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Abstract The idea is advanced that under the extreme earth conditions for ~3.9 billions
years ago, protein-based β-sheet molecular structures were the first self-propagating and
information-processing biomolecules that evolved. The amyloid structure of these
aggregates provided an effective protection against the harsh conditions known to
decompose both polyribonucleotides and natively folded polypeptides. In the prebiotic
amyloid world, both the replicative and informational functions were carried out by
structurally stable β-sheet protein aggregates in a prion-like mode involving templated self-
propagation and storage of information in the β-sheet conformation. In this amyloid
(protein)-first, hybrid replication-metabolism view, the synthesis of RNA, and the
evolvement of an RNA-protein world, were later, but necessary events for further biomo-
lecular evolution to occur. I further argue that in our contemporary DNA↔RNA→protein
world, the primordial β-conformation-based information system is preserved in the form
of a cytoplasmic epigenetic memory.

Keywords Origin of life . Amyloid . β-sheet conformation . Prions . Replication .

Protein-world . Molecular evolution . Prebiotic chemistry . Memory

Introduction

It is generally assumed that life on earth evolved in a sequential way starting with an intial
prebiotic chemical synthesis of amino acids and nucleobases for ~3.9 billion years ago.
Experimental support for this idea has been obtained by showing that the synthesis of
peptides and ribonucleotides can be achieved under conditions simulating those believed to
have existed at that time. Given the informational and autocatalytic properties of
ribonucleotides, the concept of a primordial RNA world (Gilbert 1986; Joyce 2002; Orgel
2004) has aroused great interest. However, despite its appeal, it has been difficult to explain
the emergence of both stable and meaningful RNA molecules under the prevailing harsh
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conditions of high, near boiling-point of water temperatures, atmospheric electrical
discharges and cosmic radiation, all known to decompose polyribonucleotides (Elicieri et
al. 1989; Larrade et al. 1995; Levy and Miller 1998; Lindahl 1993).

Though less popular, the peptide/protein-first hypothesis (Ikehara 2005; Rode 1999;
Woolfson 2000) has remained an alternative. It is well-known that peptides are readily
formed under abiotic conditions. In the presence of a mineral surface peptides up to 55
monomers long can be synthesized (Ferris et al. 1996). Such peptides, as well as shorter,
can adopt functional three-dimensional structures and assemble through autocatalysis
(Struthers et al. 1996; Lee et al. 1996; Issac et al. (2001). They may, moreover, express both
chiroselectivity and perform dynamic error correction (Issac et al. 2001). The peptide/
protein model, like the RNA model, is, however, problematic with respect to the stability of
the molecules under the extreme conditions on the primitive earth; the native three-
dimensional protein structure is likely to decompose under such conditions.

Here I advance the idea that in the prebiotic peptide/protein world, cross β-sheet
polypeptide aggregates that, in contrast to natively folded polypeptides, possess a rigid,
high temperature-resistant structure and self-propagating characteristics, were the first
replicating and information-processing molecules that evolved. In this protein-first, hybrid
replication-metabolism view, the synthesis of RNA, and the evolvement an RNA-protein
world, were later, but necessary events for further biomolecular evolution to occur. I further
argue that in our contemporary DNA↔RNA→protein world, the primordial β-conforma-
tion-based information system is preserved in the form of an adaptive cytoplasmic
epigenetic memory. My arguments are largely based on recent advancements in prion and
amyloid biology and I shall begin with some of the key achievements that have
substantially changed our view on protein conformatics and information transfer.

