplex) is higher than 90°C55–57. This argument is further supported by the fact 

that we observed 12.9% and 8% of the extended product in the template-directed 

and untemplated reactions, respectively, which essentially translates to a 61.25% 

increase within one DH-RH cycle in the case of reactions containing OH-primer and 

2'-3' cAMP. Thus, we hypothesise that recurrent DH-RH fluctuations at 90°C can, in 

principle, facilitate the annealing of primer and template to form duplex during the 

“dehydrated” phase and assist in strand separation in the “rehydrated” phase due to 

high temperature aqueous conditions. Additionally, 2′, 3′ cNMP involve intramolecular 

phosphodiester bonds, which upon oligomerization and primer extension, result in 

extended products with inherently mixed intermolecular phosphodiester linkages. 

Such random backbone heterogeneity in the duplexes is known to result in their 

melting at lower temperatures 53, further facilitating in effective strand separation. 

Given these direct implications for RNA propagation on the early Earth, our study 

underlines the importance of facilitating template-directed primer extension reactions, 

using intrinsically active cNMPs under prebiotically pertinent terrestrial geothermal 

conditions. Further, our results also highlight the intrinsic capability of environmental 

fluctuations such as DH-RH cycles, in catalyzing nonenzymatic information 

propagation on the early Earth, thus renewing our understanding about how 

oligomerization and propagation of RNA would have occurred under realistic prebiotic 

conditions, during the emergence of a putative RNA World. 
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Chapter 4 

 

4. 1 Introduction 

 

The well-explored “RNA World Hypothesis” suggests RNA be the first biomolecule to 

have emerged on the early Earth1. This would have aided the transition from a 

“chemical” world to a “biological” one. The concept of RNA World presumes the 

presence of long strands of RNA, which would have served as genetic information as 

well as a catalyst on the prebiotic Earth. Extant biology makes use of highly specific and 

efficient proteins like polymerases that utilize 5′-nucleoside triphosphates (NTPs) to 

facilitate phosphodiester bond formation to form RNA2. However, on early Earth, such 

complex protein machinery would have been implausible. Thus, the emergence of long 

strands of RNA is thought to have occurred by nonenzymatic means and driven by 

environmental constraints3–5. Earlier studies have predominantly employed activated 

nucleotides such as 5' phosphorimidazole-activated nucleotides (ImpNs) to demonstrate 

enzyme-free oligomerization of nucleotides6–9. Although insightful, the presence of 

ImpNs in significant amounts on the prebiotic Earth is debatable10. Given this, 

nonenzymatic oligomerization of non-activated nucleotides such as 5′-nucleoside 

monophosphates (5′-NMPs) was attempted under terrestrial acidic geothermal 

conditions3,4. The characterization of the resultant oligomers showed the formation of 

oligomers with abasic sites due to the cleavage of the glycosidic bond3. Other relevant 

studies demonstrated the oligomerization of cyclic nucleotides (cNMPs) under terrestrial 

hydrothermal conditions5,11–14.  

 

The characteristic feature of such aforementioned terrestrial sites is the environmental 

fluctuations that it supports including temperature and seasonal changes. These 

fluctuations give rise to recurrent dry-wet or dehydration/rehydration (DH-RH) cycles15. 

Dry phase concentrates the solute molecules present in such scenarios, thus, 

overcoming the problem of dilution. The wet phase redistributes the molecules and also 

provides a medium for collisions to occur. Therefore, such scenarios provide a kinetic 

trap and are shown to facilitate concentration-dependent reactions. However, such 
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enzyme-free oligomerization studies utilizing NTPs are lacking. The availability of NTPs 

on the early Earth was controversial due to limitations in the availability of soluble 

phosphate, known as the “phosphate-problem”16,17. In this regard, few previous studies 

have demonstrated the phosphorylation of nucleosides to yield polyphosphates on the 

surface of phosphide minerals, overcoming the requirement of soluble phosphorus18–20. 

Another study has demonstrated the presence of soluble phosphorus in significant 

amounts in a carbonate-rich lake21. Recently, the formation of NTPs in the presence of 

nickel borate under prebiotically relevant conditions was also shown22. All these studies 

emphasize the plausibility of NTPs to result in the formation of RNA on the early Earth. 

Subsequently, another relevant study demonstrated a one-pot generation and utilization 

of NTPs by proteinaceous and ribozyme polymerases, for template-directed primer 

extensions23. The recognition and utilization of NTPs is a fundamental feature of extant 

life too, thus making this study an exciting one as it demonstrates the formation of RNA 

from NTPs in an “abiotic” world too. Metal ions in particular, are known for their 

phosphoryl transfer activity24,25. For e.g., extant proteinaceous polymerases employ 

magnesium ions as cofactors in order to catalyze phosphodiester formation2,26. 

Magnesium ions facilitates phosphodiester bond formation by decreasing the repulsion 

between negatively charged nucleotides and enhancing the nucleophilicity of the 

incoming ribose hydroxyl group.  

 

In this backdrop, we aimed to investigate the effect of the presence of different 

prebiotically relevant ions, on the nonenzymatic oligomerization of 5′-adenosine 

triphosphate (ATP). Initially, the effect of experimental conditions such as temperature 

and pH were evaluated on the oligomerization of ATP under DH-RH cycling conditions. 

A high temperature of 90°C and pH 7 gave an optimum yield of intact oligomers up to 

trimers. Subsequently, we investigated the effect of prebiotically relevant metal ions 

including Mg2+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+ and Zn2+, on the nonenzymatic 

oligomerization reactions of ATP. To begin with, sulfate salts of all the metal ions were 

used. Magnesium sulfate resulted in the highest yield of intact oligomers, which were 

stable till five DH-RH cycles. Following this, the effect of the anion was also evaluated 

by using magnesium chloride instead of magnesium sulfate. Magnesium chloride was 
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observed to be better at facilitating the oligomerization reaction. Altogether, this study 

provides fundamental insights towards the formation of RNA under early Earth 

conditions using NTPs as the monomeric moieties. This also sheds light on the potential 

link between abiotic synthesis of NTP and the biotic synthesis of RNA by ribozyme 

polymerases, both of which cannot occur effectively without the presence of magnesium 

ions.  

 

4.2. Experimental Section 

 

4.2.1 Materials    

100 mM solution of the disodium salt of 5′-adenosine triphosphate (ATP) in 10 mM 

Tris buffer at pH 7, was purchased from Sigma–Aldrich and used without further 

purification. All other reagents used were of analytical grade and purchased from 

Sigma–Aldrich.  

 

4.2.2 Methods 

    

4.2.2.1. Simulating early Earth conditions 

Early Earth conditions were simulated using a bench-top heating block that was 

maintained at high temperature, that is at 90°C. The oligomerization reactions were 

carried out in 20 ml glass vials purchased from Chemglass whose caps are fitted with 

PTFE septa. The anoxygenic environment was maintained by delivering a gentle flow 

of nitrogen into the vials through two PEEK tubings of about 1–1.5 in, one acting as 

an inlet and another as an outlet for the gas.  

 

4.2.2.2. Experimental Design 

A typical reaction mixture consisted of 5 mM ATP (stock = 100 mM stock in 10 mM 

Tris pH 7) in nanopure water, with the final pH set at ∼7.  

 

Aqueous heating control reactions: The reaction mixture was sealed by an air-

tight cap and incubated at 90°C. The samples were collected after various time 
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periods i.e., immediately at the initiation of the reactions (0 hr.), after 1, 4, 8 and 12 

hrs. and analyzed.  

Dry heating control reactions: The reaction mixture was distributed in different vials 

for each time point (i.e., 0 hr., 1, 4, 8 and 12 hrs) and dried at 90°C under a gentle 

flow of N2. After each time period, one vial was collected and the dried reaction 

mixture was rehydrated with nanopure water and analyzed. 

Nonenzymatic oligomerization of ATP under DH-RH conditions: The reaction 

mixture was subjected to multiple DH-RH cycles by drying it at 90°C under a gentle 

flow of N2 followed by rehydration with 1 mM ATP solution, to compensate for the 

hydrolysis of the substrate. The contents were mixed properly followed by a 

prolonged dehydration phase during each DH–RH cycle, with 1h per cycle. The 

rehydrated samples were collected at different time periods including, cycle 0, cycle 

1, cycle 3 and cycle 5, and analyzed using HPLC and LC-MS/MS. 

 

4.2.2.3.  High Performance Liquid Chromatography (HPLC) analysis 

HPLC analysis was performed using the Infinity series 1260 HPLC instrument from 

Agilent Technologies, Santa Clara, CA, USA. After removing the lipids using 

previously standardized butanol-hexane extraction method, the reaction products in 

the aqueous phase were loaded on to the HPLC 3. The molecules were separated by 

an anion-exchange column viz. DNAPac PA 200 (Thermo Scientific, Sunnyvale, CA, 

USA). It separates molecules based on their interaction with the column through the 

phosphate moiety, thus providing single-nucleotide resolution. The separation 

method was standardized and the samples were run using an elution system 

comprising of 2 mM Tris buffer at pH 8 (Solvent A) and 0.4 M sodium perchlorate in 2 

mM Tris buffer at pH 8, (Solvent B). The gradient used was as follows: 0% solvent B 

for 3 minutes, from 3 min to 10 min solvent B goes from 0 to 30%, in the next 3 min 

(i.e., 10-13 min) it increases to 100% where it is kept for 3 min (13-16 min) and this 

was followed by an equilibration step from 18-21 min only with solvent A. A photo 

Diode-Array Detector (DAD) was used to detect analytes at 260nm, using a highly 

sensitive 60 mm flow cell. The separation between dead volume peak, cAMP 

monomer, linear AMP monomer, and oligomers was observed in HPLC 
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chromatogram. The dead volume peak components were characterized by mass 

spectrometry as open ring structures lacking phosphate moiety, i.e., adenosine 

and/or adenine. As shown in Figure 4.1, AMP (peak 1), ADP (peak 2) and ATP (peak 

3) eluted at ~6.1 min, 6.6 min and 7.0 min, respectively. The peaks that eluted at 

later time points i.e., peaks 4 and 5 (after peak 3) contain more negative charge as 

compared to ATP (more than three phosphate groups), hence, indicating the 

potential formation of higher oligomers. 

 

 

Figure 4.1: Representative High-Performance Liquid Chromatography (HPLC) trace 

showing the elution profile of various moieties (highlighted in the legend) present in 

the reaction mixture as separated on a DNAPac PA 200 column, using a gradient of 

sodium perchlorate (see methods for details). The y-axis depicts the absorbance at 

260 nm and the x-axis shows a zoomed-in region of the retention time (in min), for 

better resolution between the different peaks/species eluting in the gradient. 

