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Abstract

Iron-sulfur clusters are indispensable to extant metabolism and are thought to have
had an ancient role in mediating the chemical reactions that led to life. However, there has
been no clear proposal for how these inorganic clusters came to occupy such an important
position in biology. In this thesis | describe my efforts in delineating a plausible path from
short, prebiotically plausible peptides to longer sequences with similar features to modern
day iron-sulfur proteins.

Small organic thiolates and short cysteine-containing peptides can give rise to [2Fe-
2S] and [4Fe-4S] clusters in aqueous solution when irradiated with UV light in the presence
of iron ions. Additionally, duplications of tripeptides coordinated iron-sulfur clusters give
sequences which are better able to stabilize iron-sulfur clusters, resembling motifs with
cysteinyl ligand spacing highly similar to contemporary ferredoxins. Moreover, the studied
iron-sulfur clusters are redox active and are able to mimic extant metabolic pathways, such
as the first step of the electron transport chain, within protocells favouring the formation of a

proton gradient which could be exploited for central biosynthetic processes.






Thesis Organization and Contribution

This PhD Thesis summarizes my four years of work on the importance of iron-sulfur clusters
in the research on the origin of life. Since iron-sulfur proteins may have evolved from simple
iron-sulfur peptides, my first project was focused on the synthesis and the characterization
of iron-sulfur clusters coordinated by peptides of different length (Chapter 2). | focused then
on the identification of a prebiotically plausible synthesis of iron-sulfur clusters under
conditions compatible with the synthesis of amino acid, nucleotide, sugar and lipid
precursors (Chapter 3). My last project was focused on determining the catalytic activity of
prebiotic iron-sulfur clusters on relevant metabolic reactions (Chapter 4). Even though all
the Chapters are interconnected and contribute to the aim of understanding the role of iron-
sulfur clusters on the early Earth, each project could be viewed as a separate part of the full

story, so that | have chosen to dedicate a separate Chapter to each different topic.

Chapter 1

Chapter 1 is a general introduction on the origin of life and the research studies aimed at
understanding how live emerged on the early Earth. For the sake of keeping the introduction
as general as possible, the specific questions of this Thesis are not introduced here. Claudia
BONFIO wrote this Chapter.

Chapter 2

Chapter 2 is focused on the synthesis and characterization of iron-sulfur clusters
coordinated by L-glutathione and its polymers in aqueous solution. All the wet-lab
experiments concerning L-glutathione iron-sulfur clusters have been performed in
collaboration with Dr. Simone SCINTILLA (University of Trento). The synthesis and
characterization studies of iron-sulfur clusters coordinated by L-glutathione polymers have
been accomplished by Claudia BONFIO. NMR studies were performed by Dr. Simone
SCINTILLA. Structure calculations were completed by Dr. Luca BELMONTE and spectral
decomposition and statistical analyses by Dr. Michele FORLIN. All the experiments were
conceived by Dr. Simone SCINTILLA, Claudia BONFIO and Prof. Sheref MANSY. Claudia
BONFIO wrote this Chapter. Chapter 2 has previously been published with minor changes
as the following publication: Scintilla, S., Bonfio, C., et al. Duplications of an iron-sulfur




tripeptide leads to the formation of a protoferredoxin. Chem. Commun. 52, 13456-13459
(2016).

Chapter 3

Chapter 3 is focused on the UV light-driven prebiotic synthesis of iron-sulfur clusters. This
Chapter is the result of collaboration with Prof. David J. EVANS (Dept. of Chemistry,
University of Hull, Hull, UK), Prof. Jack W. SZOSTAK (Howard Hughes Medical Institute,
Boston, MA, US), Prof. Dimitar D. SASSELOV (Dept. of Astronomy, Harvard University,
Cambridge, MA, US), and Prof. John D. SUTHERLAND (MRC - Laboratory of Molecular
Biology, Cambridge, UK). All the experiments have been performed by Claudia BONFIO,
except for the Mossbauer analyses. All the experiments were conceived by Claudia BONFIO
and Prof. Sheref MANSY. Claudia BONFIO wrote this Chapter. Supporting materials for
Chapter 3 appear in Appendix 1. Chapter 3 has previously been published with minor
changes as the following publication: Bonfio, C., et al. UV light-driven prebiotic synthesis of
iron-sulfur clusters. Nat. Chem. (2017). doi:10.1038/nchem.2817.

