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cumulation of domains in ATP synthase complexes and the 
origin and evolution of the ribosome. Phylogenomic stud-
ies suggest the last universal common ancestor of life, the 
‘urancestor’, had already developed complex cellular struc-
ture and bioenergetics. Remarkably, our findings falsify the 
existence of an ancient RNA world. Instead they are compat-
ible with gradually coevolving nucleic acids and proteins in 
interaction with increasingly complex cofactors, lipid mem-
brane structures and other cellular components. This chang-
es the perception we have of the rise of modern biochemis-
try and prompts further analysis of the emergence of bio-
logical complexity in an ever-expanding coevolving world of 
macromolecules. 
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 Introduction 

 Reaching back into the origins of modern biochemis-
try and life remains a grand challenge. Despite advances 
and a multitude of hypotheses, there is little understand-
ing of how the complex world of molecules that fuels life 
originated and evolved. Central questions about the 
emergence of fundamental molecular machinery remain 
basically unanswered. This includes questions of what 
came first, polypeptides or nucleic acids, metabolism or 
replicators, protein structure-based codes or the genetic 
code, molecular mechanics or catalysis. Despite its central 
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 Abstract 

 The origin and evolution of modern biochemistry and cellu-
lar structure is a complex problem that has puzzled scientists 
for almost a century. While comparative, functional and 
structural genomics has unraveled considerable complexity 
at the molecular level, there is very little understanding of 
the origin, evolution and structure of the molecules respon-
sible for cellular or viral features in life. Recent efforts, how-
ever, have dissected the emergence of the very early mole-
cules that populated primordial cells. Deep historical signal 
was retrieved from a census of molecular structures and 
functions in thousands of nucleic acid and protein structures 
and hundreds of genomes using powerful phylogenomic 
methods. Together with structural, chemical and cell biology 
considerations, this information reveals that modern bio-
chemistry is the result of the gradual evolutionary appear-
ance and accretion of molecular parts and molecules. These 
patterns comply with the principle of continuity and lead to 
molecular and cellular complexity. Here, we review findings 
and report possible origins of molecular and cellular struc-
ture, the early rise of lipid biosynthetic pathways and com-
ponents of cytoskeletal microstructures, the piecemeal ac-
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role, we do not know why and how the genetic code 
emerged and what the principles driving its evolution are. 
We still need answers to how the emergence of the code 
and replication mechanisms were linked to the function-
ing of the ribosome and the storage of genetic informa-
tion in RNA and DNA. More importantly, there is no 
knowledge of when and how the primordial ‘container’ 
that wrapped biochemistries emerged and how this emer-
gence constrained change in the evolution and makeup of 
the rising cellular systems. Even the origin of viruses is 
shrouded in mystery. These many unanswered questions 
represent important omissions in biological knowledge 
that need to be urgently addressed.

  In order to understand the rise of cellular structure 
there is a pressing need to unravel the rise of the mo-
lecular world. After all, the cellular makeup is molecular 
and mostly dominated by modules responsible for the 
machinery and the functions of the cell [Caetano-Anol-
lés et al., 2012; Mittenthal et al., 2012]. More important-
ly, it is necessary that we understand how molecules re-
tain ‘memory’ of their ancestors in order to overcome 
perceived barriers to our exploration of ancient bio-
chemistry. For example, there is the belief that we can-
not dig deeper in time past the evolutionary appearance 
of the ribosome, modern translation, and even the last 
universal common ancestor, that we here name the ‘ur-
ancestor’ of cellular life. For example, the establishment 
of the genetic code and the ribosome is used as a thresh-
old over which phylogenetic information encoded in 
modern nucleic acids and proteins cannot be further 
mined or retrieved [for a recent commentary see Bern-
hardt, 2012]. Yet the function-structure-stability inter-
play of a molecule is ultimately responsible for its fitness, 
regardless of the existence of a genetic code and a nucle-
ic acid repository [Caetano-Anollés and Mittenthal, 
2010]. Similarly, the ‘principle of continuity’ that is gen-
erally invoked in molecular evolution [discussed in 
Caetano-Anollés et al., 2012] is disregarded in argu-
ments of phylogenetic thresholds without considering 
principles of emergence and complexity [however, see 
Wolf and Koonin, 2007]. In a way, these biases of opin-
ion are expected. Current ‘origins of life’ research efforts 
remain grounded in genetics and the ‘modern synthe-
sis’, including the overriding idea that genotypic chang-
es precede phenotypic changes. Therefore, it is logical 
that the existence of an ancient ‘RNA world’ be the pre-
vailing hypothesis and that any changes to this view be 
resisted. Genetics has been an important force fueling 
the genomic revolution and the discovery and manipu-
lation of a thriving modern RNA world has been used to 

support this view in lieu of deep phylogenetic knowl-
edge. In a recent critical review, Charles G. Kurland 
comments that the ‘RNA world is an expression of the 
infatuation of molecular biologists with base pairing in 
nucleic acids played out in one-dimensional space with 
no reference to time or energy’ [Kurland, 2010]. While 
emotional and resisted [Bernhardt, 2012], the statement 
highlights the slow recognition of the importance of 
evolution, phylogenetics and physics in biology and the 
highly reductionist views of the genomic revolution that 
have spilled into origins of life research. However, im-
portant paradigm shifts in biology are in the making. 
The complexities of novel epigenetic forces will be inte-
grated with modern genetics and new integrative views 
from systems biology will truly enable synthetic biology. 
Similarly, the evolutionary study of intrinsically disor-
dered regions in proteins remains incipient, showcasing 
our meager understanding of the structure and function 
of macromolecules. As part of the scientific endeavor, 
paradigm shifts are slow to unfold but are inevitable, and 
the apparently immovable views of today will eventually 
be replaced with ones that are more productive. The 
‘molecular reductionism that dominated twentieth-cen-
tury biology will be superseded by an interdisciplinary 
approach that embraces collective phenomena’ [Gold-
enfeldt and Woese, 2007]. The simplicities and limita-
tions of the RNA world theory, as recognized today by 
their proponents [Bernhardt, 2012], will necessarily give 
way to more realistic evolutionary scenarios that have 
more explanatory power.

  Here, we start by dissecting the RNA world conjecture 
that supports, for example, the ‘replicators-first’ hypoth-
esis and its various assumptions. This is necessary in or-
der to understand alternative views, such as the ‘metabo-
lism-first’ and ‘protein-first’ contenders. We then review 
shortcomings of ‘world’ hypotheses in general and dis-
cuss approaches that are based on genomic and biochem-
ical data that dig deep into (reconstruct) the past. We will 
shy away from probabilistic arguments of analogs or dop-
pelgängers of ancient worlds. In our view, they are impor-
tant for chemistry, synthetic biology and nanotechnology 
but in absence of evolutionary reconstruction do not help 
in our discussion. Our goal is to lay a framework to un-
ravel origins and emergence of molecular and cellular 
structure with knowledge from structural, functional and 
evolutionary genomics. In doing so, we will attempt to 
reach views that are maximally parsimonious and unbi-
ased by the multitude of disjointed and often contradic-
tory hypotheses that populate the ‘origin of life’ field.
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  The RNA World Hypothesis and Its Modern 

Contenders 

 The RNA world is one of several ‘world’ hypotheses 
used to explain the origin of life [Kauffman, 2011]. The 
hypothesis considers that modern biochemistry was at 
the beginning solely based on RNA or RNA-like poly-
mers, though modern supporters sometimes concede 
other molecules could have been present during its emer-
gence [Atkins et al., 2006]. The idea of RNA being a pri-
mordial molecule came originally from Alexander Rich, 
Carl Woese, Francis Crick and Leslie Orgel in the 1960s 
[Crick, 1968; Gilbert, 1986; Orgel, 1968; Rich, 1962; Wo-
ese, 1967]. However, it was Walter Gilbert who coined the 
‘RNA world’ term as he conjectured on catalytic RNA and 
its ability to give rise to intron-exon structure, proteins 
and DNA [Gilbert, 1986]. The original ideas received ini-
tial support from the discovery of introns and exons in 
eukaryotic mRNAs, but were extraordinarily boosted by 
the discovery of catalytic RNA in in vitro evolution labo-
ratory experiments [Atkins et al., 2006; Cech, 2011]. Wet 
bench simulations of RNA-based catalytic reactions that 
produce, for example, peptide, ester and glycosidic bonds, 
albeit at very low efficiencies, have been accepted as hard 
and unquestionable evidence for the RNA world exis-
tence, even though these are the constructs of scientific 
manipulation in the world of today and in conditions that 
may be far away from those that were in existence on ear-
ly Earth. As molecular and structural biology research un-
folded the structure and diversity of the molecular world, 
modern catalytic and functional RNA was discovered and 
this again was seen as supporting evidence, even if most 
of noncoding RNA is regulatory and of relatively recent 
origin [Collins et al., 2009]. The contribution of RNA to 
central cellular functions was the especial focus of RNA 
world proponents. For example, high-resolution models 
of the prokaryotic and eukaryotic ribosomes [Ben-Shem 
et al., 2010, 2011; Schuwirth et al., 2005; Selmer et al., 
2006; Yusupov et al., 2001] made explicit the existence of 
mobile inter-subunit bridge contacts and tRNA binding 
sites at atomic resolution and revealed mechanical as-
pects of ribosomal function [Schmeng and Ramakrish-
nan, 2009]. The finding that RNA plays a crucial catalytic 
role in peptide bond formation, even if protein separation 
from the ensemble inactivates ribosomal function, was 
seen as proof of the RNA world paradigm. This sparked 
studies of rRNA structure and models of ribosomal origin 
that had at their center and origin the peptidyl transferase 
center (PTC) that is present in the large subunit of the 
ensemble and is responsible for the formation of the pep-

tide bond [Agmon et al., 2006; Bokov and Steinberg, 
2009; Fox, 2010; Hsiao et al., 2009]. The fundamental as-
sumption in these studies is that the ribosome originated 
in its central function of protein synthesis and not in its 
mechanics, and in the absence of ribosomal proteins (r-
proteins).

  The popularity of the RNA world hypothesis that pre-
vails today is ultimately rooted in the appeal of the RNA 
molecule itself. RNA harbors both the genetic (genotype) 
and physiological (phenotype) properties that are needed 
to sustain life [Schuster, 2010]. In nature, it can be repli-
cated (though never without proteins) and the molecule 
is at the center of central catalytic activities. While the 
properties of RNA polymers are advanced and therefore 
suitably exploited by our bio- and nanotechnological 
might, the possibility that RNA could have arrived late in 
biochemistry has not been adequately explored. Instead, 
the idea behind an ancient RNA world soon displaced 
gradual scenarios of molecular evolution that were very 
sound, including those proposed by Fritz Lipmann, Free-
man Dyson, Christian De Duve and Stuart Kauffmann, 
among others [De Duve, 1995; Dyson, 1982; Kauffmann, 
1986, 1993; Lipmann, 1971]. The alternative hypothesis 
of a ‘protein-first’ world nurtured by initial proponents 
such as Sydney W. Fox was immediately demoted by the 
lure of catalytic RNA, and the demotion still continues 
today [Bernhardt, 2012] despite epigenetics, chaperones, 
prions, phylogenomics and other lines of evidence that 
we will make explicit below and that need to be addressed. 
Gilbert’s speculations have indeed turned into a ‘mantra’ 
that is still inspiring explanations of origins of macromol-
ecules, cells and diversified life [Kurland, 2010]. This 
mantra has benefitted the study of the ‘modern’ RNA 
world, showcasing the important role that RNA plays in 
the cell and its wonderful properties. Unfortunately, it has 
also instilled stasis, by blocking experimental and theo-
retical exploration of alternative views, which are often 
considered heretic and treated with disdain.