 

4.2.2.4.  Liquid Chromatography-Mass spectrometry (LC-MS) analysis 

LC-MS analysis of the samples was performed on a Sciex X500R QTOF mass 

spectrometer (MS) fitted with an Exion-LC series Ultra Performance Liquid 

Chromatography (UPLC; Sciex), using an information-dependent acquisition (IDA) 

scanning method. The acquired data was analyzed using the Sciex OS software 

(Sciex; University of Florida). The crude reaction mixture was separated on Zorbax 
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C8 column (dimensions: 4.6×150 mm, 3.6 μm particle size) (Thermo Scientific), 

which was fitted with a guard column. A solvent system comprising of nanopure 

water containing 0.1% formic acid and acetonitrile containing 0.1% formic acid was 

used to separate the oligomers. The gradient used was: 0% solvent B for 3 minutes, 

an increase of solvent B from 0 to 20% was facilitated from 3 min to 7 min, and in 

next 9 min (i.e., 7-16 min) it increased to 30%, which is followed by a further increase 

to 100% from 16-18 min. The column was kept at 100% solvent B for the 3 min from 

18-21 min, followed by equilibration with solvent A from 22-25 min. All the mass 

acquisition was performed using electron spray ionization (ESI) with the following 

parameters: turbo spray ion source, medium collision gas, curtain gas=30 L/min, ion 

spray voltage=5500 V (positive mode), at 500°C. TOF-MS acquisition was done at 

declustering potential of 80 V, with 20 V as spread and using 10 V collision energy. 

To perform TOF-MS–MS analysis, 50 V collision energy with a 20 V spread was 

used. As the mass acquisition was carried out in positive mode, the observed 

masses corresponded to the mass of the H+-adduct of the parent molecule. The 

presence of a specific species/molecule was confirmed by the presence of precursor 

mass within 5-ppm error range, as well as its fragmentation pattern. For relative 

quantification of different molecules, the yield fraction was calculated by dividing the 

area under its LC-MS peak by the sum total sum under all the peaks. 

 

4.3.  Results 

 

4.3.1.  Nonenzymatic oligomerization of 5′-adenosine triphosphates (ATP) under 

DH–RH conditions 

We first investigated the enzyme-free oligomerization of ATP under both aqueous 

heating and dry heating control reaction conditions. In the aqueous heating reactions, 

5 mM ATP solution (pH 7) was sealed and kept at 90°C. After varying time periods (0 

hr, which is the initiation of the reaction), 1 hr, 4 hr, 8 hr and 12 hr), samples were 

withdrawn and analyzed using HPLC and LC-MS. Under dry heating conditions, 5 

mM ATP solution (pH 7) was dried at 90°C under a gentle flow of nitrogen (N2) (see 
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methods for details). After varying time periods, the dried sample was rehydrated and 

analyzed using HPLC and LC-MS.  

 

As shown in Figure 4.2A, under aqueous heating conditions, only three peaks 1, 2 

and 3 corresponding to AMP, ADP and ATP, respectively, were observed. With 

increasing incubation at 90°C, which is indicated by the various time points 

mentioned (Figure legend), a decrease in the intensity of peak 3 (ATP) and a 

corresponding increase in the intensities of peak 1 (AMP) and peak 2 (ADP) were 

observed depicting the hydrolysis of ATP to ADP and AMP under these conditions. In 

dry heating ATP reactions, with increasing incubation time, a decrease in ATP peak 

and an increase in the intensities of AMP and ADP peak was observed, which was 

similar to the aqueous heating reactions. Interestingly, new peaks which eluted at 

later retention times (peaks 4 and 5) were also observed within one hour indicating 

the potential presence of oligomers. These peaks were observed even after 8 hours 

of dry heating but disappeared after 12 hours. This could be because of the instability 

of resultant oligomers at 90°C (high temperature) for longer time periods.  

 

The formation of oligomeric species was observed under dry heating conditions but 

not under aqueous heating conditions. This could be because of the competitive 

reaction of ATP hydrolysis (prevalent under aqueous heating conditions) vs its 

oligomerization. Under dry heating scenarios, the hydrolysis of ATP is reduced, due 

to the absence of water. Moreover, such conditions also enhance the proximity of 

molecules, thereby facilitating concentration-dependent reactions such as 

oligomerization reactions 14,27. Although insightful, the presence of complete dry 

niches on the early Earth is improbable 5. As alluded to earlier, DH-RH conditions are 

a recurrent phenomenon in terrestrial geothermal pools and are shown to facilitate 

the formation and condensation of a variety of molecules 28–30.  

 

With this line of thought, we next investigated the enzyme-free oligomerization of 

ATP under early Earth simulated DH-RH conditions at pH 7 and 90°C. Upon analysis 

of various DH-RH cycles, the new peaks (peaks 3 and 4) corresponding to potential 
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oligomers were observed within 1 DH-RH cycle (Figure 4.3A). The intensity of 

potential oligomeric peaks increased after 1 DH-RH cycle and stayed up to the 3 DH-

RH cycles. Encouraged by the presence of oligomeric species under DH-RH, we 

further wanted to optimize the conditions such as temperature and pH for these 

reactions. Towards this, we varied the pH and temperature of these reactions. For 

the pH standardization, three different pHs were investigated i.e., pH 2, pH 7 and pH 

9, and samples from all three sets were analyzed after 5 DH-RH cycles (Figure 4.3B). 

At pH 7 and 9, oligomeric peaks (peaks 3 and 4) were observed after 5 DH-RH 

cycles. At pH 2, no visible oligomerization peaks (3 and 4) were observed, however, 

another peak eluted at around 1.2 minutes (breakdown; Figure 4.3B inset). Previous 

studies have confirmed that this peak is due to the acid-catalyzed depurination that 

occurs under these conditions 3,5. Therefore, given the instability of glycosidic bond 

and phosphodiester bond under acidic and alkaline regimes, respectively, further 

oligomerization reactions were all performed at pH 7.  

 

 

 

Figure 4.2: Nonenzymatic oligomerization of 5 mM ATP under aqueous heating reaction 

conditions (A) and dry heating reaction conditions (B) at 90°C and pH 7. HPLC 

chromatogram depicts different chemical moieties (1: AMP, 2: ADP, 3: ATP, 4 and 5: 

potential oligomers) after varying time periods, as highlighted in the legend. The y-axis 

and x-axis show the absorption at 260 nm and the retention time (in min), respectively. 

N = 3.  
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Next, to optimize the temperature, reactions were performed at two different 

temperatures i.e., 60°C and 90°C. The presence of oligomeric species was confirmed 

and quantified by LC-MS. Intact oligomers up to intact trimers and tetramers were 

observed at 60°C and 90°C, respectively (Figures 4.3C, 4.3D, 4.6A and Table 4.1).). 

Upon quantification, the yield fraction of the oligomers was observed to increase 

significantly upon increasing the number of DH-RH cycles in both the reaction sets. 

The fraction of oligomers was found to be significantly higher in the reactions 

performed at 90°C when compared to the reactions undertaken at 60°C. Henceforth, 

all the reactions were performed at 90°C and pH 7 and for 5 DH-RH cycles, after 

which samples were withdrawn and analyzed using LC-MS at the initiation of the 

reaction (cycle 0), after 1, 3 and 5 DH-RH cycles, respectively. 
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Figure 4.3: Nonenzymatic oligomerization of 5 mM ATP under DH-RH cycling 

conditions. A) HPLC chromatogram showing the presence of different chemical moieties 

(1: AMP, 2: ADP, 3: ATP, 4 and 5: potential oligomers) after various DH-RH cycles (0, 

1, 3 and 5, as depicted in legend) at pH 7 and 90°C. B) HPLC chromatogram showing 

different chemical moieties after 5 DH-RH cycle at 90°C and different pH (2, 7 and 9 as 

shown in the legend). The y-axis and x-axis show the absorption at 260 nm and the 

retention time (min), respectively. N = 3. C) and D) show yield fraction of intact 

oligomers after varying DH-RH cycles (1, 3 and 5, respectively as indicated on x-axis)  

at 90°C and 60°C, respectively, and these were quantified using LC-MS. 

 

Table 4.1: Masses observed during Liquid Chromatography-Mass spectrometry (LC-

MS) characterization of nonenzymatic oligomerization of ATP, under DH-RH cycling 

conditions, along with calculated parts per million (ppm) error. Different oligomeric 

species for dimer, trimer and tetramer were observed as indicated below.   
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4.3.2.  Effect of different salts on the nonenzymatic oligomerization of ATP 

 

Effect of cations 

NTPs are inherently activated molecules, which recently have been shown to be 

plausible on prebiotic Earth22. As mentioned earlier, they are the biological substrates 

for extant polymerases used to replicate nucleic acid, hence, their prebiotic 

plausibility and enzyme-free oligomerization can potentially bridge the ‘abiotic’ to 

‘biotic’ transition23. However, one of the major concerns of using ATP as a substrate 

for nonenzymatic reactions is its spontaneous hydrolysis to 5′-adenosine 

diphosphates (ADP) and 5′-adenosine monophosphates (AMP). Although AMP have 

been demonstrated to undergo enzyme-free oligomerization under acidic geothermal 

conditions4, the systematic characterization of the resultant oligomers has shown the 

presence of abasic sites due to acid-catalyzed depurination3,31. This emphasized the 

requirement of intrinsically activated nucleotides such as ATP for enzyme-free 

oligomerization reactions.  

 

Importantly, one of the salient characteristics of contemporary polymerases is the 

presence of Mg2+ ions in their active site2,26. It is noteworthy that divalent cations are 

shown to possess phosphoryl transferase and kinase activity24,25,32. Moreover, 

prebiotic soup in which processes that led to the emergence of life is considered to 

have been facilitated, is thought to be heterogeneous in nature containing several 

different molecules including various metal ions. Thus, the presence of different metal 

ions also has to be accounted for when simulating prebiotically pertinent reactions as 

this would provide realistic insights into how reactions like nonenzymatic 

oligomerization would have actually panned out. Therefore, we investigated the effect 

of different biologically relevant metal ions including Mg2+, Mn2+, Fe3+, Co2+, 

Ni2+, Cu2+ and Zn2+, on the nonenzymatic oligomerization of ATP. As a first step, 

sulfate salts of all these metal ions were used in the reactions. Four different ratios of 

ATP to metal ions including 1:1, 1:2, 1:4 and 2:1, were investigated to optimize the 

metal-mediated oligomerization. All other reactions such as concentration of ATP, 
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temperature, pH and DH-RH cycles were kept the same as that of previously 

optimized conditions.  

The presence of intact oligomers (different dimers viz. ATP-AMP or ADP-ADP, ADP-

AMP and AMP-AMP) was analyzed and confirmed using LC-MS (Figure 4.5A). As 

shown in Figure 4.4, various types of intact dimers were observed in all the reactions. 