Chapter 4

Chapter 4 is focused on the evaluation of the catalytic activity of iron-sulfur clusters. This
Chapter is the result of a collaboration with Dr. Maddalena CORSINI (Dept. of Chemistry,
University of Siena, Siena, IT), and Prof. Graziano GUELLA (Dept. of Physics, University of
Trento, Trento, IT). All the experiments have been performed by Claudia BONFIO. All the
experiments were conceived by Claudia BONFIO and Prof. Sheref MANSY. Claudia
BONFIO wrote this Chapter. Supporting materials for Chapter 4 appear in Appendix 2.
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Chapter 1 - Introduction

The research on the origin of life

The fundamental question of how life emerged on Earth has always fascinated
scientists and philosophers. Extant life mainly exploits six chemical elements (C, H, O, N, P,
and S) to form biological macromolecules.® However, simple geochemical models and

inferences from ancient sediments would suggest that the elemental composition of Earth’s

oceans and atmosphere underwent significant changes on geological time scales (Figure
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Figure 1.1 | Variations in elemental concentrations through time, based on geochemical models and
extrapolations from ancient sediments. Colour gradients indicate a transition from sulfur-poor, anoxic oceans
before 2.4 billion years ago (light blue region) to hydrogen sulfide-rich oceans between 1.8 and 0.8 billion years
ago (blue region) to the complete oxygenation of the ocean (green region). Dashed lines are for elements with
decreasing concentrations (adapted from Anbar A. D.2).



Alterations in the environmental availability of essential elements could have imposed
selection pressures which would have changed the composition of biological
macromolecules and shaped the emergence of life. However, revealing the historical flow
of events that could explain how life arose may not be a realistic goal due to the lack of
“chemical fossils”® and defined details of the physicochemical conditions present on
primordial Earth. Thus, a systematic scientific approach emerged in the past years aimed at
discovering plausible solutions for the prebiotic origins of various classes of biological
building blocks and their respective biopolymers.# This challenging point of view represents
the central open question for research on the origins of life: is it possible to demonstrate that
life could emerge from the self-assembly of small molecules and networks of chemical
transformations?? In order to find an appropriate answer, research on the origins of life
requires interdisciplinary support on topics including the astrophysical context, the
development of prebiotic chemistry, the assembly of the first cells, and the advent of
Darwinian evolution. That is, the main challenge on the path to understand how life arose
on Earth is to imagine an ensemble of molecules that is simple enough to form by self-

assembly, yet sufficiently complex to display the essential properties of a living organism.®

There is little consensus on the definition of life. Life forms could be considered as
self-replicating molecular systems able to progressively evolve.® Extant life is based on
genetic polymers able to store information (nucleic acids), genome-encoded catalysts that
facilitate self-replication (proteins), and compartmentalization systems capable of protecting
their content and enabling evolution (membranes). A convenient way of representing how
life emerged has been proposed by Robert Pascal, Addy Pross and John Sutherland’ in the
context of a graph with time or system complexity as the abscissa and degree of “aliveness”
as the ordinate, where the starting equilibrium state represents the inanimate and the ending
state represents the animate (Figure 1.2). The intermediate states would require a
disequilibrium route which would correspond to innovation steps, such as RNA replication
or vesicle division, and optimization steps, such as mutation or selection processes.* Thus,
the main challenge for a chemical approach to the research on the origins of life would be
to understand and reproduce all the steps leading to the transition from prebiotic chemistry
to protobiology.® However, aliveness is admittedly an arbitrary and ambiguous term, and
attempts to define life may appear irrelevant to scientific efforts to understand the origin of
life.8
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Figure 1.2 | Evolution from the inanimate to the animate state (adapted from Sutherland J. D.4).

