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Abstract The origin of life has puzzled molecular sci-
entists for over half a century. Yet fundamental questions
remain unanswered, including which came first, the meta-
bolic machinery or the encoding nucleic acids. In this study
we take a protein-centric view and explore the ancestral
origins of proteins. Protein domain structures in proteomes
are highly conserved and embody molecular functions and
interactions that are needed for cellular and organismal
processes. Here we use domain structure to study the
evolution of molecular function in the protein world.
Timelines describing the age and function of protein
domains at fold, fold superfamily, and fold family levels of
structural complexity were derived from a structural phy-
logenomic census in hundreds of fully sequenced genomes.
These timelines unfold congruent hourglass patterns in
rates of appearance of domain structures and functions,
functional diversity, and hierarchical complexity, and
revealed a gradual build up of protein repertoires associ-
ated with metabolism, translation and DNA, in that order.
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The most ancient domain architectures were hydrolase
enzymes and the first translation domains had catalytic
functions for the aminoacylation and the molecular switch-
driven transport of RNA. Remarkably, the most ancient
domains had metabolic roles, did not interact with RNA,
and preceded the gradual build-up of translation. In fact,
the first translation domains had also a metabolic origin
and were only later followed by specialized translation
machinery. Our results explain how the generation of
structure in the protein world and the concurrent crystal-
lization of translation and diversified cellular life created
further opportunities for proteomic diversification.
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Abbreviations
aRS Aminoacyl-tRNA synthetase
Fold
FSF Fold superfamily
FF Fold family
Nd Node distance
r-Protein  Ribosomal protein
SCOP Structural classification of proteins
Introduction
Proteins are fundamental components of molecular

machinery. They carry genetic information and their
structures embody the molecular functions that are needed
for cellular and organismal processes (Lesk 2001). Protein
structure is hierarchical, embedding several levels of
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molecular organization that range from primary sequence
and supersecondary motifs to three-dimensional (3D) chain
arrangements and the formation of macromolecular com-
plexes (Caetano-Anollés et al. 2009a). Folding of a protein
is dictated by its amino acid sequence and is influenced by
the formation of compact and stable structures that are
capable of concealing hydrophobic residues from the
aqueous environment of the cell. These compact stable
units, called domains, are endowed with a diversity of
molecular functions and interact with a wide range of
molecules, including metabolic substrates, nucleic acids,
proteins, and lipid bilayers, and with other domains in
multidomain proteins. Interactions link cellular compo-
nents to each other and enable the many complicated
biological processes that operate in a living cell, including
metabolism, translation, and DNA replication. In general,
the 3D folding arrangements of the domains are orders of
magnitude more resilient to molecular change than domain
sequence in the peptide chains. Furthermore, domains have
local structure that is stable, and domains that are evolu-
tionarily related can be grouped together in hierarchical
classifications (Chothia and Gough 2009). For example, the
structural classification of proteins (SCOP) groups domains
that are closely related at the sequence level into fold
families (FFs), domains with structural and functional
features that suggest a common ancestry into fold super-
families (FSFs), and those with common fold architectural
designs into folds (Fs) (Murzin et al. 1995; Andreeva et al.
2008). Note that similarities in protein folding that define F
architectures do not imply a necessary ancestral relation-
ship and could instead have arisen simply because of the
physics and chemistry of the domain packing arrange-
ments. This argument also applies to F-linked molecular
functions and biological processes, as these are recruited
with their structures into modern proteins through for
example processes of domain combination (Wang and
Caetano-Anollés 2009).