In the case of Mg2+ containing reactions, both 1:1 and 1:2 ratios showed the highest 

number of intact dimers (total number of green boxes), which were observed in both 

cycle 3 and cycle 5. In ATP: Mg2+:: 1:4 and 2:1 reactions, less number of oligomers 

were observed. Also, in the case of ATP: Mg2+:: 2:1 reaction, the oligomers formed 

by cycle 3 disappeared by cycle 5. In the cases of other metal ions i.e., Mn2+, 

Fe3+, Co2+, Ni2+, Cu2+ and Zn2+, relatively lesser number of oligomers were observed 

(lesser number of green boxes). Hence, Mg2+ was utilized for further oligomerization 

reactions. Importantly, since higher amount of divalent cations is also known to 

catalyze hydrolysis reactions, we chose to use ATP: Mg2+::1:1 going forward. 

 

Effect of anions 

In order to investigate the effect of the anion component, the nonenzymatic 

oligomerization reactions were performed with two different salts of Mg2+ i.e., sulfate 

salt and chloride salt. Both the salts were used in a 1:1 ratio with respect to ATP 

(based on results from the aforementioned section). The reaction mixture was 

analyzed after various DH-RH cycles (cycle 0, cycle 1, cycle 3 and cycle 5) using 

HPLC and the presence of oligomeric species was confirmed using LC-MS analysis. 

As observed in Figure 4.5B, after 5 DH-RH cycles, oligomeric species were observed 

in the presence of both MgSO4 and MgCl2 salt. The extent of oligomerization was 

higher in MgCl2-containing reactions when compared to MgSO4-containing ones. 

Interestingly, the total oligomer yield (%) was higher for the MgCl2-containing 

reactions when compared to the ATP only reactions (Figures 4.6B and 4.6C). 

However, oligomer only up to intact dimer(s) was observed in these MgCl2-containing 

reactions when compared to intact tetramer in its absence. 
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Figure 4.4: Nonenzymatic oligomerization of ATP in the presence of different metal 

sulfate salts. The reactions were performed using 5 mM ATP at pH 7 and 90°C under 

DH-RH cycling conditions for various ATP:Metal ion (1:1, 1:2, 1:4 and 2:1). The 

presence of different types of intact dimer species including ATP-AMP, ADP-AMP and 

AMP-AMP, after different DH-RH cycles in the presence of various metal ions (Mg2+, 
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Mn2+, Fe3+, Co2+, Ni2+, Cu2+ and Zn2+), has been indicated in the figure. Red color 

depicts absence and green color depicts presence of the corresponding entity. 

 

 

Figure 4.5: A) Representative LC-MS trace showing the presence of a ATP-AMP dimer 

with an m/z of 837.05. B) HPLC chromatogram showing different chemical moieties 

after 5 DH-RH cycles at 90°C and pH 7 in the presence of ATP:Mg2+::1:1 for sulfate salt 

or chloride salt. The inset shows 10X zoomed version of the potential oligomers. The y-

axis and x-axis show the absorption at 260 nm and the retention time (min), 

respectively. N = 3. 

 

 

Figure 4.6: A) Heat map showing the distribution of oligomeric species (dimer, trimer 

and tetramer), after multiple DH-RH cycles using LC-MS. For quantification of the total 

yield, the sum of all the different oligomer species was used. B) and C) show the 

quantified total oligomeric yield (%) after various DH-RH cycles as indicated on the x-

axis, for ATP and ATP:MgCl2::1:1 reactions, respectively. N = 3, error bars = s.d.,  
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4.4.  Discussion 

Nonenzymatic oligomerization to form RNA is a crucial step in the emergence of a 

putative RNA World on the early Earth 1. Towards this, most of the previous studies 

have demonstrated nonenzymatic oligomerization of imidazole-activated nucleotides 

(ImpN) 6–9. Similar attempts to form oligomers with prebiotically relevant non-

activated NMPs were observed to be facilitated by high temperature, acidic pH and 

DH-RH cycles 3,4,33. However, the systematic characterization of the oligomers 

formed under these conditions were found to be abasic due to the cleavage of the 

glycosidic bond. Given this, we undertook studies on enzyme-free oligomerization of 

cyclic nucleotides (cNMPs) under multiple DH-RH cycles (Chapter 2). Herein, we 

have used ATP to investigate their oligomerization potential under early Earth 

conditions. As mentioned earlier, NTPs are the biological substrates for 

contemporary polymerases. Hence, enzyme-free oligomerization using NTPs can 

potentially bridge the ‘abiotic’ and ‘biotic’ RNA formation scenarios. Towards this, we 

explored several different parameters such as niche parameters (dry heating vs 

aqueous heating vs DH-RH cycles), ATP concentrations (5 mM and 10 mM), 

temperature (60°C and 90°C) and pH (2, 7 and 9), on the oligomerization of ATP.  

 

As a first step, the nonenzymatic oligomerization of 5 mM ATP was investigated 

under dry heating and aqueous heating conditions. The reactions were performed at 

90°C and pH 7 as ATP contains a pyrophosphate which can, in principle, act as a 

good leaving group similar to the imidazole in ImpNs. Therefore, the nonenzymatic 

oligomerization of ATP should not require extreme (acidic) pH conditions as that of 

NMPs. Under aqueous heating conditions, spontaneous degradation of ATP to ADP 

and AMP was observed. No oligomeric species were observed under aqueous 

heating conditions even after 12 hours of incubation at 90°C. In the case of dry 

heating, HPLC peaks corresponding to potential oligomers were observed within 1 

hour of incubation and even after 12 hours. This could be because of increasing the 

effective concentration of ATP monomers under dry heating conditions, in turn 

increasing their proximity, resulting in uphill oligomerization reactions. Although 

insightful, the presence of completely dry niches on the early Earth is uncertain.  
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As the next logical step, nonenzymatic oligomerization reactions using ATP, were 

performed under prebiotically relevant DH-RH cycling conditions. As indicated earlier, 

the dry phase in a DH-RH cycle enhances the proximity of monomers, thus aiding 

oligomerization (similar to dry heating reactions), and the rehydrated phase facilitates 

the redistribution of molecules15. Subsequently, all the enzyme-free oligomerization 

of ATP was performed under DH-RH cycling conditions. Under these conditions, 

oligomers were observed within 3 cycles and persisted till 5 cycles. The oligomers 

were observed under pH 7 and pH 9, whereas at pH 2, a breakdown peak 

corresponding to adenine was observed. This could be because of the acid-catalyzed 

depurination of monomers under such conditions3,34. As alkaline pH is known to be 

detrimental to the phosphodiester bond, pH 7 was used for further reactions. Next, 

the DH-RH reactions were performed at this pH 7 and at two different temperatures 

i.e., 90°C and 60°C. At 60°C, up to 0.02% intact dimer was observed within cycle 1 

(as confirmed by LC-MS) which enhanced to 0.05% after 5 DH-RH cycles. In the 

case of reactions at 90°C, up to 0.056% intact dimer was observed within cycle 1, 

which increased to 0.09% after 5 DH-RH cycles. Additionally, intact trimers and 

tetramers were also observed at 90°C after cycle 1, whereas at 60°C, intact trimer 

was observed only after cycle 3.  

 

Next, we evaluated the effect of the presence of different metal salts as co-solutes on 

these reactions. Among all the cations investigated, the highest number of intact 

dimers were observed when Mg2+ (sulfate salt) was used (in ATP: Mg2+::1:1 and 1:2 

ratios), respectively. Upon varying the anion (chloride or sulfate), the extent of 

oligomerization was higher in MgCl2-containing reactions when compared to the 

MgSO4-containing ones. Interestingly, the oligomer yield (%) in MgCl2-containing 

reactions was significantly higher as compared to just the ATP only reaction (Figure 

4.6B and 4.6C). Nonetheless, the detailed chemical nature of the oligomers could not 

be ascertained as different types of oligomers, for example: ADP-ADP and AMP-ATP 

(in the case of dimers), can have the same m/z. However, as the reactions are 

occurring under repeated DH-RH cycles and in presence of Mg2+, we hypothesize 
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that the Mg2+ can coordinate with pyrophosphate, making it a good leaving group. 

This would mean that, in principle, the formation of oligomers like AMP-ATP could be 

favoured more instead of ADP-ADP dimer under the aforesaid condition. These could 

not be fully characterised mainly due to yield related issues. Altogether, these results 

demonstrate nonenzymatic oligomerization of ATP under prebiotically relevant 

geothermal conditions. Additionally, the presence of oligomers was also 

demonstrated under a realistic scenario by using different metal salts as co-solutes, 

which would have been the case in a heterogeneous prebiotic soup. The presence of 

metal salts would have facilitated these oligomerization reactions under such 

scenarios, as was observed in the case of MgCl2. This further emphasizes the 

importance of considering the effect of the co-solute molecules that would have been 

present in the surrounding environment. Thus, accounting for the heterogeneity 

inherent to the prebiotic soup could actually provide realistic insights about the 

formation of a putative RNA World on the early Earth. 
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Chapter 5 

 

5.1. Introduction 

 

Electron transfer reactions are ubiquitously utilized in contemporary biology to maintain 

chemical disequilibrium and to produce energy. Such redox reactions are predominantly 

catalyzed by metalloenzymes, which constitute about one-third of the contemporary 

enzyme repertoire1,2. The metal ions present in these enzymes are either part of the 

catalytic core, or the structural scaffold3–6. Previous reports have demonstrated metal 

and mineral-mediated catalysis in prebiotic chemistry7–13, especially in the context of 

Iron-sulfur World hypothesis5,14,15. Iron-sulfur clusters and metal-coordinated porphyrins 

are potentially few of the earliest catalysts to have emerged on the prebiotic Earth owing 

to their presence in the catalytic core of some of the most ancient enzymes1,2,16,17. In 

this regard, few earlier studies have shown the interaction of such iron-sulfur clusters 

with peptide chains to form a protoenzyme-like entity18,19. In 2018, Bonfio et. al. 

demonstrated the ability of iron-coordinated peptide scaffolds to transfer electrons and 

generate a pH gradient across membranes15. These studies have also tried to address 

the putative evolution of this class of protoenzymes from free metal ions, under early 

Earth conditions. Nonetheless, evolutionary studies in the context of metal-organic 

scaffolds such as metalloporphyrins are still lacking.  

 

Metalloporphyrins are utilized by a wide variety of extant enzymes including magnesium 

porphyrin in chlorophyll pigments, heme (ferric porphyrin) in hemoglobin, peroxidase 

and myoglobin, and copper porphyrin in cytochrome c oxidase, to name a few 20,21. A 

highly desired property of transition metal ions is their ability to attain multiple oxidation 

states, which is crucial to catalyze different redox reactions. This “tunability” is employed 

in biology by coordinating metal ions with the porphyrin rings. Given this, porphyrin has 

been studied previously as a modular catalyst in biomimetic systems20,22,23. A 

pioneering study by Melvin Calvin noted a drastic increase in the catalytic efficiency of 

ferric ions when it was coordinated to a porphyrin scaffold24,25. This indicated a central 

role for metal-bound organic scaffolds such as porphyrins in modulating the catalytic 
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efficiency of metal ions. Recent studies have reported the prebiotically plausible abiotic 

synthesis of porphyrins, while they have also been detected in the interstellar dust22,26–

32. Considering their prebiotic plausibility, presence in contemporary biology and the 

functional diversity of porphyrins, it is reasonable to hypothesize that porphyrins might 

have played a pivotal role in the emergence and evolution of metalloenzymes on the 

early Earth.  

