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Abstract 

The self-assembly of nucleotides into RNA is believed to have been a crucial step in 

the emergence of cellular life. RNA, is a molecule which has a capability to store 

genetic information as well as catalyse chemical reactions that are essential for 

cellular processes. The ability of nucleotides to self-assemble would have played an 

essential role in the emergence of RNA on the prebiotic Earth. The presence of 

three subunits (a ribose sugar, a nucleobase, and a phosphate group) in its structure 

would have allowed nucleotides to interact in a variety of different ways. For 

example, the nucleobases can form hydrogen bonds with one another, creating base 

pairs that provide the structural basis for the double helix of DNA. Similarly, the 

phosphate groups can form bonds with the ribose sugars of adjacent nucleotides, 

creating the backbone of the RNA molecule. The self-assembly of nucleotides is a 

dynamic process that involves the interaction of multiple molecules and complex 

chemical interactions. Understanding this process is crucial in unravelling the shift 

from non-living matter to living organisms on Earth. 

In this thesis, we have undertaken a comprehensive study of nucleotide self- 

assembly under a range of conditions and molecules. We investigated the self- 

assembly behaviour of different nucleoside monophosphates with respect to a 

change in the concentration, temperature and in the presence of prebiotically 

relevant co-solutes. Our results have demonstrated that the self-assembly of 

nucleotides is a highly responsive process that is influenced by environmental 

factors and strongly depends on the nucleobase present. We also studied the effect 

of this phenomenon on two prebiotically relevant processes: template-directed 

replication reactions and solubilization of hydrophobic molecules. Overall, our study 

has provided important insights into the complex and dynamic process of nucleotide 

self-assembly. By characterizing the factors that influence self-assembly, we hope to 

gain a deeper understanding of the origins of life and the fundamental processes that 

govern the behaviour of complex biological systems. 
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Chapter 1 Introduction 

 

 
Extant life is sustained by highly specialized biomolecules that maintain a far-from- 

equilibrium state. These complex biomolecules though present in extant biology 

were scarce on prebiotic Earth. The origins of life research area are a field of science 

that investigates the emergence of cellular systems from simple chemical and 

geological processes. This field covers a wide range of topics, including the 

formation of organic molecules, the evolution of self-replicating systems, and the 

emergence of cellular life. The central hypothesis in this field proposes that life 

evolved through chemical evolution, where increasingly complex molecules formed 

from simpler compounds, leading to the emergence of self-replicating systems and 

the first living organisms. This chapter will discuss various hypotheses and studies 

regarding how simple percursor molecules might have formed on early Earth, 

followed by the formation of complex biomolecule precursors and how the interaction 

between such prebiotic molecules might have aided the emergence of a primitive cell 

(protocell). 

Origin of chemical precursors 

 
In the prebiotic era, given the implausibility of complex protein machinery, which aids 

the formation of molecules in biology, the formation of prebiotically relevant 

molecules is thought to have been nonenzymatic and would have been mainly aided 

by the surrounding environmental conditions. Towards this, there are studies 

debating the formation of prebiotically relevant molecules (such as nucleobases, 

amino acids, polyaromatic hydrocarbons (PAHs), porphyrin-like molecules, etc.) on 

the early Earth vs in extra-terrestrial regimes, where in the latter case, they were 

possibly delivered to the Earth via exogenous delivery by meteors, asteroids, etc 

(Ferris, Sanchez, and Orgel 1968; Oró and Kamat 1961; Schlesinger and Miller 

1983). Irrespective of this, the reactions leading to the formation of such prebiotic 

molecules under early Earth conditions have also been demonstrated; the potentially 

more tangible alternative that allows us to understand how non-life might have 

transitioned to life on the early Earth. In the pioneering Urey-Miller experiments, the 

formation of biologically relevant molecules such as amino acids were shown starting 
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from simpler chemical molecules like water (H2O), methane (CH4), ammonia (NH3) 

and hydrogen (H2), under simulated early Earth conditions (Miller 1953). This 

experiment provided a proof-of-principle that early Earth conditions can be conducive 

towards the abiotic formation of biologically relevant molecules. Inspired by this, 

other studies have demonstrated the formation of molecules such as amphiphiles 

and sugars in Fischer-Tropsch like-synthesis and formose reaction, respectively (Oro 

1995; Butlerow 1861). This further strengthened the abiotic origins of life hypothesis. 

As indicated earlier, another source of these molecules could have been exogenous 

delivery. The cosmic inventory also has been shown to have an array of complex 

organic molecules. Meteorites have been found to contain purine and pyrimidine 

nucleobases, specifically guanine, adenine, cytosine, uracil, and thymine. (Oba et al. 

2022). Another set of relevant molecules that are shown to be formed in 

extraterrestrial regimes and are detected in the meteoritic samples are polycyclic 

aromatic hydrocarbons (PAHs) (Groen et al. 2012). PAHs are abundant in the 

interstellar medium, extragalactic regions, protoplanetary disks, and other objects 

within our solar system, making them easily accessible in the primordial soup. Within 

the soluble organic phase of carbonaceous meteorites, various PAHs, including 

pyrene and fluoranthene, as well as oxidized aromatic species such as 9-fluorenone, 

9-anthrone, 9,10-anthraquinone, and phenanthrene Dione, have been detected. 

Additionally, significant amounts of kerogen-type material, primarily composed of 

polymerized aromatics, have also been found (Ashbourn et al. 2007). It is known that 

PAHs can stack with an intermolecular separation distance of 0.34 nm, which is the 

same distance as nucleotides in RNA and DNA. This observation led to the ’PAH 

World Hypothesis’, which proposes that PAHs that were abundant on early Earth 

and especially due to their stacking ability, would have preceded and aided the 

formation of the first genetic material, which is thought to be RNA (the RNA World 

hypothesis). Once these complex molecules are present on Earth, these molecules 

interact with each other under various conditions and give rise to emergent 

properties. This gives us a way to think about how the transition from simple to 

complex molecules could have come about prior to the emergence of early life. 

 

RNA World Hypothesis 
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According to the well-explored ‘RNA world’ hypothesis, RNA has conjectured the 

status of the first genetic polymer that emerged on prebiotic Earth during the 

evolution of life (Robertson and Joyce 2012). This is because it has the ability to 

serve as both a genetic polymer and a catalyst. So, RNA is considered to be a prime 

candidate for prebiotic information polymer. This hypothesis was further supported 

by the discovery of ribosome which contains catalytic RNA in its core. For the 

emergence of ‘RNA World’ abiotically, there is a requirement of nonenzymatic 

formation of monomeric substrates i.e., nucleotides, their polymerization to form 

RNA strands and replication of these RNA strands to propagate its information to the 

next generation, thus rendering it capable to undergo Darwinian evolution. Some 

progress has been made in all these stages of the putative ‘RNA World’, which will 

be discussed in the next part of this chapter. 

 

 
Figure 1: Comparison between the modern central dogma of life (A) and the RNA World 
hypothesis (B). As shown in the modern central dogma of life, DNA usually acts as a genetic 
material, protein acts as a catalyst and RNA acts as a bridge between the two, translating 
information from genetic information to proteins. In a putative RNA World as envisaged in 
the ’RNA World hypothesis’, RNA can act as both genetic information as well as a catalyst 
Adapted from (Gilbert, W., Nature, 1986, Zaug, A., and Cech, T., Science, 1986) 

 

Nucleotides on early Earth 

 
Nucleotides are the fundamental components of informational polymers, and 

determining their origins on the early Earth can provide insight into the first cellular 

systems. One proposed pathway involves the chemical reaction between molecules 

such as ammonia, methane, and water, in the presence of energy sources such as 

lightning, UV radiation, or volcanic activity (Odom et al. 1979; Schlesinger and Miller 
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1983; Yadav, Kumar, and Krishnamurthy 2020). In this scenario, the energy would 

drive the formation of more complex organic molecules, including nucleotides, 

through a series of chemical reactions (predominantly condensation reactions). 

Experiments conducted under laboratory simulated conditions have demonstrated 

that nucleotides can indeed form under early Earth conditions, lending support to this 

hypothesis. Another proposed pathway for the formation of nucleotides involves the 

delivery of prebiotic organic molecules to Earth via comets, meteorites, or other 

extra-terrestrial sources (Oba et al. 2022). These molecules could have also reacted 

with each other on Earth's surface or in the ocean, ultimately leading to the formation 

of nucleotides. 