  Embedded in the RNA world theory is the ‘replicators-
first’ concept, in which the driver of the emerging living 
system is informational rather than energetic or molecu-
lar [Orgel, 1992]. This is in contrast with the ‘metabolism-
first’ counterpart, where the driver is the optimization of 
energy and mass, or the related ‘lipids-first’ model where 
the driver is compositional [Segré et al., 2001a]. While 
any credible hypothesis of origin has to involve a link to 
function and fitness as optimization principle of the sys-
tem, the separate focus on the ‘genetic’ and ‘composition-
al’ drivers have materialized at different levels, including 
the realm of computational simulation. For example, the 
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‘graded autocatalysis replication domain’ (GARD) model 
that is used to support the ‘lipid world’ [Segré et al., 2000, 
2001b] describes how information in the composition of 
amphiphilic molecules that interact with each other non-
covalently enable growth in evolution of primordial con-
tainer systems. This is done without the need of informa-
tion that is internal to the individual components (i.e. se-
quence or structural information of the amphiphiles). 
While the evolutionary properties of these ‘ensemble rep-
licators’ have been technically contested in light of poor 
evolvability [Vasas et al., 2010], a system that harbors mu-
tual catalysis rather than self-catalysis was recently prov-
en more robust and responsive to selection [Markovitch 
and Lancet, 2012]. Therefore, GARD has the potential to 
explain the emergence of self-sustaining catalytic ensem-
bles that benefit ‘metabolism-first’ or even ‘protein-first’ 
scenarios of origin without invoking a replicator-genetic 
component. However, there is still the problem of how a 
late inception of RNA molecules, replicators and infor-
mation encoded in genetics was able to ‘internalize’ the 
compositional complexity that was first generated. Ulti-
mately, the problem boils down to explaining how func-
tion emerges from molecular complexity.

  Despite its lure, the ‘worlds’ paradigm is utopian and 
nonproductive. The living world of today is ‘messy’ [Taw-
fik, 2010]. Biochemically, it is heterogeneous, stochastic 
and dynamic. It is therefore highly unlikely that replica-
tors and compositions of the primordial world were orig-
inally of a same kind and were less rather than more sto-
chastic than the biological systems that exist today. After 
all, primordial biochemistries by definition arose from 
the chemistries and physical environments that were 
emerging on Earth, which were probably already hetero-
geneous in their makeup. We therefore vouch for coordi-
nated evolutionary (‘coevolutionary’) scenarios of origin, 
in which the interaction of an increasingly diverse set of 
molecular species results in fundamental tendencies of 
unity and diversity, emergence and collective phenomena 
[Mittenthal et al., 2012]. Homogeneity is by no means the 
only limitation of the ‘worlds’ paradigm. For example, the 
ancient RNA world has serious problems of its own, of 
which we will mention only six in increasing order of im-
portance:

  (i)  Performance.  Protein-free ribozymes that have 
been engineered in the laboratory generally exhibit poor 
catalytic performance, often being several orders of mag-
nitude less efficient than their protein counterparts. If 
they are true ‘doppelgängers’ of early RNA molecules 
their specificities and processivity levels should be at least 
comparable to protein enzymes [Kurland, 2010]. Simi-

larly, the catalytic repertoire of RNA is too limited and a 
relatively rare property of long RNA sequences, failing to 
explain the metabolic complexity needed to sustain the 
replicating system.

  (ii)  Plausibility.  Notorious in discussion of possible 
prebiotic scenarios are the difficulties of synthesis of ri-
bonucleotide components in the conditions of early Earth 
and the inherent instability of RNA under those condi-
tions. A recent review and proposal of more plausible sce-
narios of prebiotic origins explains limitations and show-
cases the complexities of establishing origins of life sce-
narios [Benner et al., 2012].

  (iii)  Persistence.  The absence of naturally occurring 
protein-free ribozymes, including a ribosome that is in-
capable of assembling and functioning without interact-
ing proteins, and the absence of natural RNA-based rep-
licases is startling. A thriving ancient RNA world should 
have left numerous imprints in the modern world [Jef-
fares et al., 1998] including a large number of ancient ri-
bozymes, with high potential to work independently of 
proteins, and a rather limited number of ribonucleopro-
tein (RNP) molecules and ensembles that would require 
the presence of proteins to function.

  (iv)  Ubiquity.  A thriving RNA world cannot vanish 
and leave only remnants of its existence, especially in the 
core catalytic set responsible for metabolic and transport 
reactions. The absence of ribozymes or RNA-mediated 
catalysis in the reactions of central metabolism is trouble-
some, as is the absence of RNP machinery with replica-
tion functions.

  (vi)  Specificity.  The finding that the specificity and fi-
delity of the translation apparatus depends overwhelm-
ingly on proteins questions the motives for abandoning 
such central roles to their protein derivatives. This in-
cludes relinquishing aminoacylation and interactions 
with tRNA to protein-based aminoacyl-tRNA synthetas-
es (aaRSs), transport of charged amino acids to elonga-
tion factors (EF) and crucial ribosomal functions (e.g. en-
ergetic and assembly) to r-proteins. 

  (v)  Evolvability.  The expectation that a complex pro-
tein-encoding apparatus with complex energetics, ratch-
ets and identity elements responsible for specificity ap-
pears in the absence of selective pressures that would fa-
vor its origin challenges the drivers of the RNA to protein 
transition. Moreover, an RNA world capable of sustain-
ing replicative functions demands that the complexities 
of the regulatory world of functional RNA appear early 
and not late in evolution.

  We will not discuss the first two problems since they 
have been recently (though briefly) elaborated [Bern-
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hardt, 2012; Kurland, 2010]. Instead, we will focus on the 
more serious other four, which have been notoriously ab-
sent in discussions and violate the principle of continuity 
that is treasured in evolutionary studies.

  We start with persistence and coevolution, properties 
that are central players in living systems. The central 
functional features of an ancient RNA world are replica-
tion and catalysis. However, replication in modern bio-
chemistry has been relinquished to nucleic acid poly-
merase, replicase and helicase proteins and catalysis to 
protein enzymes of central metabolism. Even fundamen-
tal claims about the centrality of RNA in the functions of 
protein synthesis and tRNA processing have been chal-
lenged. First, the crucial claim that the PTC of the large 
ribosomal subunit involves only RNA has been recently 
compromised by the discovery of tight interactions be-
tween r-proteins and tRNA in the ribosomal catalytic site 
[Maguire et al., 2005; Voorhees et al., 2009]. Crystallo-
graphic and biochemical studies confirm that r-proteins 
L16 and L27 of the large ribosomal subunit interact with 
tRNA in the PTC and their mutation or deletion severely 
compromises cellular growth. These studies confirm and 
support a long line of evidence suggesting that the ribo-
some is not a protein-free ribozyme. Second, the forma-
tion of peptides and proteins is not an exclusive property 
of the ribosomal ensemble. Catalytic aminoacylating do-
mains of aaRSs and modules of nonribosomal protein 
synthetases (NRPSs) enable peptide biosynthetic func-
tions either as small stand-alone enzymes or in large as-
sembly line ensembles. aaRS-resembling enzymes use 
tRNA [Gondry et al., 2009; Sauguet et al., 2011] or 
4′-phosphopantheteinyl groups as amino acyl donors 
[Mocibob et al., 2010, 2011] to synthesize dipeptides. 
Similarly, large NRPS assembly lines are ubiquitous and 
produce, for example, small antibiotic or neural transmit-
ter peptides without the need of mRNA or RNA moieties 
[Marahiel, 2009]. NRPS assemblies have been recently 
crystallized and the structures of their modules are made 
exclusively of proteins. Remarkably, the aminoacylating 
modules of NRPSs have fold structures that closely re-
semble those of the aaRS catalytic domains. These obser-
vations indicate that the protein biosynthetic function is 
not exclusive of the ribosome. Finally, recent studies of 
ribonuclease P (RNase P), an almost universal RNP com-
plex with phosphodiesterase functions that mediates the 
maturation of tRNA [Altman, 2009], also question the 
role of its RNA moiety. With few exceptions [Randau et 
al., 2008], the complex is present in all living organisms 
and is generally given as an example of a relic of the RNA 
world. Remarkably, RNase P enzymes that operate in the 

complete absence of RNA have been identified in human 
mitochondria [Holzmann et al., 2008] and in organelles 
and the nucleus of plants [Gutmann et al., 2012], con-
firming over a decade of reports that suggest the enzyme 
can operate in the absence of the RNA moiety. Moreover, 
phylogenetic analysis of structure suggests these protein 
enzymes may have preceded their RNP counterparts [Sun 
and Caetano-Anollés, 2010]. In summary, the fact that 
the two putative ‘universal’ ribozymes (the ribosome and 
the RNase P complex) stemming from the RNA world are 
obligatory complexes that can function in the absence of 
RNA but cannot function in the absence of proteins seri-
ously challenges the principle of persistence and question 
the validity of the RNA world hypothesis. More impor-
tantly, the protein biosynthetic functions responsible for 
‘transitioning out’ of the RNA world are not persistently 
linked to RNA. This crucial observation supports the idea 
that ribosomes may be recent additions to the evolving 
world of biological molecules instead of precursors.

  Persistence is a necessary consequence of evolution 
and manifests in molecular structure, from highly dy-
namic protein conformers that fold with rates as high as 
N/100 μs [for N-residue single domain proteins see 
Kubelka et al., 2004] to folds in protein domains that are 
almost immutable and change once every  ∼ 10 5 –10 6  years 
[Caetano-Anollés et al., 2009a; Wang et al., 2011]. Take 
for example the RNA molecule. Its structure is fluid 
[Zemora and Waldsich, 2010]. Base pairs quickly associ-
ate and disassociate to form a multitude of alternative 
structural conformations, with RNA structure material-
izing in vitro at rates as high as 0.5 s –1  [Fang et al., 1999]. 
However, metals and proteins in the cell speed up these 
RNA folding rates, which are significantly lower than 
protein folding rates [Zemora and Waldsich, 2010]. The 
kinetics of RNA and protein folding partitions molecules 
into those that reach the native state quickly and those 
that become trapped in metastable conformations [Thi-
rumalai and Hyeon, 2005]. However, evolution reduces 
both the number of possible structures that can form and 
the possible alternative conformers, which can be many, 
by increasing the stability and average life of only a few in 
a process called ‘structural canalization’ [Ancel and Fon-
tana, 2000; Fontana, 2002]. This reduced repertoire pre-
sumably harbors useful and durable functions that are 
carefully optimized as the molecules change by mutation 
and interact with the environment and other molecules. 
The longer (average) life of the conformers of the ‘cana-
lized’ molecules allow more efficient interactions with 
other structures, making its more stable ‘molecular sur-
faces’ accessible to catalysis and other useful molecular 
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functions. Their longer life also facilitates interactions be-
tween different molecular species. These properties offer 
important selective advantages to the evolving molecules 
[James and Tawfik, 2003], which can be dissected experi-
mentally by studying features of RNA structure. For ex-
ample, randomization of natural RNA sequences de-
stroys conformational states responsible for unique fold-
ing properties that were the result of evolutionary 
optimization but maintains, however, well-ordered and 
compact secondary structures that are consequence of 
self-organization [Schultes et al., 2005, 2010].