 

In this backdrop, we set out to investigate the role of porphyrin scaffolds on the oxidizing 

ability of metal ions potentially occurring in prebiotic Earth. Towards this, we first 

evaluated the oxidizing ability of different biologically relevant metal ions namely, 

magnesium, manganese, iron, cobalt, nickel, copper and zinc. Thereafter, the 

modulation of the oxidizing ability of the metal ions was studied when porphyrin was 

added as a co-solute in the reaction. We also investigated the ability of porphyrin to 

coordinate with these different metal ions under pertinent prebiotic settings. In this 

regard, the formation kinetics of different metalloporphyrins were studied using steady-

state fluorescence and UV spectroscopy. Subsequently, the effect of porphyrin 

coordination on the oxidizing ability of metal ions was also investigated, to understand 

the oxidizing ability of preformed metal-coordinated porphyrin complexes. 

 

We observed varying oxidizing ability for different metal ions, with Fe3+ showing the 

maximum oxidation among all the metal ions investigated. Interestingly, in co-solute 

reactions, significant changes were observed in the oxidizing ability of some metals, 

when compared to their respective free metal ion-based reactions, indicating the 

influence of porphyrins on the catalytic ability of these particular metal ions. We also 

report the formation of metal-coordinated porphyrin complexes under laboratory 

simulated prebiotic settings. The rate of coordination with the porphyrin was found to 

greatly vary for different metal ions. Also, the oxidizing ability of the preformed metal-

coordinated porphyrins showed that the coordination process does not always result in 

an increase in the oxidizing ability of these metal ions. This is in contrast to a previously 

reported study wherein the catalytic efficiency was hypothesized to increase upon 

complexation24,25. Specifically, we observed that upon coordination, certain metal ions 
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showed a steep increase in catalysis (in the case of Co2+), whereas in other cases, the 

coordination process dampens the catalytic efficiency of the otherwise catalytic metal 

ion (in the case of Fe3+). Pertinently, we also report an alternate route by which 

porphyrins positively influenced the catalytic efficiency of Fe3+ ions that do not involve 

coordination. This was found to be achieved by forming non-coordinated assemblies 

between the metal ion and the porphyrin scaffold. Importantly, metal-coordinated 

porphyrin complexes could also catalyze the oxidation of nicotinamide adenine 

dinucleotide hydride (NADH), another biologically relevant molecule, essentially 

emphasizing their substrate versatility. Overall, our study highlights the important role 

that the porphyrin scaffold would have played in modulating the oxidizing ability of 

different metal ions. With this study, our attempt is to also set the stage for further 

exploration of porphyrin-based complexes and, in general, metal-organic scaffolds, for 

their potential to have played a central role in prebiotic catalysis.  

 

5.2. Materials and Methods 

 

5.2.1. Materials 

 

All reagents were from Sigma Aldrich and used without further purification. The C18 

chromatography column was purchased from Agilent Technologies (Santa Clara, CA, 

USA). All the oxidation reactions were performed in the anaerobic glove bag from Coy 

Labs under 95% N2 and 5% H2 (usually used to maintain anoxygenic conditions with 

oxygen levels < 200 ppm) environment. Nanopure water was filtered through a 0.22-

micron filter, degassed and purged with N2 to remove oxygen. The samples were 

transferred to glass vials covered with caps with air tight septum for HPLC-based 

analysis.  

 

5.2.2. Methods 

5.2.2.1. Experimental design 

Hydroquinone (HQ) was used as the primary substrate for the catalytic reaction. This 

was used as a proxy for ubiquinol (UbQOH), which gets oxidized to ubiquinone 21 
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(UbQone, Figure 5.1A) by cytochrome in extant biology.  NADH oxidation was also 

evaluated to investigate the promiscuity of the metal-porphyrin complexes. 

HQ gets oxidized to benzoquinone (BQ) as is shown in Figure 5.1B. This transition from 

HQ to BQ involves oxidation of the hydroxyl groups to keto groups, with an overall 

removal of 2 electrons. As a first step, the oxidizing ability of different metal ions in this 

process was evaluated. A typical reaction mixture contained 0.3 mM HQ with 0.3 mM 

metal ions (1:1 molar ratio, unless specified otherwise). All the oxidation reactions were 

performed under anoxygenic conditions in an anaerobic glove bag to mimic early Earth 

conditions 33. The mixtures were incubated at 40°C and rotated at 350 rpm for four 

hours, without purging with inert gas or stirring (see Methods section for details). All the 

reactions were performed in unbuffered conditions using nanopure water (of resistivity 

18 MΩ). The initial pH was near neutral for most of the reactions (except Fe3+ and Cu2+ 

containing reactions). The pH of the reaction mixture was also measured at the end of 

the reaction (i.e., after four hours), to check for any changes. The extent of oxidation at 

the initiation of the reaction, and after four hours, was analyzed using High Performance 

Liquid Chromatography (HPLC) (see Methods). HQ oxidation was quantified by using a 

standard graph obtained for various concentrations of HQ and BQ, respectively. The 

ratio of HQ to metal ions and the duration of the reaction were chosen based on the 

results we got for Cu2+-mediated oxidation reactions that were performed in varying 

ratios (Figure 5.2). 

 

Following this, the metal ion-mediated oxidation was performed in the presence of 

tetraphenyl porphyrin tetra sulfonic acid (TPPS) as a co-solute. In these co-solute 

reactions, in addition to 0.3 mM HQ and 0.3 mM metal ion, 0.03 mM TPPS (ten-fold 

lesser in concentration than the HQ and metal ions) was also added.  

Subsequently, the tendency of the different metal ions to form metal-TPPS complexes 

(M-TPPS) under prebiotically relevant conditions was investigated by incubating 0.3 mM 

of the respective metal ions with 0.03 mM TPPS at high temperature (70°C). The 

formation of M-TPPS was monitored using UV spectroscopy, steady-state fluorescence 

spectroscopy and High-resolution Mass Spectrometry (HRMS).  
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As the next step, the oxidizing capability of the preformed M-TPPS complexes 

(metalloporphyrins) was evaluated. Towards this, M-TPPS were prepared by incubating 

0.03 mM TPPS with 0.03 mM respective metal ion (1:1) at 70°C and followed till the 

completion of coordination. These complexes, which were devoid of any free metal ions, 

were then used to investigate the catalytic ability of preformed M-TPPS. In the case of 

Fe3+-TPPS, a commercially acquired reagent was used as Fe3+-TPPS did not form 

readily under our reaction conditions. For M-TPPS mediated HQ oxidation, 0.3 mM HQ 

was incubated with 0.03 mM M-TPPS (ten-fold lesser than HQ), at 40°C. In the case of 

M-TPPS mediated NADH oxidation reactions, 0.1 mM NADH was incubated at 25°C 

with 0.01 mM M-TPPS for varying time periods, and the reaction progress was analyzed 

with UV spectroscopy (see Methods).  

 

5.2.2.2. High-performance liquid chromatography (HPLC) 

HPLC analysis was performed using a Shimadzu HPLC system (CBM-20 A, quaternary 

pump LC-20AD; Shimadzu Corporations, Kyoto, Japan). The analytes were 

chromatographically resolved in the reverse-phase (Zorbax Eclipse Plus C18 column; 

4.6 X 150 mm, 3.5 μm particle size, Agilent). For separation of Hydroquinone (HQ)/ 

Benzoquinone (BQ), a gradient of methanol was used as the eluting solvent. The HPLC 

run started with 100% nanopure water and 0% methanol and at a flow rate of 1 ml/ min. 

The methanol was increased to 15% over 15 min and was kept at this percentage until 

18 min. Following this, it was reduced to 0% by 19 min and the column was equilibrated 

at this concentration for 2 more minutes. The analytes were detected using a photo 

Diode-Array Detector (DAD). A standard solution of 0.2 mM HQ was eluted at 5.5 

minutes and 0.2 mM BQ eluted at 10.03 and 10.6 minutes, respectively. Typically, 30 µl 

of sample was withdrawn after different time periods, of which 25 µl was loaded onto the 

HPLC. Standard curves obtained for HQ (at 288 nm) and BQ (at 244 nm) were used to 

quantify the extent of oxidation by calculating the percentage of BQ produced in the 

reactions. The BQ was quantified by integrating the corresponding HPLC peaks. For 

TPPS complex containing reactions, in addition to the 21 minutes method, 100% 

methanol was run from 22 min to 29 min followed by equilibration with nanopure water 

from 30 min to 33 min.  
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5.2.2.3. Oxidation reactions with metal salts  

An aqueous solution of each metal sulfate salt (20 mM for Fe2(SO4)3 and 40 mM for 

other salts) was prepared. Unless otherwise reported, a typical reaction contained 0.3 

mM hydroquinone (HQ) and 0.3 mM metal ion. For Fe3+, one molecule of Fe2(SO4)3 

contains two atoms of Fe per formula unit. Therefore, in these reactions, 0.3 mM and 

0.15 mM of sulfate salt concentration was used for to keep the molar ratio of HQ and 

metal ions constant as 1:2 and 1:1, respectively. The reaction mixture was then 

incubated at 40°C for four hours under anoxygenic conditions (O2 < 100 parts per 

million (ppm)). 30 µl of sample was withdrawn immediately after the addition of metal 

salt in the reaction mixture (0 hr.) and then again after four hours of incubation (4 hrs.), 

out of which 25 µl was loaded onto the column for HPLC-based analysis.   

 

5.2.2.4. Oxidation reactions with metal salts and TPPS as co-solute  

A typical reaction contained 0.3 mM HQ, 0.3 mM metal ion and 0.03 mM TPPS (1:1:0.1 

molecular ratio). Control reactions with only HQ or containing only TPPS along with HQ 

were also performed. Other conditions such as incubation at 40°C for four hours were 

kept constant, following which the samples were analyzed using HPLC by loading 25µl 

of the respective sample at a given time. 

 

5.2.2.5. UV-vis spectroscopy 

A UV-1800 Shimadzu spectrophotometer was used to measure UV-vis absorption 

spectra (scan range from 350 nm to 700 nm, interval = 1 nm) for the samples after 

various times. UV-vis spectrum was recorded at room temperature.  

 

5.2.2.6. Steady-state fluorescence spectroscopy 

A Fluoromax-4 spectrofluorometer (Horiba Scientific, Kyoto, Japan) was used for 

fluorescence measurements i.e., fluorescence quenching in the kinetics experiments 

and scattering in aggregation studies. For fluorescence-based assays, light with a 

wavelength of 414 nm was used for excitation. The excitation and emission slits were 

fixed at 2 nm and 1 nm, respectively. The fluorescence intensity for the emission signals 
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of a given sample was then scanned from 500 to 800 nm with 1 nm interval at 70°C, 

after different time periods of incubation.  