1.1 First studies on the origins of life

Cells were first discovered in the 17" century. However, biologists realized that all
living things are made of cells only in the 19t century.® In that period, vitalism was the most
commonly accepted credence, sustaining that living things were endowed with a magical
property that could make animate organisms different from inanimate objects. However, in
1828 Friedrich Wohler reported the synthesis of urea from ammonium cyanate,
demonstrating for the first time that biological molecules could be made from simpler, “non-
living” molecules.®

Aleksandr Oparin and John Haldane were among the first scientists who got deeply
interested in studying how life emerged on Earth. They independently recovered Charles
Darwin idea from 1871 concerning a “warm little pond” as the potential prebiotic environment
in which a mixture of inorganic salts and simple organic molecules formed more complex
compounds through electricity-, heat- or light-driven reactions. In the Oparin-Haldane
hypothesis, life formed in a “primordial soup” of simple chemicals that could be combined
together to form modern macromolecules.'*? However, they did not provide experimental
data to confirm their theory.

In 1952 Stanley Miller ran his well-known experiment, simulating the early Earth
conditions by observing the effect of electrical discharges on a mixture of water, hydrogen,
ammonia and methane.'® The results he published in collaboration with his PhD advisor
Harold Urey showed the formation of traces of amino-acids.!* Even though later studies

evidenced that the primordial atmosphere had a different mixture of gases, this experiment



has been considered the first fundamental experiment in the field of the modern research
on the origins of life.1®

After the discoveries of the roles of nucleic acids and proteins in cells and their
interconnected activities, any explanation for the origins of life was required to show how
the central dogma of molecular biology came into existence. Since RNA was structurally
similar to DNA and could fold like proteins, potentially performing enzymatic activity, in 1968
Leslie Orgel suggested RNA as the primordial highly versatile living molecule at the basis of
life.1® He suggested that the crucial aspect of life, and thus the first that emerged, was the
ability of a living system to reproduce itself. The discovery in 1982 of ribozymes, RNA
sequences with catalytic activity, by Thomas Cech and colleagues seemed to confirm
Orgel’s hypothesis.!” Few years later Walter Gilbert coined the expression “RNA world” to
describe how RNA molecules led to the emergence of life.'® Alternative candidates to RNA
for the primordial replicator were proposed in the past years, obtained by changes in the
backbone structure, such as with amide bonds in peptide nucleic acids!® (PNAs), or
composition, such as by substituting ribose with threose in threose nucleic acids?® (TNAs)
and in glycol nucleic acids?* (GNAS).

However, throughout the years many researchers pointed out that other features of
life seemed essential, such as metabolic pathways or compartments. An alternative view for
the emergence of life was proposed in the late 1980s by Giinter Wachertshauser.?? He
envisioned the first metabolic cycle as a pull of chemical reactions taking place in a hot
aqueous high-pressure environment enriched by volcanic gases and minerals. The
discovery of less extreme alkaline “hydrothermal vents” in the deep oceans, made of porous
rocks densely populated by bacteria and rich in iron-sulfur based minerals such as pyrite
pushed the geologist Michael Russell?® and later the biologist William Martin?* to modify
Wachertshauser theory and propose a new hypothesis, the “iron-sulfur world”, for describing
the origins of life.

In the last decades, a third approach has come out, related to the importance of
membranes. David Deamer and Pier Luigi Luisi independently suggested that, in order to
have either a working metabolism or a self-replicating system, a way to keep all the
essentials of life together, such as simple fatty acid vesicles, must have been formed first.25-
27 On the basis of the intrinsic chemical properties of lipids and their capacity to undergo
spontaneous self-organization into vesicles, Daniel Segré proposed a “lipid world” as an
early evolutionary step in the emergence of life on Earth.?® Recently, more unified
approaches in the research on the origins of life are emerging, showing that RNA replication



and compartmentalization could happen simultaneously?® or that the prebiotic conditions for

the synthesis of amino acids and nucleotides could be the same.®

1.2 The "RNA world”

How could modern organism have arisen from a “prebiotic soup”, since modern DNA
depends on enzymes for replication and modern proteins depend on DNA for their genomic
information? The postulation of an RNA world seems able to solve this famous chicken-and-
egg problem (Figure 1.3). The RNA world theory is based on the idea that there was a period
in the early history of life on Earth when RNA, or something chemically similar, was able to
store genetic information and to carry out most of the replicative and metabolic processes

needed for chemistry to be converted into biology.®
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Figure 1.3 | Schematic representation of the “RNA world” concepts: on early Earth RNA would have been able

to behave both as a protein and DNA (adapted from www.chemistryworld.com).