  Canalization, the powerful and important concept in-
troduced by Conrad H. Waddington, describes the ro-
bustness of an epigenetic landscape and explains evolu-
tionary and environmental constraints acting on mole-
cules, cells and organisms [Waddington, 1942]. It is 
genetic and epigenetic and embodies ‘coevolution’, a bias 
in the components of a biological system as components 
interact and change. At the molecular level, structural ca-
nalization arises from competitive optimization [Mitten-
thal et al., 2012] and can be visualized as mutual con-
straints imposed by coordinated change (linkage) of mo-
lecular parts as these interact with each other in expanding 
biological networks. This process often generates mod-
ules, sets of parts that interact more strongly with each 
other than with other parts of the system [Hartwell et al., 
1999]. Coevolution is an inescapable structuring force 
that leaves deep phylogenetic imprints in molecular se-
quence, structure and function. For example, a recent 
analysis of coevolution of residue triplets between the L22 
r-protein and neighboring large subunit rRNA by using 
higher order mutual information showed direct evidence 
of molecular coevolution of the two types of macromol-
ecules [Brandman et al., 2012]. The study suggests the 
important evolutionary role of biophysical constraints. 
Similarly, computation of molecular coevolution mod-
eled by a continuous time Markov process revealed that 
coevolutionary relationships between PFAM protein do-
mains lead to important structural and functional con-
straints [Yeang and Haussler, 2007]. These constraints 
manifest tendencies of spatial coupling and occur in func-
tionally important sites of the proteins. Analysis of ten 
r-protein domains of the small ribosomal subunit identi-
fied 43 coevolving amino acid residues, all of which are 
close to tRNA binding sites. This includes sites in the S12 
r-protein, which, as we will describe later on, is the most 
ancient of the ribosomal ensemble. Remarkably, not all 
physical interactions are coevolved, meaning again that 
only a selected few are crucial and constrained and later 
on become persistent. In fact, evolutionary rates in pro-

teins and amino acid residues are highly variable (differ-
ing by orders of magnitude) and can be explained by ei-
ther slow evolution of surface sites involved in intermo-
lecular interactions or the need to prevent misfolding or 
aggregation of the molecules [Tóth-Petróczy and Tawfik; 
2011]. Coevolutionary and evolutionary analyses such as 
these underscore the interplay of structure, function and 
stability [Caetano-Anollés and Mittenthal, 2010] and the 
evolutionary persistence of features of RNA and protein 
molecules. Coevolution also impacts the history of bio-
logical systems. Recent studies reveal the gradual forma-
tion of structure in SINE RNA [Sun et al., 2007], tRNA 
[Sun and Caetano-Anollés, 2008], RNase P RNA [Sun 
and Caetano-Anollés, 2010], 5S RNA [Sun and Caetano-
Anollés, 2009] and the large and small subunit rRNA 
molecules [Harish and Caetano-Anollés, 2012]. Phyloge-
nomic analyses also unfold the gradual evolutionary ap-
pearance of protein domains that are present in the viral 
and cellular world [Caetano-Anollés and Caetano-Anol-
lés, 2003; Nasir et al., 2012]. Timelines of accretion of 
RNA structures [Caetano-Anollés, 2002] and protein do-
mains were recently linked, showing tight coevolution 
between rRNA and r-proteins and an origin of the en-
semble in ribosomal mechanics [Harish and Caetano-
Anollés, 2012; Sun and Caetano-Anollés, 2009]. The evo-
lutionary expansion of ribosomal structure by gradual ac-
cretion of both RNA helical structures and r-proteins is 
again incompatible with the RNA world-inspired hy-
pothesis that the ribosome originated in the absence of 
proteins as a stand-alone biosynthetic ribozyme.

  The arguments of persistence and coevolution are sup-
ported by biochemical, structural and genomic evidence 
and question the very early and protein-independent or-
igin of RNA. The problems of molecular ubiquity and one 
of its culprits, recruitment, are also well supported by 
considerable biological evidence. However, they are more 
serious and prompt a reanalysis of the basic premises of 
the RNA world hypothesis. Recruitment (also known as 
cooption or exaptation) is a common process in molecu-
lar evolution [Jensen, 1976]. It occurs when a molecule, 
ensemble, repertoire, or a more complex system adapts 
an existing feature for a new purpose and within a differ-
ent context [Caetano-Anollés et al., 2009b]. Its crucial im-
portance is made evident in metabolism, where enzymes 
performing a catalytic function in one biological context 
are brought to perform a related function in a different 
context. Identifying the structure of enzymes has made 
recruitment explicit, especially when protein fold struc-
tures are traced in metabolic networks and when the ex-
ercise is coupled to evolutionary genomic approaches 
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[Caetano-Anollés et al., 2007, 2009b; Copley and Bork, 
2000; Kim et al., 2006; Nagano et al., 2002; Teichmann et 
al., 2001a, b]. Tracing exercises reveal a metabolic ‘patch-
work’, with pathways being made piecemeal from dispa-
rate protein structures. Enzymes with TIM (βα) barrel 
folds are for example ubiquitous in metabolism. Their 
presence in almost all metabolic pathways suggests the 
origin of this universal structure is very ancient. It also 
makes explicit a process of molecular ‘growth’ in biologi-
cal networks: a successful structural design does not with-
er but thrives as it is used repeatedly in different contexts. 
Recruitment is not only evident in proteins but also in 
RNA. A clear example is the ancient tRNA molecule. The 
use of its canonical L-shaped structure for the aminoac-
ylating and proofreading functions of translation has ex-
panded to a growing multiplicity of other functions, 
which are evolutionarily derived. For example, tRNA 
plays important roles in the synthesis of antibiotics, bac-
terial cell wall peptidoglycans and tetrapyrroles, modifi-
cation of bacterial membrane lipids, protein turnover and 
is even precursor to the synthesis of other aminoacyl-
tRNA molecules [Francklyn and Minajigi, 2010]. Clearly, 
recruitment processes in biology make successful protein 
and RNA structures ubiquitous. This prompts the ques-
tion: why should we expect that a world of successful ri-
bozymes (perhaps cousins of modern tRNA) wither and 
not thrive? The same processes of recruitment that cur-
rently operate on modern RNA and are in part respon-
sible for RNA family expansions, mostly confined to su-
perkingdoms [Hoeppner et al., 2012], should have been 
present in the RNA world, ensuring that the ribozyme 
structures populating the primordial metabolic pathways 
be extensively reused in the pathways of modern metabo-
lism. In an alternative view, Wolf and Koonin [2007] con-
jecture that peptides arise in a functionally advanced an-
cient RNA world to stabilize the emerging ribozyme cata-
lysts and only at a later time were coopted by recruitment 
processes into the protein biosynthetic function. While 
the model proposed complies with the principle of conti-
nuity, it still cannot explain why the initial stabilization 
function was not enhanced in evolution to ensure that the 
entire set of emerging ribozymes was preserved through 
recruitment.

  An even more troublesome problem for the RNA 
world hypothesis is specificity. Superficially, ancient RNA 
molecules appear central: tRNA is at the heart of transla-
tion, the PTC controls ribosomal protein synthesis and 
mRNA encodes information from genomic repositories. 
However, the crucial specificities responsible for the ge-
netic code are relinquished to proteins, fundamentally 

aaRS enzymes and EF switches [Yadavalli and Ibba, 2012]. 
In vitro studies have shown that discrimination against 
noncognate substrates is maximal in aminoacyl-tRNA 
synthesis (discriminator factor of 1/200–10,000 misin-
corporated amino acids and 1/>10,000 misincorporated 
tRNA), unknown but probably significant for EF binding, 
and minimal for aaRS editing, aaRS resampling, and ri-
bosomal tRNA recognition and proofreading (1/ ∼ 10–
100 for tRNA substrates) [Reynolds et al., 2010]. The fact 
that specificities have not been entrusted to RNA mole-
cules questions the fundamental informational driver of 
the RNA world, which is generally used to support ‘rep-
licators-first’ arguments. The accuracy and fidelity of bio-
logical systems are costly as they overcome genetic vari-
ance, phenotypic stochastic variation, and influences 
from environmental change [Tawfik, 2010]. It is therefore 
unlikely that an RNA system would have gained genetic 
code specificities (e.g. amino acid-nucleotide stereo-
chemistries, aminoacylation fidelity, editing, optimized 
folding, networks of water molecules and metal cofac-
tors) over random noise and variation and would have 
then relinquished those crucial specificities to protein 
counterparts as peptides (and then proteins) start to pop-
ulate the primordial RNA world. A different but related 
striking argument linked to specificity has been raised by 
Dyson [1999] and has been recently elaborated by Rode 
et al. [2007]. The number of building blocks of polymers 
with potential to generate higher-organized systems from 
binding of monomers to each other requires, according 
to Dyson’s information-theoretical model, at least 8–10 
building blocks, numbers that also increase error toler-
ance of the system to a remarkable 30%. These consider-
ations suggest primordial nucleic acids, with their pur-
ported 4 building blocks, would not have been good car-
riers of information and would not have been able to 
establish the advanced specificities needed for the genetic 
code. This would explain why genetic code specificities 
have been entrusted to proteins and not RNA.

  This brings us to the last and most serious problem of 
the RNA world hypothesis, evolvability. The argument 
often raised by RNA world supporters to explain the 
problems of persistence, ubiquity and specificity dis-
cussed above is that the RNA world represents an earlier 
and more primitive stage of evolution [Bernhardt, 2012]. 
The claim is that ribozyme catalysts had poor specificities 
that with few exceptions could not match the superior 
catalytic efficiencies of their protein successors. This 
poised their overwhelming replacement once the genetic 
code and protein synthesis was established. The argu-
ment (probably inspired by processes of species extinc-
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tion) is faulty for several reasons that impinge on the 
evolvability of biological systems: (i) RNA molecules have 
molecular mechanic properties that are as advanced as 
those of proteins, if not more sophisticated [Tawfik, 2010; 
Thirumalai and Hyeon, 2005]; (ii) a thriving and expand-
ing modern world of RNA structures and functions exists 
that is of recent origin [Collins et al., 2009; Hoeppner et 
al. 2012], implying that RNA is integral to the complex 
biochemical fabric and not a vanishing component – this 
questions the initial demise of catalytic RNA; (iii) ancient 
RNA molecules such as tRNA (the purported ancient ‘liv-
ing fossil’ of the RNA world) continue to evolve and gain 
additional functional roles [Francklyn and Minajigi, 
2010], failing to follow reductive evolutionary trends; (iv) 
the gradual development of an incredibly complex pro-
tein-encoding apparatus that involves r-proteins, EF
ternary complexes with tRNA, other protein factors
and, more importantly, small RNA of recent origin (e.g. 
snoRNAs that methylate and pseudouridylate rRNA , 
tRNA and other RNAs) indicates the ribosome continues 
to be under strong selective pressure to optimize its ener-
getics, dynamics and specificity; (v) moreover, the storage 
and expression of information in nucleic acids that should 
have materialized in the RNA world is currently con-
trolled by a multitude of protein and RNA regulatory 
molecules that are not ancient but are of relatively recent 
origin; (vi) the complete replacement of each and every 
structural and functional innovation of RNA achieved in 
the more primitive stage is not only nonparsimonious but 
nonbiological on many counts, including structural ca-
nalization [Ancel and Fontana, 2000], trade-offs between 
stochastic processes and accuracy [Tawfik, 2010], and 
evolutionary costs of building metabolic networks de 
novo rather than using processes of recruitment [Caeta-
no-Anollés et al., 2009b]; (vii) the putative evolutionary 
driver for developing a sophisticated protein biosynthetic 
machinery compromises the fitness of preexistent meta-
bolic networks of ribozymes that sustained the viability of 
emergent cells, and (viii) the development of an algorith-
mic function, the ‘genetic code’, remains dissociated from 
the real driver of the existence of such genetic code, the 
structure and function of the encoded protein molecules 
(the ‘sense’ and real meaning of the code) [Trevors and 
Abel, 2004]. In summary, RNA is a macromolecular won-
der that thrives and does not wither, and an excellent 
model of molecular evolvability [Wagner, 2008]. These 
properties make the transition out of an RNA world un-
likely if the protein takeover fails to leave pervasive traces 
of ancient RNA (i.e. if it fails to comply with the principle 
of ubiquity) or if the RNA molecules are already inter-

preting the structure and function of emerging polypep-
tides. In other words, the initial demise of the catalytic 
RNA world questions the initial selective pressures of de-
veloping a new world of proteins. By the same token, the 
development of a genetic code unconnected to the reali-
ties of folding and function of the emergent new polymers 
questions the initial drivers for modern genetics.