For fast-kinetics experiments (in the case of Zn2+, Cu2+ and Co2+), the fluorescence 

intensity was measured at 693 nm for 0.03 mM TPPS solution at 70°C, till 300 seconds, 

after which 0.3 mM of corresponding metal ion was added and mixed. Following this, 

the fluorescence was monitored till 1500 seconds.  

 

5.2.2.7. Rayleigh scattering to study aggregation 

The light with a wavelength 414 nm was used for excitation and emission was also 

measured at 414 nm. The excitation and emissions slits were fixed at 2 nm. The 

fluorescence intensity was measured for 0.03 mM TPPS solution till 300 seconds, after 

which 0.3 mM of corresponding metal ions was added and mixed at room temperature. 

Following this, the fluorescence was then monitored till 1500 seconds.  

 

5.2.2.8. Field-emission scanning electron microscopy (FE-SEM)  

FE-SEM images were recorded using Zeiss Ultra Plus scanning electron microscope. 

Approximately 2.5 µl of the sample composed of 5 µM TPPS and 25 µM of Fe2(SO4)3 

(1:10 of TPPS: Fe3+ ion) was prepared by drop casting on silicon wafers.  

 

5.2.2.9. Differential Interference Contrast (DIC) Microscopy 

Microscopic analysis of TPPS**Fe3+ non-coordinated aggregates was done using a DIC 

microscope AxioImager Z1 (Carl Zeiss, Germany), (NA = 0.75) under 40X objective. 

Approximately 10 µl mixture of 0.03 mM TPPS and 0.15 mM Fe2(SO4)3 (1:10 of TPPS: 

Fe3+ ion) was spread on a glass slide and covered by an 18X18 glass coverslip. 

Followed by which the sides of the cover slip were sealed with liquid paraffin and was 

observed under microscope. 

 

5.2.2.10. Competition experiments for the formation of M-TPPS 

0.03 mM TPPS was incubated with different mixtures of metal ions at 70°C and rotated 

at 350 rpm. The concentration of each metal ion was 0.03 mM. Four different 

combinations of different metal ions were used. Set 1 contained Mn2+, Fe3+, Co2+, Ni2+, 
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Cu2+ and Zn2+. Set 2 contained Mn2+, Fe3+, Co2+, Ni2+ and Zn2+. Set 3 contained Mn2+, 

Fe3+, Co2+ and Ni2+. Set 4 contained Mn2+, Fe3+ and Ni2+. UV-vis absorption spectra of 

each of these combinations were recorded after different time periods to monitor the 

formation of different M-TPPS complexes. 

 

5.2.2.11. Oxidation reactions with metal-coordinated TPPS (M-TPPS) complexes 

The reaction mixture contained 0.3 mM HQ and 0.03 mM (1:0.1 atomic ratio) of 

corresponding M-TPPS complexes. All other reaction conditions such as incubation at 

40°C for four hours, were kept the same as mentioned above. The reactions were then 

analyzed using HPLC. Turn over number (TON) were calculated by the following 

formula: 

 

TON =
moles of BQ produced

moles of M−TPPS used
=

moles of HQ oxidized

moles of M−TPPS used
                                                          Eq. 1 

Moles of M − TPPS = (concentration of M − TPPS ∗ Volume)                                      Eq. 2 

concentration of M − TPPS =
concentration of HQ

10
                                                            Eq. 3 

Moles of M − TPPS =
(concentration of HQ at t=0)∗volume

10
                                                    Eq. 4                                

Moles of HQ oxidized = (yield (%) of HQ at t = 0) ∗ volume                                        Eq. 5       

Substituting Equations 4 & 5 in 1  

TON = (yield (%))/10                                          Eq.6 

                                          

5.2.2.12. M-TPPS mediated oxidation reactions of NADH 

The reaction mixture contained 0.1 mM NADH and 0.01 mM (10: 1 molar ratio) of M-

TPPS complexes. The mixture was then incubated at 25°C for four hours under 

anoxygenic condition (O2 < 200 ppm). The reaction was analyzed using UV 

spectrophotometer by monitoring the disappearance of the signal at 340 nm, which 

corresponds to NADH absorption. Control reactions were performed i.e., spontaneous 

oxidation containing only NADH and reactions containing only Co2+ or only TPPS. 
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5.3. Results:  

 

5.3.1. The oxidizing capability of metal ions 

 

Firstly, we compared the oxidizing ability of different metal ions including Mg2+, Mn2+, 

Fe2+, Fe3+, Co2+, Ni2+, Cu2+ and Zn2+ ions. These metal ions were selected based on 

their presence in the active core of extant metalloporphyrins 34–36. On the prebiotic 

Earth, Fe2+ would have readily photo-oxidized to Fe3+ in the presence of UV and 

under aqueous conditions, irrespective of the presence of oxygen 37. Therefore, 

owing to the susceptibility of Fe2+ towards oxidation, and the prebiotic relevance of 

Fe3+, we evaluated the oxidizing ability of iron in its +2 as well as +3 states.  

 

 

Figure 5.1: Schematic showing the oxidation of a quinol to its corresponding quinone. A) 

Oxidation of hydroxyl groups of ubiquinol (UbQOH) to keto groups to form ubiquinone 

(UbQnone), which involves the loss of 2 electrons and is catalyzed by the iron-porphyrin 

containing protein cytochrome c (shown in the upper right section; inset shows the iron-

porphyrin complex). B) Oxidation of hydroquinone (HQ) to benzoquinone (BQ), a 

reaction used as a proxy to mimic oxidation of UbQOH to UbQnone. As shown, it also 

involves the oxidation of 2 hydroxyl groups by loss of 2 electrons, to result in keto 

groups in BQ. 
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Figure 5.2: The graph shows the 

percentage of BQ produced in CuSO4 

containing reactions. The variations 

evaluated include no metal control, and 

varying ratios of HQ: Cu2+ i.e., 1:1 (Cu2+ 

(1:1)), 1:2 (Cu2+ (1:2)), 2:1 (Cu2+ (2:1)) 

and 1:4 (Cu2+ (1:4)), as depicted on X-

axis. Y-axis shows the BQ (%) 

produced. Different colors indicate the different time points after which samples were 

retrieved i.e., immediately after salt addition (0), after 2hrs (2), 4hrs (4), 6hrs (6) and 

8hrs (8), respectively. Error bars depict standard deviation; N=3. 

 

 

 

Figure 5.3: Oxidation of HQ to BQ in the presence of different metal ions. A) The bar 

graph shows the percentage of benzoquinone (BQ) produced from the oxidation of 

hydroquinone (HQ), with different metal ions used in 1:1 ratio of HQ to metal ions. Y-

axis shows the percentage of benzoquinone (BQ) produced and X-axis shows the 

different metal ions used. Black and green colors indicate % BQ produced at the 

initiation (0 hr) and at the end (4 hr) of the reaction. Error bars depict standard deviation; 

N=3 (chemical replicates). B) Illustration depicting hydrated metal ions used in this 

reaction. 
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Table 5.1: Reduction potentials of the investigated metal ions and their respective 

oxidation state change (adapted from a:38, b:39–41).  

 

 

No significant oxidation of HQ was observed in the control reaction, i.e., in the 

absence of any metal ions (Figure 5.3). Also, no oxidation was observed in the 

presence of Mg2+ and Zn2+ ions as these are redox inactive. In the presence of other 

metal ions, except for Fe3+, no oxidation was observed at the initiation of the reaction. 

For Co2+ and Ni2+ ions, no significant oxidation of HQ was observed even after four 

hours (Figure 5.3). In the presence of Mn2+, Fe2+ and Cu2+ ions, 4%, 4.7% and 7% of 

HQ oxidation, respectively, was observed after four hours. Interestingly, in Fe3+ 

containing reactions, up to 30% BQ was produced immediately upon the addition of 

the Fe3+ ions to the solution. The extent of oxidation by Fe3+ did not change 

significantly after four hours. Overall, the extent of oxidation for the different metal 

ions was in the following order: Fe3+> Cu2+> Fe2+> Mn2+. Interestingly, this trend of 

HQ oxidation remained unchanged even upon doubling the metal ion concentration 

(HQ: metal ion = 1:2)  

Metals
Standard reduction 

potential (Volts)
Changing oxidation 

state

Benzoquinone 0.643a 2 e-/2H+

0.099a 1 e-

Mg -2.356b +2 to 0

Fe +0.771b +3 to +2

-0.44b +2 to 0

Co -0.277b +2 to 0

Ni -0.257b +2 to 0

Cu 0.3419b +2 to 0

0.159b +2 to +1

0.520b +1 to 0

Zn -0.762b +2 to 0

Mn -1.170b +2 to 0
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The standard reduction potential associated with the oxidation of HQ to BQ for 2 e-/ 2 

H+ and 1 e-/ 1 H+ is 0.643 V and 0.099 V, respectively 38. In order to oxidize HQ, the 

reduction potential of the oxidizing agent (metal ions) needs to be higher (more 

positive) than the reduction potential of BQ. The standard reduction potentials for the 

transition of Fe3+ to Fe2+ and Cu2+ to Cu1+ are 0.771 V and 0.159 V, respectively 39–41 

(Table 5.1), potentially justifying the ability of Fe3+ and Cu2+ to oxidize HQ 

presumably by 1 e-/ 1 H+ transfer process. Further, the slight oxidation observed in 

Fe2+ (-0.44 V) and Mn2+ (-1.170 V) could be attributed to their oxidation ability under 

aqueous conditions. Altogether, the ability of even free metal ions to oxidize HQ, 

essentially emphasized the influence of these ions on these prebiotically pertinent 

reactions, prior to the emergence of more efficient and complex (proto) 

metalloenzymes 7,24,25,42–45.  

 

5.3.2. Reactions containing different metal ions along with TPPS as a co-solute  

 

Taking into account the presumably heterogeneous nature of prebiotic soup, it is 

reasonable to assume that different metal ions would have co-existed with different 

co-solutes, including scaffolds similar to porphyrins 46. And, the interactions between 

metal ions and such scaffolds might have impinged on their catalytic ability. In order 

to study this, we evaluated the effect of TPPS (tetraphenyl porphyrin tetra sulfonic 

acid) scaffold as a co-solute, by including them in the oxidation reaction mixtures 

containing the different metal ions, as depicted in Figure 5.4B (see Methods).  