As previously mentioned, in the 1960s Orgel and other researchers recognized that
RNA was a good candidate to explain the origins of life on Earth, since a system based on
RNA would be a good prebiotic ancestor to the more complex triad DNA-RNA-proteins at
the basis of modern molecular biology.'® Discoveries of naturally occurring ribozyme
catalysts,'” with the demonstration that ribosomal RNA catalyses peptide bond formation30:3
allowed the RNA world theory to become widely accepted and established. However, few
arguments about the plausibility of the RNA world theory still remain unanswered. Could
RNA have formed on the early Earth? Could RNA self-replicate and perform all the functions
of life by itself?

The prebiotic synthesis of nucleotides from a prebiotically plausible mixture of

compounds initially appeared challenging suffering from limited regio- and stereoselectivity



and detrimental side reactions. In recent years, progress has been made, for example
advances towards a prebiotically plausible synthesis of nucleotides,*? a ribozyme-mediated
conversion of the 5'-hydroxy groups of RNA into 5'-triphosphates,®® and the ribozyme-
mediated polymerization of nucleoside triphosphates into RNA.** Indeed, in 2009
Sutherland and co-workers realized that the synthesis of nucleotides could be pursued
following an alternative pathway to the sequential sugar-nucleobases-phosphate scheme.
Few prebiotically plausible molecules could react together under fairly mild conditions
forming activated nucleotides in the presence of metal ions and ultraviolet (UV) light and
inorganic phosphate, that could behave as catalyst, reactant and buffer at the same time.3®
Moreover, being inspired by Orgel’s pioneering work,%¢ Jack Szostak showed that RNA
activated monomers could assemble into polymers by using a template to orient and guide
all the pieces together within lipid vesicles (Figure 1.4).2° Regardless of the question of when
cells originated and started to play a fundamental role in enhancing life metabolic and
evolutionary potential, the coexistence of RNA-based reactions and lipid vesicles
represented a great step forward towards the understanding of how life emerged.3’
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Figure 1.4 | In non-enzymatic nucleic acid self-replication, activated nucleotides or short oligonucleotides bind

to a complementary base in a single-stranded template (B stands for nitrogenous Base, LG stands for Leaving

Group) (adapted from Blain J. C. et al.38).

The ability of RNA to behave as an enzyme was explored even more. In 2001 David
Bartel made an RNA enzyme called R18 that could add new nucleotides to a strand of RNA,
based on an existing template, not just adding random nucleotides, but correctly copying a
sequence.? Ten years later Philipp Holliger’s group showed that a modified R18 could copy

sequences up to 95 nucleotides long, which is 48% of its own length.*® An alternative



approach was published in 2009 by Gerald Joyce, who created an RNA enzyme which could
replicate itself indirectly. This enzyme joins together two short pieces of RNA to create a
second enzyme, able to join together other two RNA pieces to recreate the original
enzyme.** However, regarding the RNA world there is one problem that scientists have not
focused on and solved yet. The first organism must have had some form of metabolism and

no data have been shown so far on a RNA-based prebiotic metabolism.

1.3 The “metabolism-first” theory and the “iron-sulfur world”

Over the last century, chemists have shown many successful pathways for the
prebiotic synthesis of amino acids, nucleotides and lipids. However, there is strikingly little
similarity between this chemistry and the metabolic pathways of cells, in terms of substrates,
catalysts, and synthetic pathways.*?> The alikeness of the metabolic networks of all living
organisms highlight the great universality within the diversity of extant life. Perhaps modern
metabolic pathways contain information about the primordial metabolic chemistry that
existed on the early Earth. In the late 20" century, Harold Morowitz and colleagues built
upon the idea of an autotrophic chemical network to provide a theory for the origin of
metabolic biochemistry.*® At the core of the metabolic network, Morowitz placed the
(reductive) citric acid cycle, which represents the central driving force for all biosynthetic
pathways. Indeed, sugars and amino acids can be synthesized by phosphoenol pyruvate
and keto acids, respectively, and nucleic acids are derived therefrom. The crucial point of
the whole metabolic pathway would be the autocatalysis of each individual synthetic step.**
Moreover, the network would represent a sink for carbon-rich compounds, driving the
synthesis of more complex molecules starting from carbon dioxide. According to the view of
Morowitz, the origin of metabolism would have been, therefore, a prebiotic non-enzymatic
reductive citric acid cycle eventually involving catalytic surfaces such as metal sulfides to
drive biochemical reactions.*®> Indeed, modern metabolism is dependent on enzymes with
metal ions in their active sites, so it seems plausible that metal ions and simple metal-
complexes took part in some way to prebiotic metabolic-like reactions.