  Since it now behooves the RNA world supporters to 
overcome each and every one of these serious limitations 
and provide alternative explanations to the emerging 
phylogenomic evidence that challenge the RNA world ex-
istence (see more below), we now turn to alternative hy-
potheses with more explanatory power. The ‘metabo-
lism-first’ model for example draws attention to the ori-
gin of the energetic and matter components needed to 
build complex macromolecular machinery [Trefil et al., 
2009]. The argument is that metabolism is very ancient 
and parts of modern metabolic networks emerged from 
prebiotic chemical reactions prior to cellular life [Maden, 
1995]. This view is supported by numerous in vitro ex-
periments that try to simulate prebiotic chemistry and
by important connections to geology, geochemistry and 
planetary science, sometimes involving phylogenomic 
evidence [Benner et al., 2012; Martin et al., 2008; Mulki-
djanian et al., 2012; Sleep et al., 2011]. A number of em-
bodiments of the metabolism-first views exist, some of 
which provide detailed models of how chemical reactions 
were progressively added to early Earth. For example, the 
‘shell’ hypothesis postulates that metabolism originated 
in the reductive citric acid cycle [Morowitz, 1999]. Ac-
cording to this hypothesis this cycle represents the sim-
plest prebiotic autotrophic chemistry with potential to 
self-replicate in the absence of metabolic enzymes. Added 
layers of chemical complexity (shells) enhance the origi-
nal cycle with new chemical functionalities. The first shell 
adds a catalytic ‘energy amphiphile’ core (integrating cit-
ric acid cycle, glycolysis and fatty acid synthesis) to emerg-
ing metabolic networks, satisfying energy requirements 
and synthesizing long-chain hydrocarbon precursors and 
amphiphiles. These molecules likely enriched Earth’s am-
phiphilic molecular pool (primed initially by planetary 
accretion) necessary for protocell membranes. Amina-
tion reactions that convert keto acids to amino acids in a 
next shell facilitate gateways of incorporation of nitrogen 
and carbon into the chemical synthesis of more complex 
molecules, such as amino acids. Ring closure and synthe-
sis of nitrogen and dinitrogen heterocycles then produce 
shells responsible for the synthesis of purine, pyrimidine 
and cofactors, once proteinaceous enzymes are gaining 
primordial catalytic activities. Interestingly, aspects of the 
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shell hypothesis have been supported by biochemistry 
and phylogenomics. The study of recruitment of struc-
tures in metabolic networks displays a shell structure that 
paraphrases, for example, Morowitz’s proposal of an am-
phiphile core preceding the synthesis of amino acids 
[Caetano-Anollés et al., 2009b]. More recently, Braak-
man and Smith [2012] reconstructed a phylometabolic 
tree that explains the origin and rise of biological carbon 
fixation in a connected network that includes the reduc-
tive citric acid cycle and the Wood-Ljungdahl pathway. 
The study identified energy optimization and oxygen tox-
icity as evolutionary drivers of primordial auxotrophic 
pathways. These observations support one crucial as-
sumption of the shell hypothesis, that prebiotic chemis-
tries remain imprinted in modern metabolism as relics of 
the prebiotic world. This ‘recapitulation’ is intriguing and 
deserves careful study, especially the claim that polypep-
tides became metabolic catalysts through takeovers of 
some of these emerging prebiotic reactions [Kacser and 
Beeby, 1984]. This scenario is important. It bypasses the 
existence of ribozymes of an RNA world, enabling a clear 
interface between prebiotic chemistry and modern bio-
chemistry. For example, a recent structural phylogenom-
ic study explains the rise of the purine metabolic path-
ways by gradual replacement of prebiotic chemistries 
with protein catalysts [Caetano-Anollés and Caetano-
Anollés, 2013]. Given the stochastic components of bio-
chemistry and the costs of specificity we mentioned 
above, it is therefore likely that the earliest protein en-
zymes were weakly catalytic and multifunctional with 
broad specificities [Kacser and Beeby, 1984] and that 
more numerous, effective and specific enzymes gradually 
evolved from the initial multifunctional enzymes and re-
placed or ‘internalized’ prebiotic chemistries into emerg-
ing cellular systems.

  The ‘protein-first’ paradigm clearly contradicts the 
RNA world hypothesis [Kurland, 2010]. It is more in line 
with a ‘small molecule’ simpler beginning of life [Shapiro, 
2007] and with the metabolism-first model. It is strongly 
supported by the ease with which the simpler amino acid 
constituents and small peptides can be produced in pre-
biotic conditions [Rode et al., 2007; Jakschitz and Rode, 
2012]. The famous Urey-Miller experiments in the early 
1950’s demonstrate facile and high-yield chemical syn-
thesis of amino acids under the simulated gaseous envi-
ronments of early Earth [Miller, 1953]. Similarly, the salt-
induced peptide formation (SIPF) reaction appears a very 
likely origin of high levels of peptides synthesized prebi-
otically from amino acids with biased biohomochirality 
in pools and ponds surrounding oceans [Jakschitz and 

Rode, 2012]. A number of important arguments have 
been presented in favor of the ‘protein-first’ scenario 
[Egel 2009; Kurland, 2010], which is thus far consistent 
with phylogenomic analyses [Caetano-Anollés et al., 
2011, 2012]. However, the protein-first model is again a 
‘world’ model that can be considered unrealistic in light 
of the plausible existence of many other crucial mole-
cules, including amphiphiles and nucleotide-like cofac-
tors, and considering the argument of stochastic begin-
nings we raised above. The protein-first scenario must 
also explain how memory of innovations of initial pep-
tides and proteins were retained prior to the emergence 
of genetics and the genetic code. Remarkable observa-
tions exist that provide some hints. For example, the di-
peptides produced preferentially in SIPF reactions para-
phrase the dipeptide constitutions of prion sequences 
[Rode et al., 1999]. Prions, infectious proteins made of 
β-sheet rich conformers, can evolve in systems in the ab-
sence of nucleic acids [Li et al., 2010]. They show the hall-
marks of Darwinian evolution by accumulating muta-
tions and adapting to new tissues. This and other lines of 
evidence that we will discuss below suggest proteins per 
se can fulfill the principle of continuity.

  Finally, the ‘chemoton’ of Timor Ganti and the work 
of Luigi Luisi and David Deamer [Deamer et al., 2002; 
Ganti, 2003; Luisi, 1996] pioneered a focus on the ‘con-
tainers’ of life and a ‘lipid world’. Here, amphiphilic mol-
ecules such as lipids, monocarboxylic acids or alcohols 
self-organize into membranes and membranes self-orga-
nize into for example liposomes. These emerging vesicles 
could then hold polymer replicating systems and avoid 
diffusion of crucial solutes. They could also grow in size 
and divide in repeating cycles [Luisi, 1996]. Remarkably, 
the amphiphilic lipids collected from the Murchison me-
teorite have been shown to form liposomes spontaneous-
ly in water [Deamer, 1997].

  We will now elaborate on a novel ‘coevolutionary’ sce-
nario for the origin of life that posits that modern bio-
chemistry arose by the coordinated evolutionary optimi-
zation of many kinds of molecular components, includ-
ing proteins, RNA and membranes. The fundamental 
premise is that the emerging components gradually 
gained structure and complexity by taking advantage of 
biases in their associated chemistries and chemical inter-
actions (such as those seen in the SIPF reaction or in the 
dipeptide makeup of proteins). The model therefore ben-
efits from the ‘world’ paradigms as it attempts to recon-
cile a wide range of assumptions and evidence. However, 
in order for this model to be productive we only allow 
scenarios that are most parsimonious and that are com-
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patible with evolutionary genomic evidence. These re-
quirements render a hypothesis of origin that has high 
explanatory power and is uniquely amenable to falsifica-
tion by more advanced phylogenomic methods and data. 

  Structural Phylogenomics Reveals a Coevolving 

World of Proteins, Cofactors and Nucleic Acids,

Not an RNA World 

 In order to unravel the underlying principles that gov-
ern the functioning of the central machineries of the cell, 
step by step, including their origin and evolution, it is 
necessary to find biological features that are evolution-
arily conserved and that can retrieve deep phylogenetic 
signal. For this purpose we have decided to use informa-
tion in the three-dimensional (3D) structure of protein 
and RNA molecules encoded in thousands of genomes 
that have been and are being sequenced [Caetano-Anol-
lés et al., 2008]. This kind of research is timely for four 
reasons. First, the fruits of the genomic revolution togeth-
er with advances in postgenomic science have expanded 
our understanding of biology. In particular, comparative 
and structural genomics offer unprecedented opportuni-
ties. This is in part due to the massive and ongoing acqui-
sition of nucleic acid sequences. Currently, 2,563 finished 
genomes and metagenomes have been completely se-
quenced (September 1, 2012; GOLD DATABASE) [Lio-
lios et al., 2007] contributing to  ∼ 23.2 million UniProtKB/
TrEMBL protein sequence entries and thousands of func-
tional noncoding RNA (ncRNA) molecules important for 
probing the workings of the cell. The number of ongoing 
genome sequencing projects (currently 14,551) is an in-
dicator of the exponential increase in years to come. This 
effort outpaces structural genomics with its 84,223 mod-
els of molecular structure deposited as entries in the PRO-
TEIN DATA BANK [Rose et al., 2011] and an expanding 
number of protein architectures made up of protein do-
mains defined by a limited number of sequence profiles 
[Levitt, 2009]. Interestingly, a small repertoire of protein 
structural designs (1,195 protein folds encompassing 
110,800 domains) can be mapped onto well over half of 
amino acid residues encoded in genome sequences [Cho-
thia and Gough, 2009]. Consequently, the world of pro-
tein molecules appears finite and its study feasible at glob-
al levels [Caetano-Anollés et al., 2009a]. Second, we have 
for the first time an opportunity to explore the evolution 
of entire sets of ‘omic’ repertoires representing a diverse 
range of organisms, including viruses, microbes and 
higher organisms spanning all three superkingdoms of 

life, using the tools of computational biology, compara-
tive genomics and molecular evolution. Whole genome 
comparisons are now possible on a scale from which gen-
eral principles of evolution can be derived. This has given 
rise to phylogenomics [Doolittle, 2005]. Third, unprece-
dented structural and mechanistic views of biological 
processes have also been achieved during the past decade 
and provide links between structure and function that are 
important for understanding molecular evolution. Crys-
tallographic studies of macromolecular ensembles such 
as the nucleosome [Luger et al., 1997] and the ribosome 
[Yusupov et al., 2001] have sparked intense exploration 
of the structure-function interface of biology. The links 
between evolutionary genomics, structural genomics and 
structural biology promise new developments related to 
the function, interaction and evolution of biological mac-
romolecules. These links require novel perspectives that 
facilitate the ‘mapping’ of genotype, phenotype, function 
and fitness. Fourth, recent developments in synthetic bi-
ology have demystified the possible manipulation of bio-
molecules for creation of synthetic systems that resemble 
life. For example, the recent chemical synthesis of a  My-
coplasma genitalium  genome [Gibson et al., 2008] and its 
use to create a quasi-synthetic bacterial cell [Gibson et al., 
2010] opens new experimental opportunities to under-
stand minimal cellular systems.