Metamorphic Proteins

For a protein to be biologically active, folding into its native three-dimensional structure is
essential. Anfinsen´s principle (Anfinsen 1973) states that a polypeptide achieves its
biologically active state by descending to the thermodynamically most favorable
conformation corresponding to one of some few thousand possible conformers. New data
indicate that this empirical rule may, however, need revision (Boehr and Wright 2008;
Murzin 2008): for the same amino acid sequence an increasing number of proteins have
been shown to adopt under native conditions various folded conformations that exist in
dynamic equilibrium. Moreover, in addition to the production of natively folded protein
isomers, dysfolding through partial folding or unfolding may occur (Chiti and Dobson
2006; Jahn and Radford 2008; Kodali and Wetzel 2007; Maury 2009). Such dysfolded
intermediates can by a templated seeding/nucleation mechanism give rise to specific,
preamyloid polymorphic β-sheet aggregates or mature amyloid fibrils (Chiti and Dobson
2006; Collins et al. 2004; Hamley 2007; Makin and Serpell 2005; Zhang and Muthukumar
2009; Table 1). Importantly, amyloid formation is not always pathological, but may be
functional. Beneficial amyloids have been found in a wide range of organisms, from
bacteria to mammals with functions as diverse as biofilm formation, development of aerial
structures, scaffolding, regulation of melanin synthesis, epigenetic control of polyamines,
and information transfer (Gebbink et al. 2005; Fowler et al. 2007; Maury 2009; Namy et al.
2008; Shorter and Lindquist 2005; Wickner et al. 2007). In fact, amyloid formation seems
to be a generic propensity of polypeptides and the amyloid β-fold an evolutionary highly
conserved primordial structure (Chiti and Dobson 2006; Dobson 2004).
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Prions and Amyloids

Prions are self-propagating infectious agents causing a set of devastating neurodegenerative
diseases known as the transmissible spongiform encephalopathies (Prusiner 1998). The
prion hypothesis posits that a misfolded form of the prion protein, devoid of any nucleic
acid, is the causative and transmissible agent in the prion diseases and that the infectivity of
the prion particle is related to the conformational state of the protein(Abid and Soto 2006;
Prusiner 1998; When-Quan and Cambetti 2005). Notably, the conformational rearrange-
ment of the prion protein results in a stable amyloid structure characterized by a high β-
sheet content and high resistance to proteolysis and poor solubility. The propagation of
prions is based on a templated self-replicative mechanism very similar to that of amyloids
in general (Collins et al. 2004; Serio et al. 2000; Shorter and Lindquist 2004, 2005) The
strain specificity of the prions is also related to the specific β-conformational state of the
protein. Thus, many of the extraordinary properties of the prions, namely stability,
transmissibility, and strain specificity, are dependent on the amyloid fold.

In addition to the infective mammalian prions several naturally occurring functional
prions exist. Growing evidence indicates that such prions may be involved in basic cellular
functions and encode heritable information. By enhancing the expression of antizyme the
yeast prion [PSI+], corresponding to an amyloid conformation of the release factor 3
(Wickner et al. 2007), regulates polyamine metabolism (Namy et al. 2008). The [Het-s]
amyloid prion of Podospora anserina, on the other hand, controls heterokaryon formation
(Balguerie et al. 2003; Saupe 2000). In yeast, the aggregation and propagation domains of
prions are composed of short, low-complexity sequences (Chernoff 2004b). The glutamine/
asparagine (Q/N) rich domains have a particularly high propensity to form self-replicating
amyloid and are found both in mesophilic bacteria and eukaryotes (Michelitsch and
Weissman 2000). Importantly, a striking homology between the sequences of known prions
and peptides formed in the salt-induced peptide formation reaction, simulating early earth
conditions, has been observed (Rode et al. 1999).

Protein-Mediated Information Transfer

Growing evidence favours the protein-only hypothesis stating that information encrypted in
the dysfolded three-dimensional protein structure is transmittable (Chernoff 2004a; Chiti
and Dobson 2006; King and Diaz-Avalos 2004; Prusiner 1998; Ritter et al. 2005; Shorter

Table 1 Characteristics of amyloid

*Amyloid is characterized by a cross β-sheet structure in which the β-strands are oriented perpendicular to
the long axis of the fibers. Typically, two or more extended β-sheet structures stack upon one another
forming a twisted supramolecular fibril 5 to 12 nm wide that exhibits affinity for Congo-red and
thioflavine-T. The molecular details of the fibrils may vary; both parallel and antiparallel β-strand
arrangements have been described. Alternative models to the cross-ß structure have also been presented.