 

Extant biology utilizes nucleotides which are made up of three components mainly 

ribose sugar, phosphate group and nucleobase. Generally, nucleotides have three 

major components: a recognition unit [RU] which helps in hydrogen bonding with the 

other strand, a trifunctional connector [TC, like a ribose moiety], and an ionizable 

linker [IL, like the phosphate backbone] (Hud et al. 2013). Ribose and a phosphate 

group are utilized as TC and IL, respectively, to form ribose-phosphate backbone in 

contemporary biology. The major RUs in extant biology are the nucleobases adenine 

(A), guanine (G), cytosine (C), uracil (U) and thymine (T), which make up the 

genome of extant biology. In prebiotic chemistry, all these components were possibly 

formed abiotically, due to reactions based solely on the molecular properties of the 

constituting molecules, thereby resulting in a plethora of similar molecules. This has 

been shown in the form of threose ribonucleic acid (TNA), where ribose is replaced 

by threose (Orgel 2000). Researchers have also changed the ribose-phosphate 

backbone to N-(2-aminoethyl)-glycine (AEG) connected with peptide bond to form 

Peptide nucleic acid (PNA) (Nelson, Levy, and Miller 2000). Such PNAs, due to the 

absence of the negatively charged phosphate group, show greater binding with the 

ssDNA or RNA, to form PNA/DNA or PNA/RNA as compared to the DNA/DNA or 

RNA/RNA duplexes. As for the nucleobase part, theoretically, there are more than 

80 prebiotically plausible nucleobases, among which few alternate nucleobases are 

explored as prebiotically relevant RUs due to their capability to hydrogen bond in a 

similar way as that of extant nucleobases. Previous studies have utilized 2,4,6- 

triaminopyrimidine (TAP), cyanuric acid (CA) and melamine (MA) (a triazine) as 

alternate nucleobases to form genetic polymers (Hud et al. 2013). 
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Next, a trifunctional connector (TL) is the unit which connects RU and IL. These in 

extant biology are deoxyribose or ribose sugar. However, ribose sugars are complex 

and less stable molecules thus it is logical to assume that other plausible sugar 

moieties could have been present before transitioning to ribose. For e.g., these can 

be replaced by molecules like threose etc. Further, for the Ionizable linkers (IL), 

extant biology utilizes phosphate as the backbone of the RNA/DNA. These are 

replaceable and studies have shown the use of phosphate derivatives to form the 

backbone. However, the major challenge for phosphate groups is their instability 

under early Earth conditions, which are thought to have been harsh (high 

temperature). All of this necessitates the requirement of a niche that is conducible for 

such condensation reactions, but at the same time need to be less detrimental 

towards the resultant polymers. Therefore, there can be many possible nucleotide or 

nucleotide-like molecules which can form the genetic information of a protocell. Once 

these nucleotides form, they need to form a short stretch of genetic polymer and 

replicate in order to propagate its information to the next generation. 

 

Nucleotides in information polymer (Nonenzymatic polymerization and 

replication) 

 

In extant biology, the primary function of nucleotides is to carry hereditary 

information and facilitate Darwinian evolution, which is orchestrated by several highly 

precise protein molecules. The information polymer on the prebiotic Earth would 

have however had to catalyze its own replication. This is because, on the prebiotic 

Earth, the formation of enzymes would have been non-trivial (the chicken and egg 

paradox), so for RNA to replicate, it would have had to be enzyme free. The first step 

in all of this is forming an information polymer by nonenzymatic oligomerization, 

Various studies have shown the formation of small stretches of oligonucleotides with 

canonical as well as non-canonical nucleotides, using nonenzymatic oligomerization 

(Mungi et al. 2019; Dagar, Sarkar, and Rajamani 2020; Kaddour et al. 2018). 

Researchers have tried to form stretches of RNA from various types of monomeric 

nucleotides. Studies have shown the formation of stretches of RNA by mimicking 

prebiotic conditions. There have also been reports where they have used different 

metal ions which can catalyze the polymerization processes (Ferris 1993) of which 

Mg2+ is one of more efficient in polymerization and of oligomerisation RNA. The use 

of activated nucleotides has also resulted in the formation of oligomers (Dagar, 
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Sarkar, and Rajamani 2020; Burcar et al. 2015). However, these activated 

nucleotides are unstable at high temperatures and high salt concentrations. 

 

 
Figure 2: Depicting different stages of a putative RNA World. The first one is nonenzymatic 
oligomerization of monomeric nucleotides to form RNA strands. The second is template- 
directed oligomerization where addition of nucleotides occurs in a sequential manner to copy 
the genetic information of a template RNA strand. The third is template-directed replication 
where nucleotides are sequentially added to a primer annealed to a template. The fourth is 
template-directed replication where nucleotides are added in between a primer and a 
downstream helper oligomer which are annealed to a template. Adapted from (Kaddour and 
Sahai 2014) 

 

Unlike in extant biology once these oligonucleotides are formed, the information 

polymer needs to catalyze itself without any replication machinery. Non-enzyme- 

mediated RNA replication could serve as an intermediary step between the 

production of nucleotides in prebiotic conditions and the established RNA world, 

where RNA enzymes or ribozymes may have facilitated replication of early cells that 

had RNA genomes. In the field, researchers typically use 5’ activated nucleotides 

(imidazole activated) which are incorporated against the respective templating base, 

to study the replication reaction. The activated nucleotides have a good leaving 

group, which makes it attack the nucleophilic NH2 center on the 3’- NH2 terminated 

primer, which leads to extension. This reaction gives us a plausible mechanism on 

how RNA could have replicated under prebiotic conditions (Szostak 2012). 

Substantial work has been done on this where the rate for replication has been 
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calculated depending on the leaving group(Izgu et al. 2015). Interestingly, most of 

these reactions are performed under a scenario of a controlled environment i.e., 

devoid of any background molecules that, could which might affect the reaction. This 

kind of situation fails to depict the complex chemical conditions that could have 

existed on the Earth before the emergence of life. 

 

The primordial soup is thought to have consisted of an array of various chemical 

entities that could have acted as co-solutes. These co-solutes could have had a 

significant effect on prebiotic oligomerization and replication of early RNA. In this 

regard, one of the relevant studies from the lab investigated the effect of the 

presence of co-solutes such as: either Polyethylene glycol (PEG), 1,2-dilauroyl-sn- 

glycero-3-phosphocholine (DLPC) or both on RNA replication. The findings indicated 

that co-solutes led to a notable decrease in the incorporation of purine monomers 

opposite their corresponding template base. (Bapat and Rajamani 2015). 
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Figure 3: Proposed models for the formation and emergence of the first genetic material on 
the prebiotic Earth. A) according to the classical model, nucleotide is divided into three parts: 
the recognition unit (RU), trifunctional connector (TC), and ionic linker (IL) where all of them 
combine to form a nucleotide or protonucleotides (primitive form of nucleotides). These 
nucleotides/protonucleotides then condense abiotically to form nucleic acid. (B) The second 
model is ribose-centric model. As the name suggests, it proposes that the nucleobase is 
formed on a pre-existing sugar. These nucleosides then phosphorylate to form nucleotides 
which then condenses sequentially to form RNA strands. (C) The third model is the polymer 
fusion model. This model proposes that Recognition units (RUs I.e., nucleobases) then bind 
with each other to form hydrogen bonded dyads/tetrads/hexads which self-assemble to form 
long stacks. The polymeric backbone containing repeating units formed by simultaneous 
condensation of Trifunctional connectors (TCs) and ionized linkers (ILs) can then covalently 

fuse with these supramolecular assemblies to form polymers. Adapted from: (Hud et al. 
2013) 

Possible hypotheses for the formation and replication of nucleotides include the 

classic model, that involves sequential assembly of the ionic linker, recognition unit 

and trifunctional connector to produce nucleotides before polymerization to form 

RNA, the ribose-centric model, that which involves construction of the RU from a 
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pre-existing sugar and the polymer fusion model, which involves the fusion of RUs 

and TCs through covalent linking to form informational polymers (Hud et al. 2013). 

 

 
Protocell 

 
Decoding the transition from complex chemical molecules to interacting entities in a 

cellular machinery is challenging. Protocells, which are minimalistic forms of cellular 

systems, possess three characteristic features: information polymer, 

compartmentalization, and the use of a minimal metabolic network. In principle, 

these can replicate, transfer genetic material, and sustain non-equilibrium conditions 

for cellular activities. Protocells are believed to have emerged through the self- 

assembly of simple molecules like lipids into vesicles, which can encapsulate other 

molecules such as RNA or peptides. This area of research is active, and scientists 

are exploring different ways in which protocells could have formed and evolved on 

early Earth, as well as their potential role in the origin of life on other planets and 

also for the design of synthetic life (Morowitz, Heinz, and Deamer 1988). 

Protocell compartments, made from lipids or other molecules, are important for 

differentiation and protection of encapsulated material from dilution and other 

pathogenic molecules. Lipids, which are amphiphilic, can self-assemble into bilayer 

structures such as vesicles, creating simple protocells that can exchange materials 

with their environment. Single chain amphiphiles (SCA) are considered prime 

contenders for prebiotic compartments due to their simpler chemical structure, 

variety, and prebiotic availability to self-assemble into vesicles (Deamer 2016). SCA 

vesicles need to be dynamic and fluid to allow desired molecules to diffuse inside, 

unlike stable phospholipid vesicles. 