  The current approach to study biochemical evolution 
exploits synthetic biology strategies such as membrane 
biogenesis experiments [Chen et al., 2004; Hanczyc et al., 
2003] or in vitro generation of RNA replicators [Lam and 
Joyce, 2011; Lincoln and Joyce, 2009]. This approach has 
the limitation of generating ‘plausible’ scenarios (likeli-
hood hypotheses) that: (i) are inspired and therefore lim-
ited by our knowledge of modern biology, (ii) assume 
conditions of early Earth that may not be correct and (iii) 
can never be falsified in the absence of evolutionary re-
construction. A more direct and insightful approach in-
volves phylogenetic strategies that take advantage of the 
powerful tools of evolutionary bioinformatics to mine in-
formation that is already present in macromolecules,
reconstruct deep phylogenetic history and derive fun-
damental principles of molecular organization. This
includes phylogenomic reconstruction of past events 
[Doolittle, 2005] using molecular structure and function 
[Harish and Caetano-Anollés, 2012; Kim and Caetano-
Anollés, 2010; Wang et al., 2007] or bringing molecular 
inferences to life through ‘resurrection’ experiments 
[Gaucher et al., 2003; Jermann et al., 1995; Lu and Fox, 
2011; Ortlund et al., 2007]. Despite enormous challenges, 
previous research provides important clues about the or-
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igins of the biochemical world and a new phylogenomic-
inspired paradigm of a gradually coevolving ancient 
world [Caetano-Anollés et al., 2012].

  The functions of proteins are largely determined by 
their structures [Redfern et al., 2008]. Contemporary pro-
tein fold structures for example minimize the energy con-
formations of individual amino acid residues in a chain, 
maximize H-bonding of polar groups and form compact 
and well-packed 3D atomic structures. Physically, they 
represent spatial arrangements of more or less wound he-
lices and extended chain segments called β-strands that 
often contain segments that are nonstructured. The struc-
ture of proteins is hierarchical and impacts how proteins 
change in evolution. In recent years, the survey of protein 
structures in the living world (fueled by structural ge-
nomics) has been summarized in protein classifications 
schemes and the structure of fold space explored with 
bioinformatic approaches [Chothia and Gough, 2009]. 
Taxonomies that attempt to provide a comprehensive de-
scription of structural and evolutionary relationships of 
proteins, such as the Structural Classification of Proteins 
(SCOP) [Murzin et al., 1995] and CATH [Orengo et al., 
1997], use protein domains that are units of structure, 
function and evolution as building blocks of hierarchical 
classification [Ponting and Russell, 2002]. Structurally, 
domains are compact arrangements of the polypeptide 
chain in 3D atomic space that are recurrent, appearing 
singly or in combination with other domains in a protein 
molecule. They also harbor distinct functions and are 
evolutionarily conserved, important features that benefit 
classification. In SCOP, proteins that are evolutionarily 
closely related at the sequence level are clustered into pro-
tein fold families (FF). Proteins belonging to different 
families that exhibit low sequence identities but that share 
structural and functional features suggesting a common 
origin are further unified into fold superfamilies (FSF). 
FSFs sharing secondary structures that are similarly ar-
ranged and topologically connected are unified into pro-
tein folds (F). These folds sometimes have peripheral re-
gions of secondary structure that ‘decorate’ distinctly the 
central fold architecture [Reeves et al., 2006]. Finally, 
groups of Fs makeup protein classes (C). Similarly, the 
hierarchy of structural abstractions in CATH, from top to 
bottom, involves C, architectures, topologies, homolo-
gous superfamilies and sequence families.

  The hierarchical structure of proteins determines how 
proteins change in evolution. Whereas sequences at the 
bottom of the hierarchy change at a considerable pace, 
higher order structures are constrained by the energetic 
landscape of protein folding, the exploration of sequence 

and structure space that is accessible, and complex inter-
actions mediated by the proteostasis and proteolytic ma-
chineries of the cell [Caetano-Anollés et al., 2009a]. New 
sequences in sequence space appear in less than microsec-
onds in our planet. In turn, new structures are generated 
at extraordinarily slow pace. New FSF and F domains can 
take hundreds of thousands to millions of years to mate-
rialize. Structural cores are orders of magnitude more 
conserved than sequences. A recent comparative analysis 
of aligned structures and sequences showed structures 
suitably defined are 3–10 times more conserved than se-
quences [Illegård et al., 2009]. The slow pace of structur-
al change spreads vertically in protein evolution. Tracing 
of structures along universal 16S rRNA phylogenies 
showed that convergent evolutionary processes in pro-
tein structural evolution are rare [Forslund et al., 2008; 
Gough, 2005; Yang and Bourne, 2009] and the influence 
of horizontal gene transfer minimal [Choi and Kim, 
2007]. In turn, theoretical considerations suggest that se-
quence data may be inherently limited in its ability to un-
cover deep phylogenetic signatures and ancient relation-
ships. The repeated accumulation of substitutions in nu-
cleotide sites (site saturation) erases evolutionary history 
[Mossell, 2003; Penny et al., 2003; Sober and Steel, 2002]. 
Moreover, convergent evolution of nucleotide sites, dif-
fering substitution rates among sites and lineages, non-
independent substitutions among sites and the compli-
cating effects of molecular structure and domain rear-
rangement are just few of many other contributing factors 
[Anisimova et al., 2010; Cordoñer and Fares, 2008]. The 
boundaries of sequence analysis in its ability to explore 
deep phylogenetic relationships have been pushed, how-
ever, despite challenges [Fournier et al., 2011].

  The structures of most protein folds have been ac-
quired ( ∼ 1,200 out of 1,500 expected) [Levitt, 2009]. 
However, metrics of general structural comparison have 
not yet unified the architectural complexity of fold space 
using the ‘shared and derived’ tenet of evolutionary anal-
ysis [Taylor, 2007]. Despite limitations, a shift of focus 
from molecules to proteomes and a census of protein 
structure in fully sequenced genomes enabled a global 
evolutionary view of the protein world [Caetano-Anollés 
and Caetano-Anollés 2003].  Figure 1  describes the basic 
phylogenomic methodology utilized in these studies. The 
procedure involves assigning structure to protein se-
quences encoded in thousands of genomes using ad-
vanced hidden Markov models of structural recognition 
[Eddy, 1998, 2009; Gough et al., 2001], generating a struc-
tural and functional census and a data matrix for phyloge-
nomic analysis and using it to build rooted trees of pro-
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teomes (ToPs) and their associated ‘functionomes’, trees 
of domain architectures (ToDs) and trees of functions  
 (ToFs). An example ToD and ToF is provided in  figure 2 . 
ToPs describe the history of the system (the repertoire of 
proteins or the repertoire of molecular functions) and re-

veal a tree of life with three cellular superkingdoms that 
supports a tripartite cellular world [Caetano-Anollés and 
Caetano-Anollés, 2003; Wang et al., 2007]. While similar 
trees generated by others showed this same global topol-
ogy [Yang et al, 2005], preliminary experiments in our lab 
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  Fig. 1.  Phylogenomic analyses of protein and RNA structures and 
functions. The flow diagram to the left shows the reconstruction 
of ToDs and ToFs. A census of domain structures and GO annota-
tions in proteomes of hundreds of completely sequenced organ-
isms is used to compose data matrices, which are then used to build 
phylogenomic trees describing the evolution of individual protein 
structures and associated molecular functions, respectively. Ele-
ments of the matrix  (g)  represent genomic abundances of domains 
in proteomes, defined at different levels of classification of domain 
structure (e.g. SCOP F, FSF and FF). ToPs are not discussed in this 
paper but are largely congruent with traditional classification. The 
flow diagram to the right describes the phylogenetic reconstruc-
tion of RNA ToSs. The structures of rRNA molecules were first 
decomposed into substructures, including helical stem tracts and 

unpaired regions. Structural features of these substructures (e.g. 
length) were coded as phylogenetic characters and assigned char-
acter states according to an evolutionary model that polarizes 
character transformation towards an increase in conformational 
order (character argumentation). Coded characters  (s)  are ar-
ranged in data matrices, which can be transposed for further cla-
distic analyses (e.g. to produce trees of molecules). Phylogenetic 
analysis generates rooted phylogenetic trees of RNA substructures 
(ToS). Only ToSs are discussed here. Embedded in ToDs and ToSs 
are timelines that assign age to molecular structures. These ages 
can be ‘painted’ onto 2D or 3D structural models of RNA or pro-
teins, RNP complexes or protein complexes generating evolution-
ary heat maps. 
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have produced a truly universal tree of life that includes 
viruses [Nasir et al., 2012]. Remarkably, viruses appeared 
as an ancient supergroup at the base of the tree followed 
by Archaea. While the branches of ToPs encase the his-
tory of proteomes, ToDs describe how components of the 
system (domains in proteomes) change as the system 
evolves ( fig. 2 a). These ToDs define a timeline of func-
tional innovation in proteins at evolutionarily conserved 
levels of structure ( fig. 2 b) that unfold episodes of special-
ization, reductive evolutionary tendencies of domain 
structures and architectures in proteomes, and the rise of 

modularity in the protein world [Wang et al., 2007; Wang 
and Caetano-Anollés, 2009; Kim and Caetano-Anollés, 
2012]. Finally, ToFs depict how the functions of mole-
cules and cellular components defined by the GENE ON-
TOLOGY (GO) database [Ashburner et al., 2000] origi-
nated and evolved [Kim and Caetano-Anollés, 2010].  Fig-
ure 2 c, for example, shows a ToF describing the evolution 
of level-1 molecular functions. These methodologies 
identified consistently an origin of proteins in enzymes of 
nucleotide metabolism harboring the P-loop containing 
triphosphate hydrolase fold and the explosive appearance 
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  Fig. 2.  Phylogenomic analyses reveal the very early origins of met-
abolic functions.  a  A ToD describes the evolution of 1,453 FSF 
domains; tree branches are colored according to the three evolu-
tionary epochs of the protein world [Wang et al., 2007]. An in-
dexed protein timeline in the top provides the relative age of indi-
vidual domain structures  (nd)  in a scale from 0 (the most ancient) 
to 1 (the present). The tree was reconstructed from a census of 
domain abundance in proteomes using SCOP 1.67 definitions 
[Wang et al., 2006]. The panel was modified from Caetano-Anollés 
and Wang [2008].  b  Emergence and evolution of molecular func-
tions along a timeline generated from a ToD reconstructed from a 
census of FF structures [Kim and Caetano-Anollés, 2012]. The cu-

mulative frequency distribution illustrates the accumulation of FFs 
associated with the seven major functional categories defined
by the SUPERFAMILY database (http://supfam.cs.bris.ac.uk/ 
SUPERFAMILY/function.html). Dotted lines indicate the first ap-
pearance of FFs associated with minor functional categories (only 
the very early 17 and an additional 5 of a total of 49 that were in-
dexed are indicated). m/tr = Metabolism and transport.  c  Consen-
sus ToF at GO level-1 generated from an analysis of genomic abun-
dance of GO ontologies [Kim and Caetano-Anollés, 2010]. Num-
bers in parentheses indicate how widely distributed the GO term 
is in organisms in a 0–1 scale. Speech bubbles describe punch-line 
findings. In all figures, colors refer to the online version only. 
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of metabolic functions [Caetano-Anollés et al., 2007], 
which as we mentioned recapitulates prebiotic shells 
[Morowitz, 1999]. Domain structures necessary for ‘in-
formation’ functions appear later than metabolic func-
tions, with ‘translation’ being the first minor functional 
informational category to appear in evolution ( fig. 2 b). In 
these studies, tracing the age of domain structure in en-
zymes of metabolism in the MANET database [Kim et al., 
2006] allowed sorting complex recruitment of structures 
and functions that are widespread in biological networks 
[Caetano-Anollés et al., 2007, 2009b]. Mapping of cofac-
tors interactions in the timeline showed the wide adop-
tion of a range of cofactors in protein evolution, with 
ATP/ADP being the first duo to be coopted into catalytic 
functions, and NAD and nicotinamide derivatives imme-
diately following cofactor inception [Caetano-Anollés et 
al., 2012]. All of this evidence is incompatible with the 
RNA world theory, supporting instead a ‘metabolism-
first’ scenario of origins of life and biochemical coevolu-
tion.