*Amyloid self-propagates by a seeded nucleated growth mechanism in which an intial slow nucleation phase
is followed by fast kinetics where monomers/oligomers are added to the growing protofiber.

*Prefibrillar oligomeric complexes consisting of partially unfolded polypeptides are often intermediates in
the polymerization process. Addition of preformed fibrils has a seeding effect and shortens the lag phase.
Cross-seeding is possible.

*The amyloid structure is believed to underlie the protease resistance, replicative characteristics, strain
specificity, and transmissibility of prions
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and Lindquist 2005; Tanaka et al. 2004; When-Quan and Cambetti 2005; Wickner et al.
2008). The parallel in-register β-sheet amyloid structure of fungal prions (Kajava et al.
2004; Wickner et al. 2008) allows self-propagation and transfer of conformational
information by a templating mechanism as well as the encoding of heritable traits (Wickner
et al. 2008). Synthetic fungal and mammalian prion amyloids induce prion phenotypes in
their corresponding hosts (Legname et al. 2004) and a specific 71-mer β strand amyloid
entity of the HET-s prion has been shown to be the infectious unit of the HET-s prion
(Ritter et al. 2005). The protein-only nature of [PIN+] was recently established by
demonstrating a direct correspondence between in vitro produced amyloid-like Rnq1p
assemblies and the in vivo replication of [PIN+] prions (Patel and Liebman 2007). In
contrast to the fungal prions [PSI+], [URE3], [Het-s] and [PIN+], the protein-only character
of mammalian prions have been more difficult to establish. So far, the best evidence has
been provided by Legname et al. (2004) showing that a fragment of mouse prion protein
after misfolding into β-sheet fibrils can induce prion disease, and by Castilla et al. (2005)
and Weber et al. (2006, 2007) demonstrating the infectious nature of scrapie-like prions
generated in vitro by a cyclic amplification. However, these studies do not provide
definitive proofs for the protein-only nature of mammalian prions; arguments against it
include reservations regarding the purity of the infectious protein preparations used
(Manuelidis 2006) and the possibility that inoculated mutant misfolded prions only promote
disease (Nazor et al. 2005).

The Primordial β-sheet Polypeptide World

To be valid, a theory on the origin of life has to comprise, and be able to explain, at the
minimum, the most fundamental attributes of living systems, i.e. the ability to replicate,
evolve, increase in complexity and compartmentalize under the extreme conditions
prevailing on the early earth. I argue that the β-sheet amyloid model meets these
requirements (Table 2).

Amyloid Generation and Stability In chemical experiments simulating probable early earth
conditions, including non-reducing conditions with N2 and CO2, amino acids and peptides are
readily formed (Brack 2007; Brack and Orgel 1975; Cleaves et al. 2008; Huber and
Wächtershauser 1998; Huber et al. 2003, Imai et al. 1999; Leman et al. 2004; Li et al. 2008;
Miller 1953, 1997; Orgel 2004; Rode 1999; Woolfson 2000). In the Miller experiments a
large number of various amino acids were generated including significant amounts of
hydrophobic residues (Johnson et al. 2008; Miller 1997; Ring et al. 1972). Since amyloid

Table 2 Basis for the β-sheet conformational amyloid/protein-first hypothesis

*Abiotic synthesis of amino acids and oligopeptides occurs readily

*Most polypeptides can adopt a β-sheet amyloid conformation

*The β-sheet fold is structurally stable and resists high temperatures and radiation

*The β-sheet conformation self-propagates, exhibits spatial and functional variability, and transmits
information

*Amyloid formation is accelerated on mineral, metal and lipid surfaces. Amyloid-based supramolecular
scaffolds promote compartmentalization