 

The metabolism aspect is crucial for a protocell to convert nutrients into energy and 

useful molecules. Metabolic pathways must operate in a self-contained system 

without external enzymes. Simple pathways and molecules that can perform 

reactions with external energy need to be identified, as the metabolic pathways in 

extant biology are too complex for a prebiotic setting. Some molecules, such as 

PAHs and their derivatives, can capture light energy to generate higher chemical 

potential or ionic gradients, making them capable of mediating the conversion of lipid 

precursors into lipids (Mahajan et al. 2003). 
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The self-assembly of nucleotides is a complex and dynamic process that has 

significant implications for prebiotic chemistry. Nucleotides are the building blocks of 

nucleic acids, which are essential for the storage and transmission of genetic 

information in all living organisms. Understanding how nucleotides self-assemble is 

therefore crucial for unraveling the origins of life and the evolution of biological 

systems. Nucleotides can self-assemble through a variety of mechanisms, including 

electrostatic interactions, hydrogen bonding and hydrophobic interactions. These 

interactions leads to the formation of complex structures such as oligonucleotides, 

nucleic acid polymers, and even protocells. Overall, this thesis aims to explore the 

complex and dynamic nature of nucleotide self-assembly and its implications for 

prebiotic chemistry. 
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Chapter 2: The Self-Assembly of nucleotides 

 
 

Self-assembly is the phenomenon where the physical and chemical characteristics of 

specific types of molecules cause them to interact and form complex assemblies. 

These structures can vary from micron scale to nano scalar assemblies. Self- 

assembly process is thermodynamically driven, the system tries to increase its 

entropy and thus assemble into different structures. This process usually gives rise 

to emergent properties. In extant biology self-assembly is a very prominent 

phenomena and can be seen in cellular systems. The assembly of DNA duplex, 

secondary structure of RNA and proteins, are all dependent on self-assembly of 

molecules. Apart from cellular processes, researchers have used self-assembly in 

forming nanoparticles, metal organic framework (MOF) and nano tubes for facilitating 

various purposes like chemical sensing, drug delivery, etc (L. Zhou et al. 2014; 

Wong et al. 2005; Liang et al. 2017). 

 

In prebiotic chemistry, self-assembly would have played a very important role in 

setting the early stages for the eventual emergence of cellular systems (Deamer et 

al. 2006). The most prominent self-assembled structure on early Earth would have 

been vesicles, formed from various Single chain amphiphiles (SCAs). Lipid 

molecules self-assemble and form a vesicular system which is an important part of 

the protocell as mentioned earlier. There have been extensive studies related to self- 

assembled vesicular systems to understand their dynamics and physicochemical 

properties. Another self-assembly process which is often overshadowed by lipids is 

the self-assembly of nucleotides. Nucleotides can self-assemble at high millimolar 

concentration, and this assembly is mostly facilitated by pi-pi interactions (A. Sigel, 

Operschall, and Sigel 2014; Stokkeland and Stilbs 1985). The monophosphate has 

better stacking capabilities than triphosphate because the extra negatively charged 

di-phosphate in the latter leads to repulsion between two nucleotides triphosphates. 

Prebiotically, monophosphates are thought to be more readily available as compared 

to triphosphates, whose aggregates can be affected in the presence of metal ions, 

high temperature etc. (H. Sigel 2004). 

 

The most prominent nucleotide self-assembled structure that has been studied are 

GMP quartets/G-quartets. GMP’s ability to form hoogsteen base pairing leads to 
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formation of quartets. These quartets then can assemble on each other to form 

cylindrical structures. Previously, the formation of hydrogels was shown when 

amphiphilic molecules trap water molecules, making crosslinked networks. GMP has 

also been shown to readily form hydrogels and properties like temperature 

responsiveness, pH responsiveness can be modulated by addition of other 

nucleotides or changing the pH of the system or by addition of salts (Cassidy et al. 

2014). Earlier studies have also utilized GMP/ Guanosine hydrogels to deliver drugs. 

nucleotides can also assemble into MOFs forming nanozymes (Liang et al. 2017). 

Self- assembly properties of other nucleotides have also been studied, but not in the 

context of origins of life. It is well known that self-assembled structures are usually 

dynamic and are in a state of equilibrium. The addition of different co-solute 

molecules or changes in the environmental conditions can, therefore, impact these 

assembled structures. Pertinently, the tendency to form self-assembled structures 

can also influence various processes by regulating the availability of constituting 

molecules. Thus, it is hypothesized that the presence of self-assembled structures 

(for example: self-assembled structures of nucleotides) would have influenced 

various prebiotically relevant processes. To further understand this and how the 

presence of various co-solutes (metal ions, PAH, PEG etc.) would have influenced 

this phenomenon, we developed assays to characterize and study the self- 

assembled structures of 5’ NMPs. We also investigated how the presence of putative 

self-assemblies could impact prebiotically relevant processes such as enzyme-free 

template-directed replication reactions and solubilizing properties of 5’ NMPs 

(Chapter 3). 

 

Experimental section 

 
Structural analysis of self-assembled nucleotide structures to understand their 

dynamicity 

 

Self-assembled structures are usually dynamic. Even though it has been established 

that nucleotides can interact with each other in high millimolar regimes, the 

dynamicity of the system is still not fully known. In order to understand 

physicochemical properties, solvatochromic fluorescent probes such as pyrene can 

be utilized. Pyrene has a distinctive emission spectrum that displays five distinct 

peaks, and the proportion of peak 1 to peak 3 indicates the micro polarity of the 
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surroundings (Xu et al. 2018). The highest ratio is observed when the environment is 

polar, and it decreases as the environment's polarity decreases (such as when 

pyrene is incorporated into a hydrophobic interface). Our research aims to 

investigate the physicochemical properties of self-assembled structures of various 5' 

NMPs, in order to gain a better understanding of their impact on prebiotically relevant 

processes. To further confirm the presence of self-assembled structures, Rayleigh 

scattering experiments were also used. In order to comment upon the nature of 

assembly, anisotropy experiments were performed using pyrene that indicates its 

movement restriction in the presence of nucleotides or self-assembled structures. 

Further, to understand structurally how the resultant aggregates are interacting, H1 

NMR and 2-D NOESY NMR were recorded, which can shed light on how two 5’ NMP 

molecules are interacting. Once the physicochemical properties of such self- 

assembled structures were characterized, a change in the above-mentioned 

properties in the presence of various co-solutes such as metal ions and PEG was 

also investigated. 

Materials and Methods 

 
The disodium salts of all four 5′-NMPs, viz. 5′-AMP, 5′-GMP, 5′-UMP, and 5′-CMP (all 

purity ≥ 98%), pyrene, and analytical grade PEG 8000 were purchased from Sigma- 

Aldrich (Bangalore, India) and used without any further purification. 

 

Sample preparation 

 
Nanopure water was used to prepare nucleotide stocks, whose concentrations were 

estimated using UV/VIS/Vis spectroscopy (UV/VIS-1800 UV/VIS/Vis 

spectrophotometer, Shimadzu Corp., Japan). Four different concentrations of the 

nucleotides viz. 0 mM, 10 mM, 50mM, 100mM, were used to record all the 

measurements. 

 
 
 

Rayleigh scattering for nucleoside 5'-monophosphates (5’ NMPs) 

 
The 5’ NMP samples were excited with a light of wavelength 400 nm and the 

emission intensity was recorded at the same wavelength i.e., 400 nm. The emissions 

and excitation slits were fixed at 2 nm. The fluorescence intensity was measured for 
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0 mM of each 5’ NMP solution till 300 seconds, after which appropriate volumes of 

the corresponding 5’ NMP stock solution was added and mixed so that the final 

concentration was 10 mM. The reading was monitored for another 300 seconds so 

that the signal was stabilized. Following this, the same procedure was repeated to 

get the stabilized fluorescence intensity for 50 mM and 100 mM of final 

concentrations of the various 5’ NMPs. All these reactions were carried out at room 

temperature. 

 

Steady-state fluorescence analysis using pyrene 

 
The self-assembly behavior of different NMPs was studied using a solvatochromic 

fluorophore I.e., pyrene. To carry out the experiment, 2 μl of a 200 μM solution of 

the dye was mixed with 100 μl of the sample, resulting in a final concentration of 5 

μM. The mixture was then incubated at 25°C while being shaken at 400 rpm for 20 

minutes to allow the dye to incorporate into the hydrophobic regions of the self- 

assembled structures. Pyrene was excited at 335nm and the emission spectra was 

taken from 350 to 600nm. The fluorescence readings were taken at a 90° angle 

using a FluoroMax 4 fluorescence spectrophotometer (made by Horiba Jobin Vyon) 

with a 150 W CW ozone-free xenon arc lamp. The excitation and emission slit width 

were maintained at 2 nm, while for anisotropy measurements, they were kept at 3 

nm. Lamp intensity variations were monitored and corrected as needed. 