  In contrast to proteins, phylogenetic analysis of RNA 
structure can be directly derived from structural topology 
[Caetano-Anollés, 2002; Sun et al., 2007]. This probably 
results from links between secondary structure and con-
formation, dynamics and adaptation [Bailor et al., 2010]. 
Geometrical and statistical features of RNA substructures 
are scored in thousands of molecules and this informa-
tion is analyzed with modern phylogenetic methods to 
produce trees of molecules and trees of substructures 
(ToSs) that portray the history of the system (molecules) 
or its component parts (substructures), respectively 
( fig. 1 ). The phylogenetic model automatically roots the 
trees by assuming conformational stability increases in 
evolution as structures become canalized. The validity of 
polarization and rooting depends again on the axiomatic 
component of character transformation, which is sup-
ported by considerable evidence and is also falsifiable 
[Sun et al., 2010]. ToSs enable the study of RNA history 
in central RNP complexes, elucidating remarkable evolu-
tionary patterns. For example, we found RNase P RNA 
originated in stem P12 of the specificity domain of the 
molecule [Sun and Caetano-Anollés, 2010]. This primor-
dial stem was immediately accessorized with the catalytic 
P1-P4, P10–11 and P9 core structure before the first sub-
structure was lost in Archaea. The ancient core harbors 
the active site of the catalytic domain and interacts with 
ancient segments of tRNA and RNase P proteins [Mas-
quida and Westhof, 2011]. These proteins originated ear-
ly in the timeline but only after the rise of metabolic en-
zymes. Thus, the functional RNase P complex, originally 

thought a remnant of the ancient RNA world [Altman, 
2009], appears to be a relatively recent evolving RNP en-
semble. These results are noteworthy and are in line with 
an analysis of 5S rRNA and associated r-proteins that 
showed the existence of tight coevolution between pro-
teins and nucleic acids in this small regulatory compo-
nent of the ribosome [Sun and Caetano-Anollés, 2009].

  These initial efforts showed the value of studying the 
history of RNP ensembles and prompted an exhaustive 
study of the most central molecular complex of the cell, 
the ribosome. Our analyses elucidated patterns of evolu-
tion in bridge contacts between the rRNA subunits, 
tRNA-binding sites and r-protein-RNA contacts that 
were particularly remarkable [Harish and Caetano-Anol-
lés, 2012]. In these studies, the age of ribosomal structures 
indexed with functional and molecular contact informa-
tion was mapped onto 3D models of the ribosome ( fig. 3 ). 
The outcome was unexpected: (1) subunit RNA and pro-
teins coevolved tightly, starting with interactions between 
the oldest r-proteins (S12 and S17) and the oldest rRNA 
helix in the small subunit (the ribosomal ratchet respon-
sible for ribosomal dynamics) and ending with the rise of 
a modern multisubunit ribosome; (2) a major transition 
in evolution  ∼ 3.1 billion years ago (Gy) brought indepen-
dently evolving ribosomal subunits together by unfolding 
inter-subunit (bridge) contacts and interactions with 
tRNA structures; (3) at this stage, tRNAs were L-shaped 
and had ancient top and recent bottom halves [Sun and 
Caetano-Anollés, 2008] since editing domains of aaRSs 
that interact with D stems of the bottom half of tRNA 
were already present in their structures and anticodon 
binding domains appeared soon after the transition 
[Caetano-Anollés et al., 2011]; (4) during the major tran-
sition, a fully fledged PTC responsible for protein synthe-
sis appeared by duplication of local helical structures, 
supporting an appealing model of PTC origin [Agmon et 
al., 2006], and (5) a second evolutionary transition oc-
curred almost concurrently with the ‘great oxidation 
event’ of our planet ( ∼ 2.4 Gy) and involved the appear-
ance of the L7/L12 protein complex that stimulates the 
GTPase activity of elongation factor G. This second tran-
sition must have notably enhanced ribosomal efficiency.

  Phylogenomic evidence is therefore incompatible with 
the appearance of the ribosome in an ancient RNA world. 
Evolutionary timelines of domains [Caetano-Anollés et 
al., 2012] and molecular functions [Kim and Caetano-
Anollés, 2010] derived from ToDs and ToFs show con-
gruently that metabolic enzymes appeared prior to RNA-
binding proteins and the existence of coevolutionary pat-
terns in ribosomal molecules [Caetano-Anollés, 2002; 
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Harish and Caetano-Anollés, 2012; Sun and Caetano-
Anollés, 2009] now falsifies the RNA world hypothesis. 
Instead, patterns of molecular accretion suggest the ribo-
some originated in structures necessary for ribosomal 
mechanics and not for protein synthesis, providing strong 
support to the occurrence of a fundamental functional 
takeover in ribosomal evolution [Harish and Caetano-
Anollés, 2012]. Results also question the validity of cen-
tral assumptions used in previous studies of ribosomal 
structure that simulate the evolution of the large rRNA 
subunit without the use of phylogenetic analysis [Bokov 
and Steinberg, 2009; Fox, 2010; Hsiao et al., 2009]. These 
studies assume that helical-stack interactions recapitulate 
molecular growth in RNA and that structures grow in 
concentric shells from an ancient core that embeds the 
PTC. While we find that the majority of helices evolved 
before the corresponding adenosine stack in A-minor in-
teractions ( fig. 4 a) and that in general the ribosomal core 
is more ancient than peripheral regions ( fig. 4 b), assump-
tions of structural canalization in our experiments do not 
place the origin of the ribosome in the PTC. Unless phy-
logenomic assumptions are falsified, an origin of the ribo-
some in the PTC should be considered invalid.

  We would like to reiterate that our results represent 
statements of phylogenetic history derived from thou-
sands of RNA molecules and the proteomes of hundreds 
of genomes on the basis of shared-derived features of 
structure that were defined by crystallography and com-
parative sequence analysis [Harish and Caetano-Anollés, 
2012]. As stated by an anonymous reviewer of our work, 
‘rigid adherence to formal, objective, cladistic rules for 
classifying and categorizing taxa … has brought the phi-
losophy and methodology of Willi Hennig to the study of 
molecular history in a truly exciting way and one that is 
appropriately exploitative of the massive amounts of ge-
nome data that have arrived on the scene in recent years.’ 
While the work challenges the established origin of life 
paradigm and prompts efforts to falsify the new and more 
advanced ‘coevolutionary’ model, it also enables a system-
atic and global evolutionary study of structures and inter-
actions within and between molecules that is also falsifi-
able. We note, however, that the phylogenomic methodol-
ogy has its own limitations and will be superseded by 
better and more powerful approaches. Currently, it pro-
vides numerous benefits over traditional methods [Caeta-
no-Anollés and Nasir, 2012]. The use of multistate char-
acters of genomic abundance mitigates the phylogenetic 
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  Fig. 3.  Evolutionary history of rRNA (left) and rRNA and r-proteins (right) traced onto the 3D structure of the 
core ribosome, with ages of RNA and protein domains colored with hues from red (ancient) to blue (recent). The 
origin of the ensemble is in structures associated with ribosomal processivity and dynamics (labeled and in red), 
including the ratchet responsible for tRNA translocation. Modified from Harish and Caetano-Anollés [2012].         
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  Fig. 4.  History of A-minor interactions and accretion in large sub-
unit rRNA.  a  The mapping of A-minor interactions as lines con-
necting structures in a secondary structure model show that the vast 
majority of helices evolved before the corresponding adenosine 
stack ( ∼ 80%, colored in black) and that all interactions were estab-
lished after the rise of the PTC (yellow region) in domain V.    b  A 
chronological representation of the evolution of the large subunit 
rRNA shows that the phylogenetic model of Harish and Caetano-
Anollés [2012] generally agrees with the model of A-minor interac-
tions of Bokov and Steinberg [2009] but falsifies its basic assump-
tion of an origin of the molecule in the PTC. The relative age of the 

rRNA segments was divided into five time points corresponding to 
the number of stages in the A-minor interaction model. The num-
ber of segments added at each evolutionary stage showcases the ac-
cretion process. Except for the components involved in ribosomal 
processivity, the two models reveal an ancient core. The phyloge-
netic model, however, evolves structures in the intersubunit surface 
earlier. The PTC is highlighted in a lighter shade of its correspond-
ing age. The SSU rRNA is shaded in grey. The helix marked with an 
asterisk in the phylogenetic model does not have an age since it is 
bacteria-specific and was not included in the phylogeny. The panel 
was modified from Harish and Caetano-Anollés [2012].    
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problems of alignment, phylogenetic inapplicables, taxon 
sampling, tree imbalance and the serious problem of 
structure-induced violation of character independence 
that plagues phylogenetic sequence analysis. For example, 
a simple thought experiment shows that rearrangement of 
columns describing sequence sites in a standard phyloge-
netic alignment matrix does not alter the phylogenetic tree 
that is recovered, but the exercise destroys molecular 
structure [Penny and Collins, 2010]. In contrast, rear-
rangement of columns describing characters of domain 
occurrence or abundance in proteomes does not alter 
ToPs and ToDs and does not destroy higher levels of 
structural organization. However, genomic and structural 
data are biased and difficult to interpret. Datasets are bi-
ased by the bacterial world, which is significantly overrep-
resented in genomic and structural databases, and do not 
integrate fully the viral diversity that exists in our planet, 
particularly the extraordinary diversity that exists in the 
oceans. Structural datasets are also biased by difficulties in 
the crystallization of membrane proteins or significance 
of crystallographic models when compared to the real and 
‘crowded’ world of the cell. Structural definitions in mo-
lecular classification are always problematic and generally 
assume a discrete molecular world, which by definition 
must be considered to be a rough approximation. Our in-
terpretation of structures and their functions is also lim-
ited by ontology and our views of the world around us, not 
the world that unfolded during evolution. The principle 
of canalization can help make sense of this last important 
limitation of evolutionary analyses. However, we should 
be always mindful of the limitations of our imagination.

  Phylogenomics Must Now Explain How Peptides and 

Proteins Retained ‘Memory’ Prior to the Rise of the 

Genetic Code 

  ‘The ship wherein Theseus and the youth of Athens returned had 
thirty oars, and was preserved by the Athenians down even to the 
time of Demetrius Phalereus, for they took away the old planks as 
they decayed, putting in new and stronger timber in their place, in-
somuch that this ship became a standing example among the phi-
losophers, for the logical question of things that grow; one side hold-
ing that the ship remained the same, and the other contending that 
it was not the same.’ – Theseus,  Plutarch

  The falsification of the RNA world conjecture requires 
that we now focus on possible mechanisms of polypeptide 
biosynthesis and transmission of information (‘memory’) 
that existed prior to crucial nucleic acid-protein interac-
tions, the genetic code and the ribosome. Antoine 

Danchin’s revival of Theseus’ paradox, the ‘Delphic boat’, 
in the context of biological systems and information is 
clearly appropriate for the challenges that we currently 
face and our ventures into synthetic biology [Danchin, 
2003]. The paradox can also help us find our way. Life is 
much like a vessel with planks and nails that decay and 
must be replaced when exposed to the hardships of time. 
The essence of the vessel remains despite of constant re-
newal and change. Its properties are pervasively persis-
tent and ubiquitous. Danchin rightly points out that the 
essence of the vessel and of life is not about the makeup 
of individual parts but of relationships that link those 
parts together to form the whole. The essence pervades 
even if steel and rivets replace wooden planks and nails, 
metabolic networks replace chemical cycles, proteins re-
place peptides and nucleic acids replace ribotide cofac-
tors. The essence pervades even if drivers and goals 
change and even if the system wanders as life finds its path 
through the ever-changing planetary landscape. While 
Danchin’s riddle is meant to seek open mindedness and 
antireductionism, it can help us explore how genetics ex-
panded the memories that were initially entrusted to the 
emerging peptide and protein molecules. These memo-
ries likely remain embedded in today’s biochemistry.