*Homology exists between the amino acid sequences formed in the salt induced peptide reaction simulating
early earth conditions and sequences found in amyloidogenic prions
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formation is a common propensity of polypeptides in general and almost any amino acid
sequence can be amyloidogenic under appropriate conditions (Chiti and Dobson 2006), the
prerequisites for prebiotic amyloid formation exist. The relatively high content of
hydrophobic residues observed in the randomly produced peptide mixtures, as well as the
presence of alternating hydrophobic and hydrophilic residues (Brack 2007; Brack and Orgel
1975) increases the β-sheet forming potential of such mixtures (Dyson et al. 2006; Galitskaya
et al. 2006; Maury 1994). Under the harsh prebiotic conditions, the highly stable amyloid
structure would have been an obvious selective advantage over the competitive, natively
folded structure: the cross β sheet conformation is resistant to both UVand ionizing radiation,
and to high temperatures (Alper 1993; Brack 2007; Fernie et al. 2007; Meersman and Dobson
2006). Germicidal UV radiation does not inactivate the amyloid-dependent prion infectivity,
nor 30–120 min exposures to temperatures of 100°C or even higher. The β sheet
conformation system fulfils, hence, two basic requirements of any prebiotic chemical
evolution model: (i) that the structural components can be generated by random processes
from compounds present in the presumed primordial environment and (ii) that the
components can provide sufficient stability to allow their spreading in that environment.

Replication and Variability The ability to replicate and evolve is quintessential to all living
systems and is a key feature of the current β sheet model, too. Amyloid propagates by a
self-templating mechanism in which an intial slow nucleation phase is followed by fast
kinetics where monomers/oligomers are added to the growing protofibril (Chiti and Dobson
2006; Jahn and Radford 2008; Serio et al. 2000; Maury 2009; Pellarin et al. 2007; Wang et
al. 2008). Importantly, even very short peptides, 3 to 11 monomers long, may self-assemble
to amyloid fibrils (Balbirnie et al. 2001; Goux et al. 2004; Madine et al. 2009; Maury 1994;
Maury and Nurmiaho-Lassila 1992; Reches et al. 2002; Fig. 1). During amyloidogenesis
a varying number of intermediates are formed and for any given sequence several

a b c

Fig. 1 a Characteristic green birefringence of amyloid (Congo-red staining, polarized light). b Amyloid
fibrils spontaneously created from a gelsolin-related synthetic peptide (SFNNGYCFILD) containing 45%
hydrophobic residues. Experimental conditions were as described (Maury and Nurmiaho-Lassila 1992)
(negative staining, electron microscopy ×67000). c Schematic representation of an antiparallel β-sheet
structure
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three-dimensional structures may be produced. The conformational variability can then be
passed on to new molecular structures in a conformation (strain)—specific manner. The
environmentally best fittest variants and those with the fastest over-all production rate are
likely to become the most populated structures. The β-conformational system may, in a
way, be considered a primeval form of heredity in which information is stored in the β-
sheet structure and then transmitted to daughter molecules.

Organization and Compartmentalization To achieve higher complexity, compartmentalisa-
tion is essential for all evolving molecular systems (Eigen 1971) and is a feature of the early
chemical evolution models of Oparin (Novak 1984), Fox (1980), and Wächtershäuser
(1988). With respect to the present model, organization and compartmentalization are key
features too. Amyloid possesses the inherent propensity to form self-propagating fibrillar
networks that can acts as scaffolds for the amyloid assemblies themselves (Biancalana et al.
2008; Kodama et al. 2004; Krebs et al. 2005; Yagi et al. 2007) as well as for other other
molecules such as nucleobases (Nandi and Nicole 2004; Silva et al. 2008) and lipids (Relini
et al. 2008; Domano and Kinnunen 2008). In a way similar to that of clay and other mineral
beds (Joyce 2002; Franchi et al. 2003) the amyloid surface may also directly enhance the
polymerization of polynucleotides (Dale 2006). On the other hand, interfaces, in particular
lipid interfaces, can promote amyloid formation from precursor peptides by lowering the
activation energy barrier (Relini et al. 2008). The formation of amyloid-based membranes
allowing separation of the replicating β-sheet informational molecules from the surrounding
medium would have resulted in a certain degree organization and individuality, and,
evolvability. Notably, the scaffolding characteristics of amyloid are utilised by several
extant organisms: e.g. fish and silk moths use amyloid to protect oocytes from
environmental hazards (Iconomidou et al. 2000, Iconomidou and Hamodrakas 2008;
Podrabsky et al. 2001 and microbes exploit amyloid as part of a matrix in the process of
biofilm formation (Barnhart and Chapman 2006).