 

Temperature-dependent fluorescence analysis using pyrene 

 
For temperature-dependent fluorescence studies, either 10 mM or 50 mM of 

corresponding 5’ NMP solution was preheated for 15-20 min at the required 

temperature. The UV/Vis cuvette ( obtained from Helma) and the UV/Vis cuvette 

holder were separately incubated at the same temperature. After the incubation, the 

solution was transferred to the UV/Vis cuvette and the fluorescence emission 

spectrum was recorded for pyrene. All other parameters such as pyrene 

concentration (5 μM) and slit width (2 nm) were kept constant. 

 

Self-assembly in presence of different co-solutes 

 
The physicochemical properties of self-assembled structures of 5’ NMPs were 

studied using pyrene in the presence of various metal ions (KCl, NaCl and MgCl2). In 

a typical reaction, 100 mM for KCl/NaCl or 50 mM for MgCl2 was added to the 5’ 
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NMP solution with varying concentrations (to a final concentration of 0.1 mM, 1 mM, 

10 mM, 50 mM and 100 mM). As mentioned above, pyrene at a final concentration of 

5 μM was added to each experiment and fluorescence readings were recorded at 

room temperature. All other experimental parameters were kept same as that of 

steady state fluorescent measurements using pyrene. 

 

NMR data acquisition 

 
NMR experiments data acquisition was performed on Bruker 400 MHz NMR 

spectrometer, furnished with BBI Broadband Inverse Double Channel Probe. 1H 

NMR experiments were recorded for different concentrations of nucleotides viz. 10 

mM, 50 mM and 100 mM, dissolved in D2O. 2D NMR experiments were recorded at 

50 mM for all the nucleotides. 

 

Results and Discussion 

 
Rayleigh scattering for Nucleoside 5'-monophosphates (5' NMPs) 

 
In order to get an initial confirmation that nucleotides do form supramolecular 

structures, Rayleigh scattering was used. 5’ NMP samples were excited at 400 nm, 

and emission fluorescence intensity was monitored at the same wavelength i.e., 400 

nm. It was made sure that nucleotides do not absorb at that wavelength. As can be 

seen in Figure 4, an increase in scattering intensity was observed with an increase in 

the concentration of the sample over time. The concentrations of 5’ NMPs used were 

0 mM (just nanopure water), 10 mM, 50mM and 100mM. After addition, each 

concentration was given some time to stabilize after which we didn’t see any 

fluctuations in the intensity for each concentration. This experiment indicated that 

there is a formation of higher order structures, which could be probably due to the 

self-assembly of nucleotides given that they have a heterogenous base that can 
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facilitate this. 
 

 
 
 

Figure 4: The graph depicts the Rayleigh scattering for all the 5’ NMPs. Nucleoside 
monophosphate samples were excited at 400 nm, and emission fluorescence intensity was 
monitored at the same wavelength. The X-axis represents time (in seconds) and the Y-axis 
indicates normalized scattering intensity. 5’ NMPs were added such that the final 
concentration was 10mM, 50mM and 100 mM after 300, 600 and 900 seconds, respectively. 
There was a clear increase in the scattering intensity with the increase in the 5’ NMP 
concentration, which can indicate the formation of higher-ordered structures. 

 
 

Pyrene assay for 5’ nucleoside monophosphate 

 
As previously stated, pyrene is a polycyclic aromatic hydrocarbon (PAH) that has a 

unique emission spectrum. It exhibits five distinct peaks, and the ratio of the first 

peak to the third peak (I1/I3) is used to determine the micro polarity of its 

surroundings. This ratio is highest in polar environments and decreases as the 

environment becomes less polar (such as when pyrene is partitioned into a 

hydrophobic interface). The highest I1/I3 ratio for pyrene was observed in water. 

Pyrene also demonstrates excimerization at approximately 460 nm, which is 

measured by the Iex/I1 ratio (the emission fluorescence intensity at 460 nm divided by 

the intensity of the first peak). The formation of pyrene excimers has been the focus 

of numerous studies, which have proposed various models for the process. Some 

models suggest that excimerization occurs when the excited state pyrene (P*) 
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monomer collides with the ground state pyrene (P) monomer, implying that diffusion 

plays a significant role in the process. Other studies suggest that the static contact 

between the P and P* monomers, when they are in close proximity, leads to excimer 

formation through pyrene aggregation in the hydrophobic core (as shown in Figure 

5). However, in all of these scenarios, contact between the P and P* monomers 

results in excimerization. (Barenholz et al. 1996). 

 

 
 

 
Figure 5: Upper panel shows pyrene spectrum in methanol with I1 and I3 peaks labelled. 
Increasing concentration leads to the formation of excimerization at around 460-470nm. 
Adapted from Zaragoza-Galán, et al. Molecules 19.1 (2013): 352-366. The lower panel 
shows pyrene ground state monomer (P) interacting with an excited state molecule (P*) to 
form an excimer (PP*). 
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In order to examine the characteristics of the self-organized structures pyrene 

emission spectra were obtained at different concentrations for each of the 5' NMPs 

and I1/I3 and IEx/I1 ratios were quantified (Figure 6 and 7). As is evident in Figure 6, 

the pyrene fluorescence spectra are different for all 5’ NMPs. As seen in Figure 7, a 

decrease in the I1/I3, indicating an increase in hydrophobicity with an increase in 

concentration, was observed for all the systems except GMP, which showed a 

peculiar result. Surprisingly, GMP first showed a decrease in the I1/I3 due to an 

increase in hydrophobicity when the concentration was increased from 0 mM to 10 

mM and 50 mM. However, after this there was a sudden increase in I1/I3 at 100 mM. 

Similarly, for excimerization, an increase in IEx/I1 with increasing concentration was 

observed for all the 5’ NMPs excepting for AMP and GMP. AMP did not show any 

significant change in IEx/I1. In the case of GMP, a sudden decrease was observed at 

100 mM. This can potentially be explained because of the partition of pyrene in a 

heterogenous population of different higher order structures, as GMP is known to 

form structures like tetrads and cylindrical tubes at high concentrations, both of 

which have been reported in previous studies. Therefore, there is a possibility that 

there may be two different populations of GMP aggregates present at higher 

concentrations, and one is favored over the other depending on the concentrations. 

At higher concentration of 100mM, the aggregate morphology is possibly making it 

inaccessible for pyrene to stack between them. Being pyrimidines, UMP and CMP 

have stacking efficiency that is not as prominent as the purines, leading to unstable 

and transient aggregates, which potentially is leading to higher excimerization values 
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as seen in Figures 6 and 7. 
 

 
Figure 6: The plots show the normalized pyrene emission spectra at different concentrations 
of indicated 5’ NMP solution. The Y-axis indicates normalized fluorescence intensity and X- 
axis indicates wavelength (in nm). 

 
 

 

 
Figure 7: The scatter plot shows pyrene I1/I3 ratio (left panel) and pyrene IEx/I1 ratio for 
different 5’ NMPs at various concentrations. The X-axis indicates the concentration in mM 

and the Y-axis indicates the indicated ratios for the corresponding 5’ NMPs. Different colors 

depict different 5’ NMPs studied. N=3, error bar=SD. 
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Figure 8: The proposed model showing the partition comparison of purines and pyrimidines. 
The presence of rigid self-assembled structures in the case of purines when compared to the 
dynamic and transient assemblies resulting in the case of pyrimidines, can potentially 
explain a lower excimerization in purines when compared to pyrimidines. The right panel 
shows how the presence of metal ions like Na+ are known to induce and aid the formation of 
supramolecular structures of GMP. Adapted from (Wong et al. 2005) 

 

The major trend of decrease in hydrophobicity seen confirms the formation of 

aggregates as also indicated by an increase in Rayleigh scattering, while the 

excimerization depicts the dynamicity of these self-assembled structures. Thus, 

these results help in understanding the self-assembly and the dynamicity of the self- 

assembled structures of 5’ NMPs at various concentrations. We propose that the 

purines are closely bound in their self-assembled structures, thereby not allowing the 

pyrene molecules to diffuse and interact with each other, leading to low or no 

excimerization unlike in pyrimidines (Figure 8). This also corroborates with the fact 

that purines have better capability to stack than pyrimidines do. 

 

Temperature dependent pyrene assay for nucleoside monophosphate 

 
Next, we wanted to study the dynamics and the stability of the self-assembled 

structures of various 5’ NMPs. For that, we investigated the temperature-dependent 

changes in the physicochemical properties of these structures. In a typical 

experiment, the I1/I3 and IEx/I1 ratios of pyrene fluorescence was monitored for 50 

mM of the corresponding 5’ NMP solutions and at different temperatures (30°C, 

40°C, 50°C and 60°C). 

 

As observed in Figure 10, the I1/I3 ratio for AMP remains unchanged over the 

investigated temperature range. For GMP, the I1/I3 ratio stays the same at 30°C and 

40°C, after which it decreases significantly to 50°C and 60°C. In the case of 

pyrimidines, i.e., CMP and UMP, the I1/I3 ratio decreases with an increase in 
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temperature. As observed in Figure 10, there was an increase in the IEx/I1 i.e., 

excimerization in the case of AMP and GMP. This is expected as aggregate stability 

decreases with increase in temperature, making them more transient. This would 

result in more ready interactions between the pyrene molecules that could result in 

higher order structures, making a larger number of smaller hydrophobic aggregates. 