 

As seen in Figure 5.4A, negligible oxidation of HQ was observed in the control 

reactions containing just HQ and HQ with TPPS when there were no metal ions 

present. In the ‘co-solute reactions’, the oxidizing ability of Mg2+, Ni2+, Fe2+ and Zn2+ 

ions were found to be unaltered (Figure 5.4A). Interestingly, we observed significantly 

enhanced activity for Co2+ and Fe3+ ions in the presence of TPPS as a co-solute, as 

shown in Figure 5.4A. In the case of Co2+ and TPPS based co-solute reaction, up to 

~12.3% of BQ was produced. Whereas, in the case of only free Co2+ ions, and only 
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TPPS containing reaction, negligible HQ oxidation was observed (Figure 5.3 and 

Figure 5.4 panel A, respectively). In the Fe3+ and TPPS based co-solute reaction, the 

HQ oxidation was enhanced to ~51.7% just at the initiation of the reaction. Whereas, 

in the case of only Fe3+ ions, up to 30% HQ oxidation was observed.  Interestingly, in 

the case of Mn2+ and Cu2+ containing TPPS co-solute reactions, the BQ production 

was found to be diminished when compared to only Mn2+ ions (~4%) and Cu2+ ions 

(~7.6%) containing reactions (Figure 5.3, Figure 5.4 panel A). Importantly, a color 

change (from green to red) was also observed in co-solute reactions containing Fe3+, 

Co2+, Cu2+ and Zn2+ ions, over the course of the reaction.   

 

Next, in order to investigate the underlying molecular change, UV absorbance 

spectroscopy was used to understand the change in the color and oxidation activity 

for Fe3+, Co2+ and Cu2+ ions in the presence of TPPS as a co-solute. Free 

(uncomplexed) TPPS has an absorption maximum ~414 nm due to the transition of 

electrons from the ground state (S0) to second excited state (S2), along with four 

weak Q bands in the 500-700 nm region (due to S0 to S1 transitions) 47 (Figure 5.4 

panel C; left graph). A change in the λmax of TPPS was observed for the Co2+ (to 427 

nm), Cu2+ (to 412 nm), Zn2+ (to 421 nm) and Fe3+ (to 432 and 493 nm) containing co-

solute reactions. Additionally, a decrease in the number of Q-bands 

in the 500-700 nm region was also observed, which is also reflected in the color 

change for all the aforementioned reactions (Figure 5.4 panel C; right graph shows 

this change for Cu2+). Similar changes in the UV spectra of TPPS were also observed 

in the control reactions where it was incubated with Co2+, Cu2+, Zn2+ and Fe3+ ions, in 

the absence of HQ.  All these observations indicated that the change in the activity of 

specific metal ions observed was potentially due to the coordination between metal 

ions and TPPS. This also implied that for specific metal ions, the coordination with 

TPPS occurs readily at 40°C  (as reflected in the change in the UV spectrum) 48,49, 

which resulted in a change in their catalytic activity. 
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Figure 5.4: Oxidation of HQ to BQ in TPPS and metal ion containing co-solute reactions 

(panel A). The bar graph shows the percentage of benzoquinone (BQ) produced in the 

co-solute reactions. X-axis shows the different reactions i.e., only HQ control (control), 

HQ with TPPS (TPPS), and the different co-solute reactions containing HQ and TPPS 

along with the different metal ions viz. Mg2+ (TPPS+ Mg2+), Mn2+ (TPPS+ Mn2+), Fe2+ 

(TPPS+ Fe2+), Fe3+ (TPPS+ Fe3+), Co2+ (TPPS+ Co2+), Ni2+ (TPPS+ Ni2+), Cu2+ (TPPS+ 

Cu2+) and Zn2+ (TPPS+ Zn2+), respectively. Error bars depict standard deviation; N=2 

(chemical replicates). Black and green colors indicate % BQ produced at the initiation of 

reaction (0 hr) and at the end (4 hr) of the reaction, respectively. B) Illustration depicting 

the presence of metal ions and TPPS in the co-solute reaction mixture (M+TPPS). C) 

Representative UV spectrum of TPPS alone (left panel) and Cu2+-TPPS (right panel), 

showing changes in the absorbance spectrum on the metal’s coordination to porphyrin. 

Typically, a change in the λmax of the soret band and decrease in the number of Q 

bands was observed upon complexation.  
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5.3.3. Prebiotic synthesis of preformed metal-porphyrin complexes 

 

Based on the above observations, we set out to investigate the ability of metal ions to 

coordinate with TPPS and discern if metal-coordinated TPPS (M-TPPS) complexes 

could result under prebiotically plausible terrestrial geothermal conditions. In addition 

to being widely considered as a niche pertinent to discerning the emergence of life on 

the early Earth, these prebiotic settings have previously been shown to facilitate the 

formation of biopolymers relevant to extant biochemistry 50–54. Towards this, an 

aqueous solution containing 0.3 mM metal ions and 0.03 mM (ten times lower than 

metal ion) TPPS was incubated at 70° C, simulating putative early Earth conditions 55 

(details in Methods section). Metal coordination with the TPPS scaffold was 

monitored at specific time points using the temporal change observed in the UV 

absorption spectrum and steady-state fluorescence spectroscopy. The decrease in 

the intensity at 414 nm (λmax of soret band for TPPS), along with the appearance of 

other prominent bands with λmax corresponding to M-TPPS complexes, were 

monitored as an indication of metal coordination 47–49. A change in λmax was observed 

for all metals except for Mg2+. The λmax of TPPS (414 nm) shifted to 467 nm for Mn2+, 

425 nm for Co2+, 410 nm for Ni2+, 412 nm for Cu2+ and 421 nm for Zn2+. Additionally, 

a decrease in the number of Q-bands was also observed upon complexation. 

However, Fe3+ ions gave rise to two strong bands at 432 nm and 493 nm (Figure 5.11 

right panel), with no Q bands in between 500-700 nm when incubated with TPPS. In 

the case of Mg2+, no change was observed in the absorbance even after thirty-six 

hours of incubation at 70°C, indicating the absence of coordination.  

 

Upon excitation at 414 nm, uncomplexed TPPS shows emission bands at 640 nm 

and 697-698 nm 48,56. However, after coordinating with incompletely filled d-orbital 

containing metals, its fluorescence gets quenched 48. This could be due to the 

paramagnetic nature of these metal ions, which allows excited electrons to lose their 

energy by intersystem crossing, thereby quenching the fluorescence of TPPS. Mn2+, 

Fe3+, Co2+, Ni2+ and Cu2+ ions quenched the fluorescence of TPPS upon coordination 

due to their paramagnetic nature (Figure 5.5A). This allowed us to examine the M-
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TPPS complex formation by monitoring the disappearance of the fluorescence of 

TPPS for all the metals that we investigated (except Zn2+). In the case of Zn2+, the 

Zn2+-TPPS complex showed a blue shift in its emission bands (605 nm and 656 nm), 

upon excitation at 414 nm 48,56. Therefore, the formation of the Zn2+-TPPS complex 

was monitored by observing the blue shift of the fluorescence emission bands (Figure 

5.5A). Though, in the case of Mg2+, the fluorescence spectrum of TPPS was found to 

be unaffected even after thirty-six hours of incubation. Further, the formation of 

coordinated M-TPPS was also confirmed using HRMS (Table 5.2). Our results 

showed that all the metal ions investigated here, except for Mg2+ and Fe3+, could 

coordinate with TPPS to form M-TPPS under prebiotically pertinent conditions. This 

observation of Mg2+ based reaction was in agreement with what has been reported in 

a previous study, where it failed to coordinate with uroporphyrin in neutral aqueous 

conditions 22. Importantly, the M-TPPS formation even in the micromolar range and 

under high temperature and aqueous conditions underscores the potential prebiotic 

plausibility of these M-TPPS complexes.  

 

Table 5.2: High-Resolution Mass spectrometry (HRMS) analysis of formed M-TPPS 

complexes. 

 

 

To investigate the formation kinetics of M-TPPS complexes, fluorescence quenching 

of TPPS (or shifting in the emission maxima in the case of Zn2+) was monitored 

(Figure 5.5). TPPS fluorescence was quenched within one hour for Cu2+, Mn2+, Co2+ 

Chemical 

species

Molecular formula

[M]
Species

Calculated 

Mass

Observed 

Mass

ppm 

error

Mn2+-TPPS C44H28MnN4O12S4

[M-4H]4- 245.7419 245.7441 -8.95

[M-4H]3- 327.9916 327.9947 -9.45

Fe3+-TPPS.OH C44H29FeN4O13S4 [M-4H]4- 250.4926 250.4938 -4.79

Co2+-TPPS C44H28MnN4O12S4

[M-4H]4- 246.7407 246.7405 0.811

[M-4H]3- 329.3233 329.3234 -0.30

Ni2+-TPPS C44H28MnN4O12S4 [M-4H]4- 246.4912 246.4905 2.84

Cu2+-TPPS C44H28MnN4O12S4 [M-4H]4- 247.7398 247.7386 4.84

Zn2+-TPPS C44H28MnN4O12S4 [M-4H]4- 247.9897 247.9891 2.42
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and Zn2+ containing reactions. Peculiarly, the fluorescence intensity was found to 

increase with an increasing period of incubation in the case of Fe3+ ions, confirming 

the absence of the coordination between Fe3+ ions and TPPS (Figure 5.5A). In the 

case of Ni2+, the TPPS fluorescence was quenched completely only after thirty-six 

hours of incubation, confirming the formation of Ni-TPPS. This also indicated a lower 

rate of M-TPPS complex formation in Ni2+ containing reactions, when compared to 

reactions containing Cu2+, Mn2+, Co2+ and Zn2+ ions. In the case of Cu2+, the 

fluorescence was quenched immediately after the addition of Cu2+ to the TPPS 

solution (Figure 5.5A). In order to compare the rate of M-TPPS complex formation 

when using Mn2+, Co2+ and Zn2+ ions, the fluorescence intensities were monitored for 

60 minutes (Figure 5.5 panels B, C and D). The formation of Mn-TPPS was found to 

reach completion after 30 minutes, whereas for Co2+ and Zn2+ ions, the coordination 

was completed within just 15 minutes. Next, to get a more detailed understanding of 

the M-TPPS formation of the faster-coordinating ions i.e., Cu2+, Zn2+ and Co2+, these 

reactions were monitored continuously at a time interval of 0.1 seconds, using 

steady-state kinetics (Figure 5.5E). The fluorescence of TPPS was monitored for the 

first 300 seconds, following which metal salt solution was added to reach a final 

concentration of 0.3 mM metal ions and 0.03 mM TPPS, and the solution was mixed 

thoroughly (Figure 5.5E; arrow depicts the addition of metal salt solution). The 

fluorescence was then monitored for 1500 seconds. The kinetic (fluorescence) decay 

data was fitted with a first-order exponential decay curve to calculate the decay time 

constants. For Cu2+, Zn2+ and Co2+, the decay time constants were found to be < 4 

seconds, 6.56 ± 1.13 seconds and 334.54 ± 42.93 seconds, respectively. The 

coordination rate of metal ions with TPPS was thus found to be in the following order; 

Cu2+ > Zn2+ > Co2+ > Mn2+ >>> Ni2+. This trend remained the same even in the 

competition experiments, which contained a mixture of multiple metal ions in a single 

pot (Figure 5.6). 
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Figure 5.5: Formation kinetics of metal-coordinated TPPS (M-TPPS) complexes using 

fluorescence spectrum (λex = 414 nm). A) Time-based fluorescence quenching of TPPS 

at 693 nm in the presence of different metal ions. Panels B, C and D show the 

fluorescence spectrum for the TPPS solution containing Mn2+, Co2+ and Zn2+, 

respectively, after different time periods of incubation (depicted in different colors as 

indicated above). E) Shows the fast-kinetics for the fluorescence quenching of TPPS at 

693 nm in the case of Zn2+ (cyan curve), Cu2+ (black curve) and Co2+ (red curve). Black 

arrow indicates the timepoint of addition of corresponding metal ions to the TPPS 

solution after 300 seconds. N = 3 (chemical replicates); Error bars depict standard 

deviation.   
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Figure 5.6: Competition experiments for the affinity of different metal ions towards 

TPPS, monitored using UV spectroscopy at varying time periods as depicted by 

different colors (in minutes). Different sets indicate mixtures of different metal ions. 