The importance of metals, in particular iron sulfides, was at the basis of Gulnter
Wachtershauser’s theory, which suggests the involvement of iron pyrite in the emergence
of life. In 1988 he proposed that simple prebiotic molecules such as carbon dioxide and
formaldehyde could have been reduced to more complex organic molecules due to the low

redox potential of the iron(Il)/iron(lll) sulfide systems. Since iron sulfide minerals were



thought to be quite abundant in hydrothermal vents on early Earth, the reactions happening
on their surfaces could have represented the connection between geochemistry and
biochemistry.??> The involvement of minerals in the emergence of life is based on few
concepts. Since the hydrolytic power of water would have easily destroyed any synthesized
organic molecule and the “prebiotic soup” would have been rather diluted, it seems more
plausible that high concentrations of chemicals were present in locations isolated from the
ocean, such as small ponds, moist soil and hydrothermal sites, which would be subject to
hydration-dehydration cycles and temperature gradients. In such environments, organic
molecules would have been into close contact with mineral surfaces. The ability of mineral
surfaces to adsorb organic molecules and act as a template to catalyse specific chemical
reactions is widely recognized. Moreover, the adsorption of chemicals in the interlayers of
minerals could have had a protecting role against degradation induced by light.*6
Wachtershauser based his theory on the formation of a mineral surface, that is pyrite

(FeSz) derived from iron monosulfide (FeS) and hydrogen sulfide (H2S).
FeS + H,S — FeS, + 2e™ + 2H*

In an acidic geochemical solution, pyrite is positively charged and can bind phosphates,
thiolates and carboxylates, molecules which are essential in modern cellular metabolism.
The first organism was then a chemoautotroph, able to use pyrite as a source of electrons
and energy. Carbon dioxide would have been reduced resulting in organic molecules such
as carbohydrates, sugars and amino acid precursors, while some metals, such as those
related with modern protein functions, could have evolved into more complex system until
modern biology appeared.*”:48

A few years later, the geologist Michael Russell modified and amplified
Wachtershauser hypothesis of a primordial “iron-sulfur world”. Since iron sulfides are
dominant in hydrothermal vents, they could have acted on the primitive Earth both as
catalysts and reagents. They could potentially drive dehydration, isomerization, cleavage
reactions as well as oxidation and reductions and organic syntheses. Moreover, he realized
that the chemical and temperature gradients present in these sites could have easily allowed
the development of ancient forms of life.#%-°! Expanding and emphasizing Russell’s ideas,
William Martin’s studies on the Last Universal Common Ancestor (LUCA), a hypothetical
primordial organism®252 from which life on Earth is thought to have descended
approximately 3.5 billion years ago, revealed that many ancient enzymes were iron-based

enzymes (Figure 1.5).245455 Indeed, from an evolutionary point of view, proteins containing



iron-sulfur systems, called iron-sulfur clusters, such as ferredoxins and rubredoxins, are
considered among the first enzymes appeared on early Earth and a plausible precursor for
these proteins could have been the iron(ll)/iron(lll) sulfide system.56:57
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Figure 1.5 | Summary of the main interactions of LUCA with its environment, a vent-like geochemical setting,

as inferred from genome data (adapted from Weiss M. C. et al.%5).

Even though the iron-sulfur world theory is intriguing, it has mainly two unsolved
problems. First of all, there is no, or little, experimental evidence for the processes that
Russell and Martin describe. Many research groups are trying to demonstrate the plausibility
of this theory, but still no