In the case of GMP, a drastic increase was observed in IEx/I1 at 60°C. This could be 

due to the formation of a different population of aggregates, wherein the smaller 

sized population is possibly getting favoured at higher temperatures. Contrarily, for 

CMP and UMP, excimerization decreased with an increase in temperature, which 

can be explained by less stacking capability of pyrimidines. These results helped us 

to understand the stability of aggregates over different temperatures. Overall, the 

stability of the aggregates decreased over higher temperature. AMP and especially 

GMP exhibited relative increase in excimerization at high temperatures, whereas in 

the case of UMP and CMP, the excimerization decreased relatively with an increase 

in temperature. 

 

 

Figure 9: Temperature-dependent change in micropolarity of self-assembled structures of 5’ 

NMPs. The scatter plot shows pyrene I1/I3 ratio for purines (left panel) and pyrimidines (left 
panel). The X-axis shows the temperature in celsius, and the Y-axis shows the indicated 
ratios for corresponding 5’ NMPs. Different colors depict different 5’ NMPs used. N=2, error 
bar=SD. 
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Figure 10: Temperature-dependent change in micropolarity of self-assembled structures of 

5’ NMPs. The scatter plot shows pyrene IEx/I1 ratio for purines (left panel) and pyrimidines 
(left panel). The X-axis shows the temperature in Celsius, and the Y-axis shows the 
indicated ratios for corresponding 5’ NMP. Different colors depict different 5’ NMPs used. 
N=2, error bar=SD. 

 
 

Pyrene anisotropy for nucleoside monophosphate 

 
Fluorescence anisotropy is the term used to describe the polarization of light that is 

emitted by a fluorophore. The degree of polarization of the emitted light is measured 

as anisotropy, which provides information about the rotational motion of the 

fluorophore and its local environment. Fluorescence anisotropy is used to study 

molecular-level motions. Fluorescent molecules are activated by plane-polarized 

light, and if the molecules are stationary, they continue to emit light in the same 

polarization plane. However, the light released will be in a different plane from that of 

the original excitation if the excited molecule spins or falls out of the plane of the 

polarized light while in the excited state. The intensity of the emission light can be 

measured in both the original vertical plane and the horizontal plane when utilizing 

vertically polarized light to stimulate the fluorophore. The degree to which the 

emission intensity shifts from a vertical to a horizontal plane is correlated with the 

fluorophore's mobility. pyrene fluorescence anisotropy was thus used to understand 

the pyrene movement in the resultant 5’ NMP aggregates. 

 

All the 5’ NMPs were used in five different concentrations i.e., 0.1, 1, 10, 50, and 100 

mM. We see a clear trend in the anisotropy of the 5’ NMPs; As seen in Figure 11, 

UMP showed the highest anisotropy followed by CMP, GMP, AMP. This could be 

due to the entrapment of pyrene molecules in several smaller aggregates of UMP, 

thus restricting its movement, leading to high anisotropy. Based on these results, we 
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can also comment about the size of the resultant aggregates. It seems that AMP 

scenario results in the largest size aggregates, followed by GMP, CMP and UMP, in 

a descending order. 

 

 
Figure 11: Concentration-dependent change in anisotropy of self-assembled structures of 5’ 
NMPs. The scatter plot shows the anisotropy value of pyrene (Y-axis) with respect to the 
concentration of corresponding 5’ NMPs (X-axis). N=3, error bar=SD. 

 
 

Pyrene assay for nucleoside monophosphate in the presence of metal ions 

 
According to the famous J.B.S. Haldane, a proponent of the prebiotic soup 

hypothesis of life’s origins, life on the early Earth came from a soup which is a 

mixture of different molecules. Given this, the various co-solutes present in this 

molecular milieu, might have had different effects on self-assembly of nucleotides. 

Pertinently, metal ions were present in the prebiotic Earth just like in extant biology, 

wherein they have several important roles for example as cofactors for various 

enzymes and are also required for cell signaling. So, understanding their effect on 

prebiotic processes could also help with bridging the huge gap between prebiotic 

cellular life and extant cellular life. We used sodium, potassium and magnesium for 

our study. These metal ions are also known to help in the formation of G quartets 

(Wong et al. 2005). Metal ions were used in different concentrations depending on 

the metal. Metal ion concentration used were as follows: [Na+ ]= 100 mM, [K+] = 100 

mM, [Mg2+]= 50mM. As is clearly evident from Figures 12,13, 14, 15, it can be clearly 

seen that in all the cases evaluated, the metal ions had a significant effect on the 
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assembly nature. This data set shows the pyrene spectra for all the 5’ NMPs in the 

presence of metal ions, which is clearly different spectrally from the control (only 5’ 

NMP As observed in Figure 18, I1/I3 ratio for all the systems remains similar for all 

the system. Interestingly, as shown in Figure 19, the excimerization i.e., IEx/I1 we can 

see that the ratio for GMP goes up after 50mM, for AMP it remains similar, for the 

pyrimidines there is a decrease in the ratio. These experiments clearly indicate that 

5’ NMP self-assembly is significantly affected by the co-solutes like metal ions. This 

experiment clearly demonstrates the role of metal ions on the dynamicity of the 

aggregates. 

 

 

Figure 12: The plots show normalized pyrene emission spectra at different concentrations of 
AMP solution in the absence and in the presence of various metal salts as indicated (sodium 
chloride, potassium chloride and magnesium chloride). The Y-axis indicates normalized 
fluorescence intensity and X-axis indicates wavelength (in nm). 
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Figure 13: The plots show the normalized pyrene emission spectra at different 
concentrations of GMP solution in the absence and in presence of various metal salts as 
indicated (sodium chloride, potassium chloride and magnesium chloride). The X-axis 
indicates normalized fluorescence intensity and X-axis indicates wavelength (in nm). 

 
 

 

 

Figure 14: The plots show the normalized pyrene emission spectra at different 
concentrations of CMP solution in the absence and in presence of various metal salts as 
indicated (sodium chloride, potassium chloride and magnesium chloride). The Y-axis 
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indicates normalized fluorescence intensity and X-axis indicates wavelength (in nm) 
 
 

 

 

Figure 15: The plots show the normalized pyrene emission spectra at different 
concentrations of UMP solution in the absence and in presence of various metal salts as 
indicated (sodium chloride, potassium chloride and magnesium chloride). The Y-axis 
indicates normalized fluorescence intensity and X-axis indicates wavelength (in nm). 
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Figure 16: The scatter plot indicates pyrene I1/I3 ratios of indicated 5’ NMPs in the presence 
of various metal ions (depicted by different colors). The X-axis indicates the corresponding 5’ 

NMP concentration in mM and the Y-axis indicates the I1/I3 ratio. N=3, error bar=SD. 
 

 

Figure 17: The scatter plot indicates pyrene IEx/I1 ratios of indicated 5’ NMPs in the presence 
of various metal ions (depicted by different colors). The X-axis indicates the corresponding 5’ 

NMP concentration in mM and the Y-axis indicates the IEx/I1 ratio. N=3, error bar=SD. 
 

Pyrene assay in the presence of another co-solute proxy, polyethylene glycol 

(PEG) 

 

As already mentioned, prebiotic soup was a mixture of molecules. In order to mimic 

this crowding and heterogeneity we used polyethylene glycol (PEG-8000) which is a 

non-reactive polymer, its major function is to induce a crowding effect which can 

increase the effective concentration (H. X. Zhou, Rivas, and Minton 2008). PEG 

used in the reaction was 18% w/v. Previous studies have shown PEG can affect 

nonenzymatic template directed replication. 

 

In our experiment we added PEG to the sample to make the final concentration 18% 

w/v. Pyrene was also added to check the dynamicity of the system. Figure 18 

indicates pyrene fluorescence spectra for all the 5‘NMPs in presence of PEG. Figure 

19 shows the quantification of 11/I3 ratio. As you can see in the Figure 19 the 

hydrophobicity goes down for all the NMPs. Compared to control i.e., only 5` NMPs 

the hydrophobicity is less. From the preliminary results it seems that the PEG is 

making the aggregates stable because there is very low excimerisation. PEG being a 
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very large polymer seems to be hindering the formation aggregates. The 

excimerisation data was not conclusive, further study needs to be done in order to 

under the role of PEG more clearly. 
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Figure 18: The plots show the normalized pyrene emission spectra at different 

concentrations of 5’ NMP solution in the absence and in presence of 18% w/v PEG. The Y- 

axis indicate normalized fluorescence intensity and X-axis indicates wavelength (in nm). 

 

 
Figure 19: The scatter plot shows pyrene I1/I3 ratios of indicated 5’ NMPs in the presence of 
PEG (depicted by different colors). The X-axis indicates the corresponding 5’ NMP 
concentration in mM and the Y-axis indicates the I1/I3 ratio. N=2, error bar=SD. 