  A corollary for the coevolutionary model of origins of 
biochemistry is that a fully functional biosynthetic mech-
anism responsible for primordial peptides must have ex-
isted and was superseded by the ribosome. Given struc-
tural canalization, the ancient putative mechanism must 
be operational today as a relic. Indeed, the structures of 
catalytic domains of aaRSs and aminoacylating modules 
of NRPSs harbor peptide biosynthetic functions and ap-
pear in our timelines earlier than r-proteins and the ribo-
somal ensemble [Caetano-Anollés et al., 2011, 2012]. 
These structures embody not only ribosomal predeces-
sors but also crucial aminoacylating and editing functions 
that provide ‘meaning’ to the genetic code. Using the phy-
logenomic methods described above, we are now reveal-
ing remarkable coevolutionary patterns between tRNA 
and aaRSs. These patterns unfold the algorithmic imple-
mentation of the genetic code and its links to the structure 
of proteins [Caetano-Anollés et al., in preparation]. In 
other words, coevolution appears to be again responsible 
for the history of identity elements and specificities re-
sponsible for the vocabulary used in the genetic reposi-
tory. These findings align with remarkable evidence, in-
cluding the existence of organisms with faulty aaRS en-
zymes and statistical proteomes [Boniecki and Martinis, 
2012], patterns of genetic code complementarity and er-
ror tolerance [Rodin and Rodin, 2008], the observation 
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that random protein sequences fold into defined struc-
tures and display a multitude of small molecule binding 
abilities [Cherny et al., 2012; LaBean et al., 2011], the ex-
perimental reproduction of a β-barrel fold with only five 
amino acid components without compromising folding 
speed and function [Riddle et al., 1997], and evolutionary 
outcomes in mRNA display experiments [Chao et al., 
2013; Seelig, 2011] that point to important tendencies in 
proteins structure. We will just mention in passing the 
promise of statistical proteomes for synthetic biology and 
our understanding of translation. Cells maintain viability 
despite loss of crucial aaRS hydrolytic editing activities, 
which cause widespread and presumably lethal proteomic 
mutations. Default to primordial mechanisms by de-
struction of coding specificities demonstrates the unprec-
edented resilience of the structures and functions of pro-
teins. This resilience is embedded in primordial codes 
that are not genetic in the traditional sense.

  We are now building an evolutionary scenario of grad-
ual emergence of structural and genetic codes from sto-
chastic behavior that for the most part is testable by care-
ful experimental and theoretical exploration.  Figure 5  
shows a coevolutionary logo model that is inspired by our 
phylogenomic findings and other information and distills 
patterns of emergence of early biochemistry. The model 
starts with a prebiotic world of chemistries, some of which 
were likely successful and abundant in the early environ-
ments of Earth. These chemistries provide the raw mate-

rials for polymer exploration. According to the interpre-
tation of the Urey-Miller experiments, the amino acids 
alanine, glycine, aspartic and glutamic acid, valine, leu-
cine, isoleucine and serine were among the first molecules 
to gain significant planetary concentrations [Miller, 1953] 
and these molecules were likely candidates for emergence 
of small dipeptides and polypeptides [Jakschitz and Rode, 
2012]. Ikehara [2005] proposes a peptide world enriched 
in alanine, glycine, aspartic acid and valine (the [GADV]-
world). Peptides with these compositions can be pro-
duced experimentally by repeated dry-heating cycles and 
by solid phase peptide synthesis. They exhibit hydrolytic 
functions. The properties of these and other possible pri-
mordial amino acids can impose a partially coded polym-
erization regime along emerging polynucleotides that fol-
lows a Michaelis-Menten type of kinetics [Lehman et al., 
2009]. The idea that ribotide-related cofactors may have 
acted as ‘docking guides’ for stochastic peptide formation 
[Egel, 2009] is therefore feasible and likely responsible for 
biases in nucleotide and protein constitutions. A simple 
BLAST search against the human genome searching for 
decapeptides with combination of runs of two amino ac-
ids showed that glycine, alanine, valine and aspartic acid 
are overrepresented [Nahalka, 2011]. Similarly, consider-
able biases in codon usage exist in ancient protein en-
zymes belonging to the short-chain dehydrogenase/oxi-
doreductase (SDR) superfamily that has been associated 
with higher use of the multiple open reading frame po-

  Fig. 5.  Phylogenomic-inspired logo model (our Delphic vessel) de-
scribing the early emergence of biochemistry. Names in italics pro-
vide temporal frameworks that have been placed in the geological 
timeline using a molecular clock of folds [Wang et al., 2011]. The 
approximate time of appearance of primordial P-loop hydrolase 

structures, the PTC, the urancestor and the second ribosomal tran-
sition is given in billions of years (Gy). The model shows that the 
prebiotic, RNA, protein, RNP and cellular ‘worlds’ (and many oth-
er worlds that are not listed or colored) are all integrated into a 
single scenario of emergence.           
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tential [Duax et al., 2005, 2009]. In our timelines, we find 
significant biases in the dipeptide residue makeup of pro-
tein domain structures that appear prior to the rise of 
codes linked to aaRSs, NRPSs and ribosomal protein syn-
thesis, including the genetic code [Caetano-Anollés et al., 
in preparation]. This bias probably stems from a folding 
code that we must unroot and that is responsible for the 
basal placement of the four FF domain structures that 
precede the appearance of catalytic aaRS domains in our 
phylogenies and another 2,393 FFs [Caetano-Anollés et 
al., 2012]. These four structures (see below) harbor with 
the first and most ancient eleven FFs a common α/β/α-
layered structural design that is typical of proteins that 
associate with membranes. One of these is a member of 
the SDR superfamily mentioned above. Thus, the concept 
that the ‘advent of coded protein synthesis has drawn a 
veil over the previous life of proteins’ [Bernhardt, 2012] 
often used by RNA world supporters is incorrect. It ne-
gates structural canalization and the principle of continu-
ity. It is also incompatible with growing evidence from 
the structural genomic census of our Delphic ‘living’ ves-
sel.

  Phylogenomics Reveals Protein and Lipid 

Membrane Coevolution and a Very Early Cellular 

Compartment 

 The timelines derived from ToDs unfold the progres-
sion of structural and functional innovations as well as 
structural features important for protein interactions 
with membranes (sketched in  fig. 2 ). A careful analysis of 
the 54 most ancient domains defined at FF level of struc-
tural complexity revealed that the first proteins associate 
with membranes [Caetano-Anollés et al., 2012]. In par-
ticular, the oldest proteins in our timeline are ATP-bind-
ing cassette (ABC) transporter domains with ATPase do-
main-like (c.37.1.12) FF structures. Remarkably, these 
domains contain primordial bundles, groups of four par-
allel α-helices that are accessory to the central α/β/α-
layered structural core of the P-loop hydrolase fold. These 
bundles appear to be relics of peptides that were integral 
to ancient membranes and grew through surface ligations 
into bundle structures following molecular self-aggrega-
tion processes known to occur in the membrane milieu. 
Nonpolar spanning peptides (similar to natural peptide 
antibiotics) insert spontaneously into membranes and 
could have self-organized into primordial mechanosensi-
tive channels and osmotic valves that would have en-
hanced the growth and persistence of emerging cellular 

containers [Morris, 2002; Pohorille et al., 2005]. We have 
proposed a detailed model describing how ‘adaptive’ pep-
tides enriched these vesicle compartments stabilizing and 
extending their life [Caetano-Anollés et al., 2012]. The 
model also describes ancient vesicles as ‘bioreactors’ ca-
pable of retaining cellular components that were benefi-
cial (amphiphiles, peptides, polyphosphate, polyhydroxi-
butirate) and discarding through vesicle rupture those 
that were not. Flaccid vesicles with enhanced protoplas-
mic content and complexity increase chances to entrap 
components such as peptides with catalytic and transport 
abilities. These primordial cellular environments would 
have enhanced dipeptidase and peptide ligation activities 
and the length of proteins and their structure-function 
potential. The model proposes a chain of events that ex-
plains the most basal placement of α/β/α-layered struc-
tures in our ToDs as these gain energy interconversion, 
chaperone and enzymatic activities, and the crucial abil-
ity to actively control transmembrane protein content 
and function. The ancient P-loop hydrolases with ABC 
transporter (c.37.1.12) and extended and tandem AAA-
ATPase (c.37.1.20) activities are not only responsible for 
the transport of a wide range of molecules across mem-
branes (from small compounds to polypeptides) but are 
also mechanoenzymes (molecular switches) important 
for crucial cellular functions such as protein folding, pro-
teolysis, membrane trafficking, intracellular motility and 
cytoskeletal regulation. Their breathtaking diversity is 
testimony of their ancient evolutionary roots. For exam-
ple, the c.37.1.12 design can be catalogued into over 600 
families with numerous physiological roles [Saier et al., 
2009]. The tyrosine-dependent oxydoreductase domain 
(c.2.1.2) also appears with this basal group and brings a 
host of catalytic activities and ability to bind to numerous 
cofactors, including nicotinamide, guanosine, cytidine, 
flavin and biopterin derivatives [Caetano-Anollés et al., 
2012]. These domains are part of the structures of the 
SDR superfamily, a family of enzymes with over 6,000 
members. Its very early appearance suggests a rapid ex-
pansion of polypeptide-cofactor interactions prior to the 
rise of cofactor-driven aminoacylation and peptide syn-
thesis (and the advent of primordial tRNA) in catalytic 
domains of primordial aaRSs and the GTPase activities of 
the structures typical of translation factors (and before 
the appearance of thousands of FF structures). The devel-
opment of interactions with ribotide cofactors and mem-
branes probably biased the amino acid makeup of the 
emerging proteins, favoring the establishment of the α/β/
α-layered fold design of the very early polypeptides. These 
interactions probably established crucial stereochemis-
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tries that were then exploited for the development of the 
genetic code.

  Enzymatic activities associated with lipid biosynthetic 
systems appeared also very early in the timeline. The 
β-ketoacyl [acyl carrier protein] reductase [EC 1.1.1.100] 
of fatty acid biosynthesis (pathway 1) harbors the α/β/α-
layered c.2.1.2 design of the SDR superfamily, the third 
most ancient FF of the timeline. These enzymes have been 
proposed to be the most ancient SDR proteins, both be-
cause of their almost exclusive use of the GC-rich half of 
the codon table and because their genes make use of po-
tential of multiple open reading frames [Duax et al., 2005, 
2009]. A number of important biosynthetic enzymes in-
volved in lipid biosynthesis appear very early (with rela-
tive age of  nd  = 0.03–0.045;  fig. 2 ) [Caetano-Anollés et al., 
2012]. These proteins are the first to display structures 
with barrel and half barrel-like (curled α/β/α-layered) de-
signs that are involved, for example, in type I and II en-
zyme-mediated fatty acid elongation steps (β-ketoacyl-
acyl-carrier synthases) or mediate the synthesis of a large 
number of natural products (polyketide synthases). Of 
special note is the appearance of the (S)-3-O-geranylgera-
nylglyceryl phosphate synthase (EC 2.5.1.41) with the 
SDR c.2.1.4 FF structure ( nd  = 0.09). This enzyme medi-
ates an important step in the biosynthesis of polar lipids 
in Archaea and the ancient cellular ancestor of life [Kim 
and Caetano-Anollés, 2011]. All these observations 
strongly suggest that very early proteins were engaged in 
the production or enhancement of lipid membranes, 
much earlier than the rise of the urancestor (2.9 Gy) and 
the start of organismal lineage diversification ( fig. 5 ).