Legend indicates varying time periods (in minutes). A) Set 1 shows the preferential 

formation of Cu2+-TPPS (λmax = 412 nm) when TPPS was incubated with a mixture of 

Mn2+, Fe3+, Co2+, Ni2+, Cu2+ and Zn2+. B) Set 2 shows the preferential formation of Zn2+-

TPPS (λmax = 421 nm) when TPPS was incubated with a mixture of Mn2+, Fe3+, Co2+, 

Ni2+ and Zn2+(Set 1 without Cu2+). C) Set 3 shows the preferential formation of Co2+-

TPPS (λmax = 427 nm) when TPPS was incubated with a mixture of Mn2+, Fe3+, Co2+ 

and Ni2+ (Set 2 without Zn2+). D) Set 4 shows the preferential formation of Mn2+-TPPS 

(λmax = 467 nm) when TPPS was incubated with a mixture of Mn2+, Fe3+ and Ni2+ (Set 3 

without Co2+). Inset in all these spectrum shows the 10X zoomed spectra in the region 

of 500-700 nm (region of Q-bands). 

 

5.3.4. Oxidizing capability of preformed metal complexes 

 

We observed the formation of M-TPPS complexes for all the metal ions investigated 

except for Mg2+ and Fe3+ under our reaction conditions. However, the rate of 

coordination with TPPS varied greatly for different metal ions, ranging from seconds 

(Cu2+and Zn2+) to minutes (Co2+ and Mn2+), to even days (Ni2+). Nonetheless, this 

illustrates the probable availability of the different M-TPPS complexes on the early 

Earth, as also has been suggested in previous literature 28,29. Given this, we 

investigated the oxidizing capability of pre-formed metal-TPPS (M-TPPS) complexes, 

to characterize the influence of TPPS coordination on the oxidizing activity of the 

metal ions. Fe3+-TPPS was the only one that was acquired commercially as it failed 

to form under our reaction conditions.  

 

5.3.4.1. Oxidation of HQ to BQ by different M-TPPS complexes:  

 

No significant HQ oxidation was observed in the presence of Zn2+-TPPS, Mn2+-TPPS 

and Ni2+-TPPS (Figure 5.7A). For Cu2+-TPPS, up to ~4% of HQ oxidation was 
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observed after four hours. Interestingly, we observed significantly enhanced HQ 

oxidation, of up to 46%, in the presence of Co2+-TPPS complex after four hours, 

showing >4 turnover number (TON, see Methods for more details) (Figure 5.7, 

panels A and E). This showed that upon coordination with TPPS, the catalytic activity 

of Co2+ ions increased remarkably. In the case of Fe3+-TPPS, ~10.4% HQ oxidation 

(TON =1) was observed immediately after the addition of the M-TPPS complex, 

which remained unchanged even after four hours of incubation (Figure 5.7A). 

However, this percentage of HQ oxidation by Fe3+-TPPS (10.4%) was lower when 

compared to only (free) Fe3+ ion mediated HQ oxidation (~ 30%), and in the co-solute 

reaction of Fe3+ and TPPS (51%) (Figure 5.7E).  

The decrease in the activity of Cu2+-TPPS and Fe3+-TPPS when compared to the free 

metal ions could be because of the formation of near-planar M-TPPS coordinated 

complexes as was observed in the 3D model. These models were predicted by 

energy minimization simulations using MolView (Figure 5.8) 57,58. The presence of the 

rigid planar macrocycle ring of TPPS is known to restrict the metal’s ability to change 

its stereochemistry and hence, its oxidation state 59. However, in the case of Co2+, a 

distortion in the planarity of porphyrin was observed upon coordination in the 3D 

model, and this can allow the change in the stereochemistry of Co2+-TPPS, which, in 

turn, can potentially enhance its catalytic ability (Figure 5.8 panels A and B). 

Nevertheless, the lower oxidizing activity of the coordinated Fe3+-TPPS still does not 

justify the high oxidation capability that was seen in the co-solute reaction that 

contained Fe3+ and TPPS. Moreover, from UV and fluorescence spectroscopy, it was 

confirmed that Fe3+ was not able to coordinate with TPPS to form the Fe3+-TPPS 

complex, under our reaction conditions (Figure 5.9 panel A).  

 

To unmask the reason behind the increased catalytic activity of the co-solute reaction 

containing Fe3+ and TPPS, we chose to systematically explore it further. We 

assessed the possibility of the formation of non-coordinated Fe and TPPS complexes 

(TPPS**Fe3+) via Fe3+ ion interaction with the TPPS moiety. Visible precipitates were 

also observed in this co-solute reaction upon centrifugation at 5000g for 2 minutes, 

indicating the presence of large aggregates in this reaction mixture. The formation of 



 
 

125 

these aggregates was further investigated by looking at the scattering of this solution 

at 600 nm (the mixture does not absorb light at this wavelength). We observed a 

drastic increase in the scattering of the TPPS containing solution upon the addition of 

the Fe3+ ions, signifying the formation of higher-order structures (Figure 5.9B). 

Additionally, the presence of aggregates in the solution was confirmed using optical 

microscopy (for details see Methods section). Large clusters of rod-shaped 

aggregates were observed for the mixture containing TPPS and Fe3+, while the 

control solutions containing Fe3+ alone, TPPS alone or preformed Fe3+-TPPS 

complex by itself (control experiments), failed to show any detectable aggregation 

(Figure 5.10). From previous literature, it is known that porphyrin complexes 

predominantly form side-by-side aggregates (J-aggregates) and plane-to-plane 

aggregates (H-aggregates) 56,60–63. Studies have also suggested that the catalytic 

activity of porphyrin increases upon aggregation 61,62,64. Given this, it seemed like a 

reasonable premise to base our assumption that the increase in the catalytic activity 

in the co-solute reactions containing Fe3+ and TPPS, could possibly be because of 

the formation of such aforementioned aggregates.  
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Figure 5.7: Oxidation of HQ by coordinated metal-TPPS (M-TPPS) complexes. A) 

Reactions of HQ with the respective M-TPPS complexes. Left Y-axis shows BQ (%) 

produced and the right Y-axis shows the turnover number (TON) at the initiation (0 hr, 

black bars) and at the end of the reaction (4 hr, green bars). B) Illustration depicting 

coordinated metal -TPPS (M-TPPS) complex. Panels C-E show the comparison of 

oxidation by free metal ions vs the respective metal ion with TPPS in a co-solute 

reaction vs the coordinated porphyrin complex (indicated in the X-axis). Time points 

shown are from the initiation of the reaction (black bars) and after four hours of 

incubation for Co2+ (panel B; purple bars), Cu2+ (panel C; blue bars) and Fe3+ (panel D; 

green bars) based reactions, respectively. N=3 (chemical replicates); Error bars depict 

standard deviation. 
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Figure 5.8: Predicted 3D model of M-TPPS (M=Co2+, Cu2+ and Fe3+) complex using 

energy-minimization simulations in MolView (molview.org). A, C and E represent Co2+-

TPPS, Cu2+-TPPS and Fe3+-TPPS.Cl, respectively; B, D and F represent 90° rotated 

version of A, C and E, respectively. The angle between the N-M-N in the core for Co2+, 

Cu2+ and Fe3+ was 101.6°, 133.2° and 136.5°.                                                

 

Upon formation of J-aggregates and H-aggregates, the soret absorption band of 

porphyrin is known to undergo red-shift and blue shift, respectively 60,61,65,66. The 

absorption λmax of J-aggregates of TPPS was reported to be near ~ 490 nm in 

aqueous solution 60,61,65,66. The co-solute reaction containing Fe3+ and TPPS showed 

a red-shifted band with a λmax at 494 nm, alluding to the formation of TPPS**Fe3+ J-

aggregates (Figure 5.9A). The presence of J-aggregates was further confirmed by 

Field emission Scanning Electron Microscopy (FESEM), followed by the elemental 

analysis of the observed aggregates (Figure 5.9 panels C and D). The presence of 

elongated planar structures confirmed the presence of J-aggregates 61. Further, the 

elemental analysis of these structures showed the presence of Fe, C, N, O and S, 

indicating that the structures visible in the viewing field were indeed aggregates 

containing Fe3+ and TPPS moieties. Moreover, prolonged heating of the TPPS**Fe3+ 

aggregates at 100°C, resulted in the diminishing of the absorption peak at 494 nm 

that corresponds to the J-aggregates (Figure 5.10). This could result from the 

instability of the aggregated species at this high temperature, resulting in the 

formation of Fe3+-TPPS coordinated complex instead. Given this, in the case of Fe3+-

TPPS formation, it seems that the coordination could result via the attack of Fe3+ ion 

on the aggregated TPPS at elevated temperature (100°C). Interestingly, such a 

mechanism has been proposed for the formation of coordinated Cu2+-porphyrin 

complex in the presence of porphyrins in its aggregated form (J-aggregates) 67. 

Additionally, whether the other metal ions studied here (Mn2+, Fe2+, Co2+, Ni2+, Cu2+ 

and Zn2+) could also form similar aggregates with TPPS, was evaluated by looking at 

the scattering of their respective solutions (Figure 5.9B). No increase in solution 

scattering, along with absence of visual aggregates upon centrifugation, and the 
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absence of absorption peaks corresponding to J- and H-aggregates, eliminated the 

possibility of the other metal ions forming non-covalent aggregates with TPPS. 

 

 

Figure 5.9: Characterization of Fe3+ and TPPS non-coordinated aggregates 

(TPPS**Fe3+). A) UV absorbance spectrum of co-solute reaction containing Fe3+ and 

TPPS, after different time periods (at the initiation (0), after 1 hour (1), 3 hours (3), 6 

hours (6), 12 hours (12) and 24 hours (24), respectively) along with TPPS as reference. 