 

NMR analysis of self-assembly of nucleoside 5’-monophosphate 

 
Studies of stacking interactions between molecules can be conducted using nuclear 

magnetic resonance (NMR) spectroscopy. When two aromatic molecules are close 

enough to one another their pi electron clouds overlap, creating attractive 

intermolecular forces resulting in stacking interactions. Proton chemical shifts in 

aromatic rings can be used to gauge the intensity of the stacking interaction using 

NMR spectroscopy (H. Sigel 2004). Depending on the orientation of the rings and 

the strength of the connection, when two aromatic molecules stack on top of one 
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another, the protons in the stacked rings' chemical shifts, may be shifted up field or 

downfield. The separation between the protons in the stacked rings can influence the 

size of the chemical shift. In addition to chemical shift measurements, NMR can also 

be used to study the dynamics of stacking interactions. For example, spin-lattice 

relaxation times can be used to measure the rate at which molecules exchange 

between stacked and unstacked conformations. NMR is a powerful tool for studying 

stacking interactions in solution, providing information on both the strength and 

dynamics of these important intermolecular forces. 

In our experiment we did 1H NMR in D2O to understand the stacking interaction 

between the nucleotides. We used three different concentrations: 10mM, 50mM, 

100mM for all the concentrations. There is an up field chemical shift in the protons of 

the nucleobase, which shows the stacking interaction. The shift in the proton can be 

seen in Table 1. 

Table 1: The shift in NMR signals for protons of various nucleotides (5`NMPs) at 

different concentrations in D2O. 

 

AMP 10mM 50mM 100mM 

H16 8.61 8.53 8.46 

H10 8.23 8.09 7.97 

GMP 10mM 50mM 100mM 

H15 8.2 8.16 8.11 

H10 5.92 5.88 5.84 

CMP 10mM 50mM 100mM 

H16 8.13 8.12 8.1 

H15 6.01 6.01 6 

UMP 10mM 50mM 100mM 

H22 8.13 8.11 8.11 
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Figure 20: The structures of various 5’ NMPs (i.e., AMP, GMP, CMP and UMP) with labelled 
proton numbers). 

 

 

 
Figure 21: H1 NMR characterization of AMP at different concentrations: 10 mM (lower 
panel), 50 mM (middle panel) and 100 mM (upper panel). Indicated protons i.e., H16 and 
H10 depict a right shift in these protons showing more shielding potentially due to self- 
assembled structure formation. 
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Figure 22: The zoomed version of Figure 21 showing H1 NMR spectrum of AMP at different 
concentrations: 10 mM (lower panel), 50 mM (middle panel) and 100 mM (upper panel). 
Indicated protons i.e., H16 and H10 depict a right shift in these protons showing more 
shielding potentially due to self-assembled structure formation. 
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Figure 23: The H1 NMR spectrum of GMP at different concentrations: 10 mM (lower panel), 
50 mM (middle panel) and 100 mM (upper panel). Indicated proton i.e., H10 depicts a right 
shift in this proton showing more shielding due to self-assembled structure formation. 

 

 

 
Figure 24: The zoomed version of Figure 23 showing H1 NMR spectrum of GMP at different 
concentrations: 10 mM (lower panel), 50 mM (middle panel) and 100 mM (upper panel). 
Indicated proton i.e., H10 depicts a right shift in this proton showing more shielding due to 
self-assembled structure formation. 



34  

 

Figure 25: The H1 NMR spectrum of CMP at different concentrations: 10 mM (lower panel), 
50 mM (middle panel) and 100 mM (upper panel). Indicated protons i.e., H16 and H15 depict 
a negligible shift in these protons showing slight to no shielding change. 

 

 

Figure 26: The zoomed version of Figure 25 showing the H1 NMR spectrum of CMP at 
different concentrations: 10 mM (lower panel), 50 mM (middle panel) and 100 mM (upper 
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panel). Indicated protons i.e., H16 and H15 depict a negligible shift in these protons showing 
slight to no shielding change. 

 

 
Figure 27: The H1 NMR spectrum of UMP at different concentrations: 10 mM (lower panel), 
50 mM (middle panel) and 100 mM (upper panel). Indicated proton i.e., H22 depicts a 
negligible shift in these protons showing slight to no shielding change. 
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Figure 28: The zoomed version of Figure 27 showing the H1 NMR spectrum of UMP at 
different concentrations: 10 mM (lower panel), 50 mM (middle panel) and 100 mM (upper 
panel). Indicated proton i.e., H22 depicts a negligible shift in these protons showing slight to 
no shielding change. 

 
 

2D NMR NOESY for Understanding the interactions 

 
NOESY is a technique used for studying the spatial relationships between protons in 

a molecule. It is used to determine the relative positions and distances of protons in 

a molecule, and can be used to investigate the structure, dynamics, and interactions 

of molecules in solution. NOESY spectra is a 2D spectra in which the chemical shift 

of the protons in a NOESY experiment is represented by the first dimension of the 

spectrum, and the transfer of magnetization from one proton to another is 

represented by the second dimension. The nuclear Overhauser effect (NOE), a 

phenomenon of quantum mechanics, resulting from the interaction of nuclear spins, 

is responsible for the transfer of magnetization. The NOE happens when a proton's 

magnetic field interacts with another proton's resonance frequency. A cross peak in 

the NOESY spectrum indicates that there has been a transfer of magnetization 

between two protons when they are close to one another in space as a result of the 

NOE. 
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In order to study stacking interactions, NOESY can provide information on the 

orientation of two adjacent nucleotides or aromatic rings in a molecule, which can 

help to determine the type of stacking interaction present. In our experiments we can 

clearly see the correlations between different protons for all the 5’ NMPs. 

 
 
 
 
 

Figure 29: This Figure shows 2D NOESY spectrum for CMP at 50mM concentration 

recorded in D2O. H22-----H23, H22----H7, H23 --- H5 are the proton interactions that are 

clearly visible in this spectrum. 
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Figure 30: This Figure shows 2D NOESY spectrum for AMP at 50mM concentration 

recorded in D2O.H10-----H7 H10----H2 H7 ---- H2 are the proton interactions clearly visible in 

this spectrum. 
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Figure 31: This Figure shows 2D NOESY spectrum for GMP at 50mM concentration 

recorded in D2O. H7-----H10, H10----H5, H5 ---- H7 are the proton interactions visible in this 

spectrum. 
 
 

Figure 32: This Figure shows 2D NOESY spectrum for UMP at 50mM concentration 

recorded in D2O. H16----H5, H16-----H3, H16 ----- H7 are the proton interactions visible in this 

spectrum. 

 
In Figure 29 ,30 ,31 ,32 we can see the cross peaks of the 2D spectra that shows 

which protons can interact with which other protons. All the experiments were done 

in D2O in 400 MHz NMR spectrometer. Stronger interaction has an increase in signal 

intensity. These interactions help us to determine the spatial arrangement of the 

protons and thus the molecules. From the above spectra it can be clearly seen that 

there is spatial interaction between the nucleotides, which strongly supports the 

formation of higher order aggregates at the respective 5’ NMP concentrations. 
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Chapter 3: Implications of self-assembly on prebiotically relevant 

processes 

 
 

It is believed that nucleotides, which were present on the early Earth, served as the 

fundamental components for RNA and DNA. These nucleotides were thought to 

have formed through non-enzymatic processes driven by specific environmental 

conditions. In the origins of life field, nucleotides are primarily viewed as the 

precursors to genetic material. However, due to their ability to engage in various 

interactions, they can also create diverse complexes that might have had different 

functions. 

 

Nucleotides as catalyst 

Nucleotide self-assembly can have varying implications on early Earth. As 

mentioned above, nucleotides have a variety of functional groups due to which it can 

show multiple interactions with different molecules such as metal ions, minerals, 

lipids and other prebiotically relevant co-solutes. With metal ions, nucleotides can 

interact either via electrostatic interaction like in the case of Na+, K +, Mg +2, or via 

forming coordination bonds with transition metal ions such as Cu+2, Co+2 etc., to 

result in coordination complexes(Lopez and Liu 2017). Inspired by this, and given the 

plausibility of such complexes to form readily, along with their enhanced stability as 

compared to native enzyme, studies have investigated the capability of these 

complexes to mimic the activity of native enzymes in order to make synthetic/artificial 

enzymes(Wong et al. 2005). 
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Figure 33: The illustration depicts how the presence of metal ions can induce the self- 

assembly of 5’ NMP (this is showing GMP as an example in this context). This image was 
adapted from (Lopez and Liu 2017) 

 

Towards this, GMP has been well-explored due to its tendency to form G- 

quartets/hexads via hoogsteen base pairing and are stabilized by metal ions such 

as: by Na + and K +. In the case of transition metal ions, theory suggests that the 

coordination happens via the ‘O’ atom of phosphate group and the ‘N’ of the 

nucleobase to form different complexes (Griesser et al., n.d.). These coordination 

complexes have been demonstrated to mimic enzymes. One of the studies has 

shown that GMP, in presence of Cu2+ can form metal organic frameworks (MOFs), 

which has the capability to catalyze redox reaction. These MOFs can mimic laccase 

enzymes, which can perform redox reactions. The MOF forms were quite stable over 

a large pH range and had similar or even more catalytic activity than naturally 

occurring laccase enzymes (Liang et al. 2017). This gives us sufficient basis to posit 

that such MOFs can act as catalysts and can be readily formed in a prebiotic setting. 