One fundamental assumption in biology is that modern
proteomes are part of an unbroken chain of ancestors,
most of which are still somehow embodied in modern
counterparts, and that these can be traced back in time to
primordial protein repertoires in emergent cells. This is
reasonable since proteomes are protein repertoires in
modern organisms, which can also be traced back to
ancient ancestors along tree-like or network-like lineages
using the tools of phylogenetic analysis (Doolittle 2005).
We can also extend the assumption to molecular functions
and biological processes in proteomes, as these are the
direct consequence of protein structure (Kim and Caetano-
Anollés 2010). The history of protein domains and pro-
teomes has been therefore reconstructed using a census of
protein domain architecture in hundreds of genomes that
have been completely sequenced (e.g., Caetano-Anollés

and Caetano-Anollés 2003; Yang et al. 2005; Wang and
Caetano-Anollés 2006, 2009). Currently, millions of pro-
teins in over 1,000 completely sequenced genomes have
been assigned to at least one of the ~2,000 SCOP FSFs
by scanning with hidden Markov models (HMMs; Gough
et al. 2001). The relatively small number of the FSFs that
have been identified already implies that they are more
conserved than corresponding sequences and are useful to
explore evolution of life and biochemistries prior to
organism diversification. The evolutionary conservation
and deep phylogenetic signal of FSFs has been repeatedly
and empirically verified by reliable phyletic patterns in
the three superkingdoms of life (Caetano-Anollés and
Caetano-Anollés 2003; Yang et al. 2005; Wang and
Caetano-Anollés 2006) and by the successful exploration
of the origin of modern metabolic networks (Caetano-
Anollés et al. 2007) or metallomes (Dupont et al. 2010).
The rationale and advances of these structural phyloge-
nomic studies have been recently reviewed (Caetano-
Anollés et al. 2009a). In some of these studies, global
inferences about the history of biological functions asso-
ciated with protein repertoires were possible by sorting
out recruitment processes (Caetano-Anollés et al. 2007,
2009b) or by focusing on annotations at lower hierarchi-
cal levels of structural classification (Wang et al. 2007,
Wang and Caetano-Anollés 2009; Caetano-Anollés et al.
2009a).

The origin of life and proteins has puzzled molecular
scientists for over half a century. Yet fundamental ques-
tions remain unanswered. Which came first, the metabolic
machinery of the cell or the encoding nucleic acids? An
ancient world in which RNA was the sole catalyst and
self-replicating molecule has been a prevailing theory
(Gesteland et al. 2006), boosted notably by the existence
of possible RNA-based enzyme relics in translation, the
system that synthesizes proteins (Ellington et al. 2009).
However, most proteins do not interact with RNA and
some are believed to be very ancient (Caetano-Anollés
et al. 2009a), and new views are emerging of the old idea
of a peptide-dominated early world (Kauffmann 1993;
Egel 2009). A recent phylogenomic analysis of hundreds
of thousands of terminal ontological terms of molecular
functions and biological processes associated with the
sequence of 38 genomes revealed the origin of modern
biochemistries in functions linked to metabolism (Kim
and Caetano-Anollés 2010). These results confirm phy-
logenomic statements based on the structure of enzymes
in metabolic networks and the protein repertoires of
hundreds of genomes that reveal that the protein world
originated in enzymes of nucleotide metabolism harboring
the P-loop containing nucleoside triphosphate (NTP)
hydrolase fold (Caetano-Anollés et al. 2007, 2009a, b).
Remarkably, these studies also reveal an explosive
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discovery of metabolic functions, which recapitulate well-
defined prebiotic shells and involved the recruitment of
structures and functions. A study of physical clustering of
genes in bacterial genomes also reveals that the most
ancient group of genes is related to metabolism (Danchin
et al. 2007). These observations are based on the analysis
of genomic repertoires and support a metabolism-first and
protein-first scenario for the origins of life. More impor-
tantly, the ribosome, heralded to be a ribozyme and a
stronghold of the RNA world hypothesis, appears more
and more dependent on ribosomal proteins (r-proteins) for
its protein biosynthetic function. While r-proteins were
attributed only auxiliary roles, recent biochemical studies
(Maguire et al. 2005) and higher resolution structures of
intact ribosomes (Voorhees et al. 2009) have shown
ribosomal proteins stabilize tRNA and facilitate amino-
acyl-tRNA binding in the peptidyl transferase center
(PTC). These and other findings raise doubts whether the
ribosome is indeed a ribozyme (Hoogstraten and Sumita
2007). Instead, its protein biosynthetic function appears to
result from the coordinated activity of proteins and RNA.
We have also shown tight co-evolution of r-proteins and
rRNA from the start in 5S rRNA (Sun and Caetano-
Anollés 2009) and in the entire ribosomal ensemble
(Harish and Caetano-Anollés, submitted). The existence
of metabolism-driven protein synthesis in the absence of a
modern ribosome is also likely. Non-ribosomal peptide
synthesis is widespread and is mediated by multimodular
megaenzymes that act in the absence of templating
nucleic acids, the non-ribosomal peptide synthetases
(Marahiel 2009). Precursors of these ancient enzymes that
catalyze peptide bond formation could have synthesized
peptides early in evolution, and even earlier, random
polypeptides could have become autocatalytic sets (Bag-
ley et al. 1991), doing work, undergoing processes of
prebiotic mitosis, and evolving towards better and more
efficient catalytic functions (Bagley et al. 1991; Kauff-
mann 1993; Egel 2009). All of these recent findings make
a strong case for the likelihood of a protein or a ribo-
nucleoprotein (RNP) world and weaken the feasibility of
an RNA world.