Different colors depict different time periods as shown in the legend; purple color is the 

UV spectrum of the reference TPPS sample. The red shift of 414 nm soret band to 434 

nm and 492 nm bands was observed, indicating the formation of J-aggregates. B) 

Rayleigh scattering at 600 nm confirming the formation of higher order structures only in 

the Fe3+ and TPPS containing co-solute reaction. The black arrow indicates the time 

when the addition of different metal ions to the TPPS solution was done. Different colors 

represent the kinetic curve obtained after the addition of the different metal ions (as 

shown in the Figure legend). All the readings were repeated three times, (N=3, chemical 

replicates). Panel C shows the Field Emission Scanning electron microscopy (FESEM) 

image of 5 µM of TPPS solution containing 50 µM of Fe3+ ions, along with its magnified 
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version in panel D. The scale bar is 500 nm. The appearance of elongated rod-like 

structures confirmed the presence of J-aggregates. E) Illustration showing the Fe3+ 

induced formation of J-aggregates of TPPS. 

  

 

Figure 5.10: Differential Interference Contrast (DIC) microscopy (under 40X objective). 

A) 300 µM of Fe3+ solution. B) 30 µM TPPS solution. C) co-solute mixture of 300 µM 

Fe3+ and 30 µM TPPS. D) 30 µM Fe3+-TPPS solution. Black arrows indicate towards the 

non-coordinated aggregates. Scale bar = 20 µm. 

 

 

Figure 5.11: UV spectrum of the preformed Fe3+-TPPS coordinated complex with λmax at 

394 nm (green spectrum, right panel) that results upon heating of the co-solute mixture 

of 0.3 mM Fe3+ and 0.03 mM TPPS (blue spectrum, left panel), at 100ºC for 8 hours. 

 

5.3.4.2. Oxidation of NADH to NAD by M-TPPS complexes:  

 

The spontaneous emergence of catalysts on the early Earth would have been 

governed by a multitude of factors, making their ready emergence a non-trivial 
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exercise 3. To circumvent this, early protoenzymes could have possibly evolved the 

ability to catalyze a wider array of prebiotically relevant reactions. In this context, we 

investigated the ability of M-TPPS to catalyze the oxidation of NADH at 25° C (see 

Methods section). Along with quinones, NADH is another prebiotically plausible 

cofactor that is involved in extant redox reactions and is a key molecule in 

metabolism 15,17,68,69. This was also chosen as a representative for nucleotide-based 

cofactors like flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN), 

which are utilized extensively in contemporary biology. NAD has a characteristic UV 

absorption band at 260 nm. On the other hand, NADH absorbs at 340 nm in addition 

to 260 nm. Therefore, in order to monitor the oxidation of NADH, the disappearance 

of 340 nm absorption signal was monitored. In the control reactions, i.e., in the 

absence of M-TPPS, only 1.5% oxidation was observed even after four hours of 

incubation, indicating negligible spontaneous oxidation of NADH. Nonetheless, our 

M-TPPS experiments showed that up to 12.3% NADH was oxidized immediately after 

the addition of Co2+-TPPS to the NADH solution (Figure 5.12A). This NADH oxidation 

was observed to increase gradually and reach up to 59.9% after four hours. 

Additionally, the control reactions containing either the free Co2+ ions or just the 

TPPS scaffold showed negligible oxidation. Along with Co2+-TPPS, other M-TPPS 

were also observed to oxidize NADH to varying extent. The oxidation ability of 

different M-TPPS towards NADH followed this order: Co2+-TPPS (59.9%) > Cu2+-

TPPS (52.8%) > Fe3+-TPPS (50.4%) > Mn2+-TPPS (29.3%) > Zn2+-TPPS (26.9%) > 

Ni2+-TPPS (12.9%) (Figure 5.12). Also, the M-TPPS mediated NADH oxidation 

displayed different TON ranging from ~6 for Co2+-TPPS to >1 for Ni2+-TPPS (Figure 

5.12). The capability of M-TPPS to also oxidize NADH, emphasizes their versatility 

for using multiple substrates; a property that would have been hugely advantageous 

on the prebiotic Earth. This is pertinent as it would have taken a protracted process of 

molecular evolution, over very long-time scales, that would have subsequently 

allowed for the emergence of highly specific and efficient catalysts for individual 

substrates.  
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Figure 5.12: Oxidation of NADH mediated by preformed M-TPPS complexes. A) Co2+-

TPPS mediated NADH oxidation after different time periods (salmon bars). X-axis 

shows the different time periods i.e., at the initiation of the reaction (0 hr), after one hour 

(1 hr), two hours (2 hr), three hours (3 hr) and four hours (4 hr) of incubation, 

respectively, at 25°C. Left Y-axis depicts the percentage of NADH oxidized and right Y-

axis depicts the turn over number (TON) of Co2+-TPPS. B) Comparison of NADH 

oxidation mediated by different M-TPPS. Left Y-axis depicts the percentage of NADH 

oxidized and right Y-axis depicts the turn over number (TON) of the M-TPPS. N=2 

(chemical replicates); error bars depict standard deviation.  

 

5.4. Discussion 

 

Porphyrin-containing metalloenzymes are hypothesized to be some of the most 

ancient catalysts that are thought to have been present at the dawn of life on the 

early Earth 1,16,70. However, their catalytic ability in prebiotically pertinent reactions, 

has largely remained unexplored. In this work, we investigated the influence of 

porphyrin scaffolds, on the modulation of oxidation ability of different metal ions. In 

the case of free metal ion-mediated reactions, the highest oxidation was observed for 

Fe3+ followed by Cu2+, Fe2+ and Mn2+ ions (Figure 5.3). In the co-solute reactions, the 

HQ oxidation was found to be increased for Fe3+ (from 30% to 51.7%) and Co2+ (from 

negligible to 12.3%) ions in the presence of TPPS, when compared to just the 
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corresponding free metal ion-mediated oxidation (Figure 5.7). Contrarily, the HQ 

oxidation by Cu2+ was found to diminish in the presence of TPPS while it remained 

unaltered for the rest of the metal ions. Given this data, we conclude that the 

presence of TPPS as a co-solute increase the catalyzing activity of Fe3+ and Co2+ 

ions, while damping the activity of Cu2+ ions.  

 

Figure 5.13: Schematic showing the two different pathways described in this study by 

which oxidation of HQ to BQ is made feasible. Different color spheres show the different 

metal ions. These metal ions in the presence of TPPS can then either coordinate to 

form M-TPPS complex or induce J-aggregate formation (TPPS**M; a non-coordinated 

complex). These complexes (coordinated or non-coordinated) have different catalytic 

efficiencies towards HQ oxidation. 

 

Changes in the UV-absorption and fluorescence emission profiles in the co-solute 

reactions, indicated that the change in the catalytic activity of the metal ions in the 

presence of TPPS might possibly stem from the interaction between the metal ions 

and the TPPS. This was further confirmed by similar changes that were seen in the 

activity of the pre-formed coordinated complexes of Cu2+-TPPS and Co2+-TPPS 

mediated oxidation reactions. In contrast to Co2+, the inactivity of Cu2+-TPPS could be 

attributed to the inability of copper to change its oxidation state when it is coordinated 

to TPPS, which is a planar rigid structure 59. Importantly, this observation highlighted 

that the catalytic activity of metal ions, does not necessarily increase upon 
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complexation, but rather can vary greatly depending on the metal ions. This 

underscores the interesting possibility that the coordination/interaction of metals with 

organic scaffolds such as TPPS could have indeed acted as a selectivity barrier for 

the formation of metal-organic scaffolds. Importantly, the preformed M-TPPS 

complexes were also found to catalyze the oxidation of NADH to NAD, signifying its 

substrate versatility. Similar to HQ based reactions, the highest oxidation of NADH 

was observed for Co2+-TPPS. This capability to recognize different types of 

substrates would have been beneficial for primitive metalloenzymes.  

 

While characterizing the prebiotic plausibility of metalloporphyrins, we observed that 

Cu2+, Co2+, Mn2+, Ni2+ and Zn2+ ions were able to coordinate with TPPS under our 

laboratory simulated prebiotic settings. However, the rate of the formation of M-TPPS 

varied greatly as coordination with TPPS could occur in a few seconds (as was 

observed for Cu2+, Zn2+ and Co2+), or could even happen on the order of days (as 

was seen for Ni2+). Therefore, the rate of formation of such metal coordinated 

complexes could have also acted as another important checkpoint, wherein the 

selection of certain metal ions to form metalloporphyrins could have happened.  

 

Interestingly, the oxidizing capability of the Fe3+-TPPS (coordinated) complex was 

found to be lower when compared to HQ oxidation that occurred in the presence of 

free Fe3+ ions or the co-solute reactions that contained Fe3+ ions and TPPS. This is 

because, instead of coordinating with TPPS, Fe3+ was found to form non-coordinated 

aggregates with TPPS under our reaction conditions. From UV spectroscopy, 

Rayleigh scattering and FESEM, Fe3+ ions were shown to assemble into J-

aggregates with TPPS, which potentially resulted in an enhanced oxidation activity 

(increased by 1.7-fold when compared to the free Fe3+ ion containing reaction). 

Interestingly, ~ 27% of extant oxidoreductase enzymes utilize Fe3+/ Fe2+ redox couple 

to catalyze reactions 71,72. Also, previous studies have indicated that the metal ion 

availability in the Archean era would have followed the order mentioned 

here: Fe+3/+2> Mn+2, Ni+2, Co+2>> Cd+2, Zn+2> Cu+2 73,74. Given this abundance of 

Fe+3/+2 on the prebiotic Earth, along with its ability to catalyze reactions on its own, it 
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could have readily induced aggregation of porphyrin like scaffolds, resulting in non-

coordinated catalytically active metal-organic scaffolds as we show in this study.  

 

To summarize, our work demonstrates how a change in the oxidizing activity of 

different metal ions can be brought about by coordination/interaction with prebiotically 

plausible inorganic scaffolds (e.g. TPPS) (Figure 5.13). We showed the influence of 

porphyrin in modulating the oxidizing ability of free metal ions, either in a positive or 

negative manner, depending on the metal ion in question. We also demonstrated the 

formation of different M-TPPS (coordinated) complexes and Fe3+ containing J-

aggregates under prebiotically pertinent conditions. The eventual refinement of the 

usage of a specific ion type, in conjunction with a suitable scaffold, would have 

resulted in highly precise and effective catalysts as seen in contemporary biology. 

This refinement would have potentially resulted over millions/billions of years of 

evolution. Various factors, starting from the availability of the metal ions, formation of 

metal-organic scaffolds, catalytic activity and physicochemical environment, would 

have played an important role in the formation of primitive metalloenzymes. In this 

context, this study underscores the central role of the complex interactions and cross-

talk that would have occurred in a heterogenous prebiotic soup between metal ions 

and available scaffolds and their potential role in the emergence of early 

metalloporphyrins. 
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