These can, therefore, be thought of as the simplest form of metabolic molecules, 

which can perform reactions. Nonetheless more work needs to be done in this area 

to better understand how and what kinds of prebiotic reactions they can catalyze. 

Nucleotides in solubilizing hydrophobic molecules 

 
As already mentioned, nucleotides can indulge in multiple interactions. One of the 

interactions it participates is in pi-pi stacking, in which the aromatic system of the 

nucleobases can interact with other aromatic systems. Previous studies have shown 
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interaction with aromatic systems like bipyridine, phenanthroline etc., by calculating 

the association constants (H. Sigel 2004). In the presence of metal ions like Cu2+, 

the association constant increases. Hence, it if fair to think that prebiotic molecules 

having aromatic systems could have interacted with amino acids like tyrosine, 

phenylalanine etc., with potentially interesting implications for prebiotic chemistry. 

 

 
Figure 34: The illustration depicts how nucleotides could have driven the solubilization of 
hydrophobic molecules (peptide clusters are shown here as an example). This image 
reproduced form (Pandey et al. 2022) 

 

In extant biology we see a variety of amino acids, ranging from the polar to the 

aromatic residues. The low solubility of aromatic amino acids in water would have 

hindered the addition of these amino acids in any prebiotic peptide formation on the 

early Earth. For example, let's imagine there is a peptides formation reaction going 

on in hydrothermal vents on the prebiotic Earth. The aromatic amino acids are poorly 

soluble in water, hence there will be very low to minimal aromatic amino acid 

concentration available for participating in the peptide formation reaction. However, 

the solubilization property of nucleotides could have helped in dissolving these 

aromatic amino acids in water, thus making them available for such reactions. This is 

one of the ways by which nucleotides could have facilitated prebiotic reactions. 

 

In order to understand this we used Fluoresceine diacetate (FDA) which can act as a 

proxy for the hydrophobic molecules in early Earth. We check the solubility of FDA in 

presence of 5`NMPs which showed increase as we increased the concentration of 

nucleotides. We also wanted to understand its effect on nonenzymatic replication we 

used bipyridine (BPY) which acted as a proxy for all the aromatic rings. Addition of 

BPY in the reaction reduced the rate and in order to understand the interaction we 

used UV/Vis spectroscopy. 
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Material & Methods 

 
All materials used in the subsequent experiments were reagent grade and used 

without further purification. Disodium salts of guanosine 5’-monophosphate, cytosine 

5’-monophosphate, adenosine 5’-monophosphate, uridine 5’-monophosphate were 

obtained from Sigma Aldrich. 2,2 Bipyridine was obtained from Thomas Baker. 

 

UV/Vis spectroscopy 

 
The absorption spectra were recorded with a UV/Vis spectrophotometer where the 

absorbance reading was taken from 200-600nm. The main stock of 5’ NMPs was 

prepared in filtered Milli-Q water, while 2,2 bipyridine was prepared in DMSO and 

further dilutions were made in Milli-Q water. UV/Vis spectrometry was done by 

preparing samples of each concentration and then placing them into instrument and 

took their readings. 

 

Urea PAGE analysis for nonenzymatic primer extension 

 
To investigate non-enzymatic template-directed replication, a urea polyacrylamide 

gel electrophoresis (PAGE) method was utilized. Time points were collected in TBE 

buffer containing 8 M urea and 100 mM EDTA. The samples were heated at 90 °C 

along with an excess amount of primer (ten times more than the labelled primer) to 

separate the fluorescently labelled (Cy3) reaction primer from the template. 

Subsequently, the time points were subjected to a 20% denaturing PAGE to 

determine the presence of both the fluorescently labelled primer and the extended 

product. The gels were then scanned using a Typhoon Trio plus imager (GE 

Healthcare), and the scans were analysed using ImageQuant v 5.2 software. The 

extension of the primer over time was calculated by dividing the intensity of the 

unreacted primer by the sum of the intensities of both the reacted (extended) and 

unreacted primer. A linear equation was fitted to multiple early data points to 

estimate the initial reaction rate. 

 

Results: 

 
Solubilization of hydrophobic molecules 
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The prebiotic soup had a diverse set of molecules, ranging from small molecules to 

large polymers. Some of those molecules were hydrophobic in nature so their 

solubility would have limited. Nucleotides, as already mentioned, can show many 

interactions and because of pi-pi interaction it can solubilize aromatic hydrophobic 

molecules ranging from amino acid to PAHs etc. 

In this experiment we used fluorescein diacetate (FDA), which is hydrophobic dye. 

Because of its low solubility in water, it remains in aggregated form and shows low 

absorbance. When we add nucleotides in the system, FDA disaggregates, 

increasing its dissolution in water, which results in an increase in its absorbance 

value. The absorbance was taken at 498nm. 

 

 

 
Figure 35: Schematics showing FDA absorption assay to check for the solubilizing 

capabilities of 5’ NMPs. 

 

As you can see in Fig 36, the purines i.e., AMP and GMP, show a large increase in 

absorbance value when compared to the pyrimidines i.e., UMP and CMP. This is not 

fully surprising as pyrimidines are known to have lower stacking capabilities than 

purines, and hence are not able to dissolve the FDA as readily as purines. This 

experiment shows that the nucleotides can solubilize the FDA dye and it also shows 

the comparison of solubilization capacity of different nucleotides. 
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Figure 36: The solubilization of FDA in the presence of different 5’ NMPs at various 

concentrations. The Y-axis shows absorbance at the λmax of FDA i.e., 498 nm and the X-axis 

depicts various concentrations of corresponding 5’ NMPs (in mM). An increase in the 

absorbance value was observed for all the 5’ NMPs indicating solubilization of FDA with 

increasing concentration of 5’ NMPs. N=3, Error bars = S.D. 

Nonenzymatic template directed replication 

 
On the prebiotic Earth, the formation of enzymes would have been non-trivial; so, in 

order for RNA to replicate it would have had to be enzyme freeNon-enzymatic 

replication of RNA may serve as an intermediate step between the prebiotic 

synthesis of nucleotides and the RNA world characterized by the presence of RNA 

enzymes (ribozymes) that may have facilitated replication in ancient cells containing 

RNA genomes. In the lab, we use 5’ activated nucleotides (imidazole activated 

versions called imidazolides), which are incorporated against the respective 

templating base in the templates, to study nonenzymatic replication reactions. The 

activated nucleotides have a good leaving group, which makes it attack the 

nucleophilic NH2 center on the 3’- NH2 terminated primer, leading to an extended 

primer product. This reaction gives us a plausible mechanism on how RNA could 

have replicated under prebiotic conditions. Importantly, this framework also allows us 

to study how different prebiotically relevant co-solutes, could have affected these 

reaction rates. 
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For nonenzymatic template-directed replication, the RNA primer used was Primer 

Amino G, which terminated with 3′-amino-2′, 3′-dideoxynucleotide (Metkinen, 

Finland) that was acquired from Keck laboratory, Yale, USA. The primers are 

labelled with Cy3 on the 5′ end, which allows for its detection after getting resolved 

on polyacrylamide gel electrophoresis (PAGE) analysis. The RNA templates used in 

the reaction were acquired from Thermos Scientific (Dharmacon). Figure 37 shows 

the sequences used for the primer and templates, where the red color indicates the 

base of the template. 

 
Figure 37: Primer sequence and template sequence used in the nonenzymatic template 
replication. Template has highlighted base to which incoming nucleotide base pairs. 

 
 
 

In order to facilitate the efficient binding between the template and primer before 

starting the reaction, a combination of 0.325 µM primer and 1.3 µM template was 

heated at 90°C for 5 minutes and then cooled to room temperature for another 5 

minutes. Tris (100mM pH 7.0) and NaCl (200 mM) were also added to the reaction 

mixture. Adenosine 5'-phosphoimidazolide (ImpA) was introduced to initiate the 

primer extension reactions with a final concentration of 10 mM. To better understand 

the impact of other solutes on the reaction rate, we performed a test reaction by 

adding cognate nucleotide ImpA across its template base U in the presence of BPY 

as a co-solute, while a control reaction was conducted without BPY. Refer to Table 2 

for the complete list of reaction components. 

Table 2: Summary of reactants used and their concentrations in a typical template-directed 
replication reaction. Test has BPY and control one has no BPY in the reaction mixture. 
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Bipyridine is an aromatic hydrocarbon which can act as a proxy for different aromatic 

rings. BPY has also been shown to have a tendency to stack with nucleotides. 