Transition to an Amyloid/Protein-RNAWorld

All theories on the origin of life as well as the question of which biomolecules were the first
to populate the primitive earth have remained speculative due to both shortage of
knowledge of the early earth conditions and to limitations in our understanding of living
entities and life itself.

RNA molecules, based on their catalytic and informational properties, have, anyhow,
been proposed to represent the first biomolecules on earth (Copley et al. 2007; Gilbert
1986; Joyce 2002; Orgel 2004), although it is known that polynucleotides rapidly
decompose under the (assumed) primordial earth conditions of high-temperatures and
cosmic radiation (Elicieri et al. 1989; Larrade et al. 1995; Lindahl 1993; Levy and Miller
1998). The same critique applies to the peptide-first theory: the stability of the native three-
dimensional protein structure can, under such conditions, be questioned. The amyloid-first
hypothesis advanced herein offers a solution to the stability problem and combines the
replication- and metabolism-first paradigms: the structurally stable β-sheet aggregates carry
out both the replicative and informational functions in a prion-like mode involving
templated self-propagation and storage of adaptive information in transmittable β-
conformations. The model fulfils a key necessity of a valid chemical evolution theory too :
the ability of the system to evolve. The amyloid-first model does not exclude, but is
compatible with a later co-evolving RNA world (Dale 2006; Gilbert 1986; Orgel 2003;
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Szathmary 1999) which, indeed, was necessary for further biomolecular evolution to occur.
The amyloid structure could also have enhanced the polymerization of RNA molecules, as
dicussed above, and provided protection for them, as well as for natively folded
polypeptides.

The Amyloid Fold in our Contemporary World

There are several examples indicating that the unique properties of the amyloid fold has
been conserved in the extant world. Functional amyloids are produced by organisms
spanning all aspects of cellular life (Fowler et al. 2007; Maury 2009; Shorter and Lindquist
2005). Bacteria exploit the β-sheet structure for protective purposes. Fungal prion amyloids
can constitute molecular memories and transmit epigenetic information. In mammals,
amyloids have been shown to regulate melanin biosynthesis, activate hemostatic factors,
and even, possibly, in a prion-like mode be involved in long-term memory functions.
Obviously, organisms have evolved taking advantage of the canonical β-sheet fold, a
conformation that possesses high structural stability and resistance to proteolysis, is self-
replicative and has informational properties. On the other hand, amyloid formation must be
strictly regulated; deficient control may result in severe pathology, e.g. cerebral and other
amyloidoses (Maury 1995; Pettersson et al. 2008). Soluble amyloid oligomers displaying a
common conformation are thought to represent the primary pathologic entities in these
disorders (Chiti and Dobson 2006, Glabe and Kayed 2006); in some instances toxicity may
involve the β-structure only indirectly (Schubert et al. 1995).

Conclusion

I have advanced the idea that the first replicators on the primitive earth were protein-based
β-sheet molecular structures that possessed the necessary and sufficient characteristics for
making a biomolecular evolution possible under the prevailing conditions; namely, the
ability to (i) form stable structures and compartments, (ii) self-propagate and transmit
information and, (iii) evolve and increase in complexity. The model represents a hybrid
replication-metabolism view and stresses the importance of a later co-evolving and
dominating protein-RNA world. In our contemporary DNA↔RNA→protein world, the
primordial β-conformation-based information system is suggested to have been preserved
in the form of a cytoplasmic epigenetic memory that functions in a prion-like way. The
prions—and their amyloid-based functional entities—may, in turn, be considered a relic of
an ancient protein-based inheritance system. Finally, the sequential biomolecular
evolutionary steps outlined herein, representing the reverse of current translation and
transcription processes, may also be considered in the context of the biological principle of
“no exception to reversibility” (Zhang 2004).
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