  The coevolution of proteins and membranes was im-
portant for bioenergetics [Mulkidjanian et al., 2009] and 
impacts secretory functions [Cao and Saier, 2003]. The 
F-type and A/V-type ATP synthases, for example, are 
molecular mechanical wonders that were already under 
development in the urancestor [Hilario and Gogarten, 
1998] and are responsible for the early origin of mem-
brane-coupled energy conversion reactions [Mulkidja-
nian et al., 2009]. These multisubunit complexes are pro-
ton- or sodium-dependent ion pumps and molecular mo-
tors that produce most of the ATP needed to power 
cellular processes. The F 1 /F o  ATP synthase 600 kDa com-
plex, for example, can be separated into two subunits, F 1  
and F o , which can be studied individually. Transmem-
brane proton gradients drive rotation of the C-subunit 
ring of F o  that is integral to the membrane, which then 
propels rotation of the central stalk (the axle) and the as-
sociated F 1  head of the complex ( fig.  6 ). This rotation, 
which is modulated by ‘stator’ proteins, causes conforma-

tional changes in F 1 -active sites that result in ATP synthe-
sis or hydrolysis. Thus, these synthases use ATP hydroly-
sis and proton/ion gradients to propel either F 1  or F o  ro-
tors. These motors then turn the connected rotors into 
generators of either energy or membrane-associated 
work. Our phylogenies can provide timeframes for the 
development of these wonderfully versatile nanoma-
chines. The hexamer head of the F 1  rotor is made of α- 
and β-subunit proteins that harbor three domains, the 
central of which has a P-loop hydrolase fold with the 
RecA protein-like (ATPase-domain) FF (c.37.1.11; 
 fig. 6 a). This domain is the oldest of the ensemble, appear-
ing after 12 other FFs in the timeline ( nd  = 0.045), much 
earlier than r-proteins but together with catalytic mod-
ules of NRPSs. Its early evolutionary appearance attests to 
the central role that bioenergetics plays in the cell. The 
c.37.1.11 FF structure is highly related to the c.37.1.20 FF 
of the AAA mechanoenzymes, the second oldest of the 
timeline, some of which act as ATPases, have helicase ac-
tivities and form ring complexes that are often multiply 
stacked (e.g. ClpA, NSF-complex). Thus, ATP synthases 
appear to have originated as offshoots of more ancient 
mechanoenzymes that were probably acting as primor-
dial chaperones [Caetano-Anollés et al., 2012]. This sce-
nario of origin is compatible with the idea that ATPase 
synthases were derived from the interaction of primitive 
helicases and membrane pores [Mulkidjanian et al., 
2009]. Remarkably, the F1 rotor appears to be a hexamer 
layered stack of three kinds of domains with ages span-
ning  ∼ 75% of the history of proteins (red to blue in col-
ored models of structure). This architecture indeed re-
sembles the ubiquitous stacked topologies of AAA com-
plexes and its diverse origin suggests a long history of pro-
tein-membrane coevolution. The third oldest domain of 
the ensemble is the ATP synthase (F 1 -ATPase) gamma 
subunit FF (c.49.2.1;  nd  = 0.200) that forms the central 
stalk (the axle) and the fourth oldest is the  a -chain of the 
F o  rotor, which acts as putative stator of the integral mem-
brane subunit. It is tempting to speculate that the AAA-
like rings of the primordial ATP synthases associated 
loosely with ancient ABC transporter-like membrane 
pores, and that this loose association became more per-
manent with the accretion of the gamma subunit ( fig. 6 b). 
This assembly likely offered opportunities for rotation of 
the central stalk and rotational movements of the pore 
and associated head enabled the coupling of transmem-
brane solute gradients and ATPase energetics. The ap-
pearance of the F o  stator before a specialized c-oligomer 
and F 1  stator at  nd   ∼ 0.53 indicates that about that age, the 
rotor-generator properties of the complex were fully 
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functional. This age roughly coincides with the Great Ox-
ygenation Event (GOE) of the planet, which coincides 
with the appearance of fully diversified lineages [Wang et 
al., 2011]. Our model proposes a recruitment step in 
which an ancient pore made of primitive helical bundles 

is replaced by a more modern c-oligomer. There are sev-
eral good candidates for this ancient pore. The first FF 
with a stand-alone bundle is the L-asparatase/fumarase 
FF (a.127.1.1;  nd  = 0.094). The N-type ATP pyrophospha-
tase FF (c.26.2.1;  nd  = 0.098) and other pyrophosphory-
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  Fig. 6.  Structure and evolution of the F 1 /F o  ATP synthase.  a  Struc-
tural model of the ATP synthase complex from yeast (4b2q) stud-
ied using electron cryotomography in mitochondrial membranes 
[Davies et al., 2012], accessorized in the image with the a-chain 
(1C17). Domains were colored according to their relative evolu-
tionary age    (nd)  using a chronology derived from a ToD obtained 
at FF level of structural complexity [Caetano-Anollés et al., 2012]. 
 b  Phylogenomic model describing the most likely and parsimoni-

ous scenario of origin and evolution of the ATP synthases. Land-
mark references are indicated with numbers along the timeline: 1, 
origin of AAA mechanoenzymes; 2, origin of aaRSs; 3, origin of 
NRPSs; 4, origin of the ribosome; 5, origin of the PTC; 6, first bac-
teria-unique FF; 7, first eukarya-unique FFs; 8, mature aaRSs; 9, 
mature ribosome; 10, the present. Green, salmon and yellow 
shades describe the three epochs of the protein world (also indexed 
in fig. 2a).   
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lases immediately followed, including the inorganic py-
rophosphatase FF (b.40.5.1;  nd  = 0.229). Thus, specialized 
bioenergetic systems were already in existence prior to 
the appearance of the gamma subunit and axle. Parts of 
these could have been recruited for interactions with the 
evolving F 1  synthase head ( fig. 6 b). This model of mo-
lecular evolution is parsimonious, draws strengths from 
patterns of recruitment that are plausible and is again 
amenable to falsification. The model is compatible with a 
very early and long coevolutionary history of proteins 
and membranes. It is also in line with gradual progression 
of structural and functional improvements: lipid bilayers 
evolving from leaky to proton tight, pore-forming pro-
teins evolving into more complex integral complexes, and 
simple membrane bioenergetics to complex motor-driv-
en energy and work-producing devices [Mulkidjanian et 
al., 2009].

  Other important cellular structures appeared very ear-
ly in evolution. Cells control their shape and stabilize 
themselves using ‘tensegrity’, geodesic architectures that 
provide mechanical stability through continuous tension 
and local compression [Ingber, 2000]. This physical ‘ying-
yang’ occurs in hierarchical self-assembly processes at all 
size scales, adding an additional design principle to pro-
cesses such as energy minimization, topological con-
straints, autocatalytic sets and structural hierarchies. 
From a microstructural point of view, the development of 
molecular mechanisms of tensegrity that would stabilize 
primordial cell structures are expected to occur early in 
biochemical evolution, or at least as soon as enriched ves-
icle compartments were widely distributed or successful 
on early Earth. It is therefore of interest to explore the 
evolutionary appearance of domains present in actin ge-
odomes and cytoskeleton structures typical of eukaryotic 
cells but also present in the helical filaments of prokary-
otic microbes [Michie and Lowe, 2006]. Actin monomer-
ic subunits form microfilaments, highly dynamic cyto-
skeletal structures that intimately interact with cellular 
membranes [Doherty and McMahon, 2008]. Actin ge-
odomes are composed of stiff struts arranged geodesical-
ly that must continually resist tension throughout the 
tensegrity system and resist compression at local stress 
points. Remarkably, the structure of the actin monomer 
units is very ancient. The actin/HSP70 ATPase domain 
FF (c.55.1.1) of actin and the MreB prokaryotic homo-
logue is the first structure of the actin-like ATPase do-
main superfamily (with its 14 FFs) to appear in evolution, 
immediately after the four most primordial FFs and to-
gether with the structures of catalytic domains of aaRSs 
and translation factors and G protein domains [Caetano-

Anollés et al., 2012]. Dynamin and septin molecules, im-
portant for the dynamic of vesicle invagination and scaf-
folding, respectively, have also P-loop hydrolase fold 
structures that are ancient and belong to the G protein FF. 
This suggests primordial networks of scaffolding mole-
cules were already operational in protocells prior to the 
establishment of the genetic code and the ribosome, pro-
viding tensegrity mechanisms of cellular stability. Mi-
crotubules are also important components of the cyto-
skeleton [Michie and Lowe, 2006]. They are highly dy-
namic hollow cylinders of considerable size ( ∼ 20 nm in 
diameter) composed of tubulin subunits that bind GTP 
for polymerization. Remarkably, the C-terminal domain 
(d.79.2.1) and the GTPase domain (c.32.1.1) of tubulin 
appear together in the ToD of FF domain structures
( nd  = 0.143;  fig. 2 b) before the ribosomal PTC but after 
the first appearance of r-proteins. In contrast, specialized 
molecules with structural functions such as myosin and 
kinesins appear at the very end of our timeline of domains 
( fig.  2 b), as well as in timelines of molecular functions 
(e.g. under motor activity;  fig.  2 c) [Kim and Caetano-
Anollés, 2010]. The cytoskeletal and structural system of 
the cell clearly represents a universal feature akin to the 
ribosome that was developed early during the rise of the 
urancestor and that is still evolving. These observations 
highlight the crucial role of cellular structure in molecular 
evolution.

  Viruses also use tensegrity to build highly sophisticat-
ed compartments and capsid containers. Remarkably, we 
find that the central molecular components of these spe-
cialized compartments are specific to the viral super-
group and are of relatively recent origin. These compo-
nents include major capsid protein families, DNA bind-
ing and attachment proteins, and caspase inhibitors. 
Since the origin of viruses of large and medium size (e.g. 
giruses such as mimivirus or megavirus) predates the cel-
lular urancestor [Nasir et al., 2012], these new forms of 
containment appear advanced adaptations to parasitic 
lifestyles that unfolded in the diversified world or organ-
ismal lineages that were emerging after the fall of the reign 
of the urancestor.

  Finally, volutin granules, which are electron-dense 
granular organelles rich in calcium and phosphate, appear 
to be universally distributed and very ancient [Seufferheld 
et al., 2011]. These granules are likely membrane-bound 
and homologous to acidocalcisomes, as conclusively 
shown in Bacteria and Eukarya. A global analysis of
vacuolar proton-translocating pyrophosphatases (V-
H + PPases), which are diagnostic proteins of the mem-
brane-bound acidocalcisome organelles, indicates that the 
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pyrophosphatase protein family (Pfam) domain (PF03030) 
is present in each and every one of the organisms of the 
three cellular superkingdoms analyzed. This observation, 
together with the fact that volutin granules and/or acido-
calcisomes have been identified in Archaea, Bacteria and 
Eukarya, suggests that the urancestor already had organ-
elle structures. We discuss this idea further in an accom-
panying paper [Seufferheld and Caetano-Anollés, 2013].

  Conclusions 

 We have shown that the deep structural phylogenom-
ic reconstruction of our past is possible and can render a 
unique view of the origins of biochemistry. The historical 
record maintained in the molecular structure of proteins 
and RNA molecules falsifies the RNA world conjecture. 
Instead, phylogenomic information supports the coordi-
nated evolution of lipid moieties, proteins and nucleic ac-
ids and the slow and steady rise of cellular structure. Re-
markably, timelines of first appearance of domain struc-
tures reveal the early emergence of lipid biosynthetic 
pathways and components of cytoskeletal microstruc-

tures and the piecemeal accumulation of molecular struc-
tures in the ribosomal ensemble and the ATP synthase 
complexes. These timelines suggest that the urancestral 
cell was quite modern in its molecular and cellular orga-
nization, already displaying complicated microstructure 
and advanced bioenergetics. Our phylogenomic results 
change the perception we have of the rise of modern biol-
ogy, prompting the abandonment of ‘world’ paradigms 
with limited explanatory power. Instead, results suggest 
we focus on the emergence of biological complexity in an 
ever-expanding coevolving world of macromolecules.
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