Therefore, we used urea-PAGE analysis to calculate the rate of nonenzymatic 

template-directed replication, both in the presence and absence of BPY (as detailed 

in the methods section). The rate of addition of the monomer to the primer-template 

complex was significantly decreased in the presence of BPY. This may be mainly 

due to the interaction of BPY and 5’ NMPs that somehow affected the availability of 

the ImpA for the extension reaction. 

We found that the reaction rate in the presence of BPY was 0.264/hr, while that for 

control was 0.477/hr. We saw a decrease in the rate of reaction by around 44.6% 

when BPY was added in the system. This result suggests that there is some 

interaction that could be happening because of which the activated nucleotides are 

not readily available for primer extension, thereby leading to reduction of the 

extension rate. Is it because the nucleotides were forming a complex with BPY 

possibly via Pi-Pi stacking. This possible complex formation between nucleotides 

and BPY was investigated in the next experiment using UV/Vis spectroscopy. 
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Figure 38: (A) Urea-PAGE representative gel image for control vs test reactions. At specific 
time points, the samples were taken from the reaction and were analyzed to eventually 
calculate the extension rate. Rate graph for (B) Control and (C) Test (BPY); the graphs were 
plotted for the ratio of product formation (on X axis) over time (mins) (Y axis). The rate was 
calculated by fitting a straight line for the first five time points. (N=2). 

 
 

Studying the formation of complex using UV/Vis analysis 

 
In order to understand possible interaction happening in the aforementioned reaction 

between BPY and 5’ NMPs, we used UV/Vis spectroscopy to study these complexes 

as they would show a shift in the pattern of the wavelength when interacting. Upon 

forming the complex, there is a red shift in the spectrum because of the stabilization 

of the excited state of the molecules. The red shift was significant in the purines 

when compared to the pyrimidines. As 5’ NMPs and BPY have aromatic systems, 

they can readily stack on each other forming these complexes, which were shown in 

previous studies using UV/Vis spectroscopy and potentiometric titration (Griesser et 

al., n.d.). 

A noticeable change in absorption is often observed when two aromatic systems 

come together to form charge-transfer complexes. UV/Vis spectroscopy is widely 

used to study this kind of phenomenon and has been reported previously for AMP 

and BPY. Therefore, we also decided to use UV/VIS-spectroscopy to measure such 

phenomena in our 5’ NMPs and BPY systems. The 5’ NMP -BPY system hinted 

towards forming an adduct when UV/Vis analysis was carried out at the following 

concentrations, [5’ NMP]=10mM [BPY]=0.8mM, in 100mM Tris buffer. The system 

showed a red shift that can be potentially correlated to adduct formation between 

AMP/GMP and BPY. The other two nucleotides (UMP and CMP) did not show any 

significant shift in the spectra. Pi-pi stacking is an attractive, noncovalent interaction 

(orbital overlap) between the pi bonds of aromatic rings. The interaction occurs 

within aromatic ring systems, which results in stabilization of the molecule's excited 

state. This stabilization causes a reduction in the energy difference between the 

ground and excited states, leading to a longer wavelength and less energy. This 

phenomenon is known as red shift, which we can observe for the BYP interactions 

with AMP and GMP in their respective graphs. 
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Figure 39: The zoomed in view of 5’ NMP -BPY, BPY and 5’ NMP spectra taken originally 
between 200-600nm, Absorbance is plotted on Y axis and wavelength is plotted on X axis. 
(A) AMP-BPY, BPY, AMP (B) CMP-BPY, BPY, CMP (C) GMP-BPY, BPY, GMP (D) UMP- 
BPY, BPY, UMP UV/Vis absorbance v/s wavelength at pH=7-7.7 (N=3). 
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Chapter 4: Conclusion and Outlook 
 

Due to their intrinsic properties and molecular structure that consists of three 

different functional groups (nucleobase, sugar and phosphate backbone), 

nucleotides can self-assemble and interact with surrounding molecules. These 

dynamic assemblies would have influenced various prebiotic processes thus leading 

to interesting consequences for the chemistry that panned out on prebiotic Earth. 

While the self-assembly of nucleotides has been studied, the dynamicity of the 

assembly has not been that well explored. To address this, we used various 

spectroscopy tools to understand this phenomenon, especially from a prebiotic 

context. 

 

To understand the formation of higher-order structures, we first characterized it using 

Rayleigh scattering. As nucleotide concentration increased, scattering intensity also 

increased, suggesting the formation of higher order structures. Next, we used pyrene 

to understand the dynamicity of the system. Peak 1 (I1) and Peak 3 (I3) were used to 

understand the hydrophobicity, and Peak 1 (I1) and Peak Ex (Iex) were used to 

understand the dynamicity. All the 5`NMPs showed an increase in hydrophobicity. 

Pyrimidines had relatively more eximerisation than purines, suggesting that their 

assemblies were more dynamic, whereas the purines showed little to very little 

excimerization. Further, there was an increase in the anisotropy value with an 

increase in the concentration. Overall, UMP showed the highest anisotropy value 

followed by CMP, GMP and AMP, suggesting small size of Ump aggregates which 

leads to restricted movement of the pyrene molecules. 

 

Upon investigating the temperature dependence of nucleotide self-assembly, a 

decrease in IEx/I1 ratio was observed for the pyrimidines (UMP and CMP). This was 

expected as higher temperatures can lead to more vibrational displacement of 

molecules, thus destabilizing the structures. In the case of AMP, there was no 

change in the I1/I3 ratio with increasing temperature, indicating highly stable higher- 

order structures. In the case of GMP, an increase in the I1/I3 was observed, which 

could be due to the breakdown of the higher-order structures, leading to the 

formation of transient and smaller hydrophobic pockets. 

 

The prebiotic soup would have had a plethora of molecules that could have different 

effects on the self-assembly of nucleotides, ranging from metal ions to long chain 
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polymers. To explore this, we studied the effect of prebiotically relevant molecules 

(metal ions and PEG, a proxy for a prebiotic oligomer), on the self-assembly of 

nucleotides. Overall, the hydrophobicity was observed to increase in the presence of 

PEG or metal ions. In the presence of PEG, the hydrophobicity was overall higher to 

begin with as compared to the without-PEG controls, which got further enhanced 

upon increasing concentration. In case of metal ions, the hydrophobicity of purines 

went down and for pyrimidines the hydrophobicity was similar to control. The 

excimerisation went up in case of purines and went down in case of pyrimidines as 

we increase the concentration of nucleotides. These results indicated that the 

presence of oligomeric co-solute molecules (like PEG) and metal ions aid the 

formation of self-assembled structures of NMPs. In order to understand the 

composition of these higher-order structures, we used NMR spectroscopy. The H1 

NMR showed a shift in the nucleobase protons of the spectra, due to the plausible 

stacking of the nucleotides, which leads to this up-field shift in the spectra. 2D 

NOESY NMR confirmed that nucleotides are interacting in specific orientations. 

 

After characterization of the self-assembled structures, we wanted to quickly check 

the implications of such potential self-assembly to prebiotic chemistry. We used an 

FDA assay (which is a hydrophobic dye) to investigate how these structures affect 

the solubilization of hydrophobic molecules. It is important to note that in the 

prebiotic Earth, the majority of the planet is thought to have been covered with 

oceans, wherein hydrophobic molecules would have been unable to dissolve in such 

aqueous conditions. However, we found that the addition of nucleotides led to an 

increase in the solubility of FDA, as characterized by UV absorbance. In addition, we 

also investigated how the presence of the aromatic molecule bipyridine (BPY), would 

have affected nonenzymatic template-directed replication reaction; an important 

reaction central to emergence of functional RNA molecules. BPY has a tendency to 

stack with nucleotides thus aiding their self-assembly. Interestingly, we found that 

the rate of the reaction that we looked at, was significantly reduced when BPY was 

added to it. 

 

To understand this interaction further, we conducted preliminary UV experiments. 

The data suggested that the presence of BPY caused a shift in the spectra of 

purines, indicating that the molecules were involved in stacking-type interactions, 

while in pyrimidines the shift was not prominent which can be explained by lesser 
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stacking capabilities. Overall, our results highlighted the intrinsic properties of 

nucleoside-mono phosphates to self-assemble, the effect of two prebiotically 

relevant co-solute molecules on this self-assembly, and its implications in two 

different prebiotically relevant processes (solubilization of hydrophobic molecules 

and nonenzymatic template-directed replication). We have characterized and 

confirmed the formation of higher-order structures using UV/Vis, fluorescence 

spectroscopy, Rayleigh Scattering and Nuclear Magnetic Resonance (NMR). It 

would be interesting to investigate the effect of other prebiotically relevant co-solute 

molecules (such as lipids, amino acids etc.), on the self-assembly properties of 

various NMPs. Pertinently, delineating the structural heterogeneity of these self- 

assembled structures using sensitive techniques such as X-ray diffraction and 

electron microscopy, would further shed light on the biochemical underpinnings of 

this process. This study thus also paves the path for further exploration of self- 

assembly of nucleotides, and its downstream effects for related biochemical events 

in extant biological processes. 
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