In this paper, we focus on evolution of domains defined
at F, FSF, and FF levels of structural complexity and test
the ancestral origins of proteins and their links to RNA. We
use functional annotations of FSF and FF structure to study
the evolutionary emergence of molecular functions,
including functions associated to crucial processes, such as
metabolism, translation, and DNA replication. The analysis
uncovers specular bimodal patterns in proteome evolution
that resemble hourglass patterns. These hourglasses dissect
the emergence of the protein world and provide a molec-
ular scenario for the evolution of biological functions at the
beginnings of life.

@ Springer

Materials and Methods
Phylogenomic Analysis of Protein Architectures

We conducted a census of genomic sequence in 185
organisms (DATASET A185: 19 Archaea, 129 Bacteria,
and 37 Eukarya) and 584 free-living, parasitic, and obligate
parasitic organisms (DATASET AS584: 46 Archaea, 397
Bacteria, and 141 Eukarya), and 420 free-living organisms
(DATASET FL420: 48 Archaea, 239 Bacteria, and 133
Eukarya) assigning protein structural domains corre-
sponding to 1,259 FSFs (out of 1,447 in SCOP 1.67), 1,453
FSFs (out of 1,539 defined by SCOP 1.69), and 2,397 FFs
(out of 3,464 defined by SCOP 1.73), respectively, to
protein sequences using advanced linear HMMs of struc-
tural recognition in SUPERFAMILY (Gough et al. 2001)
and probability cutoffs E of 1072 107, and 107
respectively. Genome sequences are scanned against an
HMM library generated using the iterative Sequence
Alignment and Modeling System (SAM) method. Detect-
ing remote homology of protein structures (i.e., at F, FSF,
and FF levels of structural complexity) between distant
species is always challenging. However, SAM provides top
performance in CASP assessments along all classes of
predictions (Karplus 2009). Furthermore, an internal cali-
bration of the accuracy of HMM SAM-T02 model pre-
diction against Protein Data Bank (PDB) records in the
ASTRAL compendium (Brenner et al. 2000) showed that
structures were identified correctly in 98% of sequences
analyzed (Kim et al. 2006).

We chose to define domains with SCOP since it repre-
sents a broad and conserved classification scheme hat has
been used repeatedly as gold standard to benchmark
structural prediction methods and describe the complexity
of the protein world (Andreeva et al. 2008). SCOP parti-
tions proteins into fewer and larger components taking into
consideration both functional and evolutionary consider-
ations (Holland et al. 2006). Thus, it is more useful for the
analysis of ancient evolutionary history than other classi-
fications. SCOP domains were identified with concise
classification strings (ccs) (e.g., ¢.37.1.12, where c repre-
sents the protein class, 37 the F, 1 the FSF, and 12 the FF).
F architectures were assigned to FSFs and FFs to FSFs
using SCOP identifiers (IDs) and algorithmic implemen-
tations in SUPERFAMILY and the census was used to
construct data matrices of genomic abundance of Fs, FSFs,
and FFs that were coded as linearly ordered and polarized
multistate phylogenetic characters. First, we counted how
many times individual FSFs are assigned to each of the
proteomes sampled. Here, the number of multiple occur-
rences of a FSF per proteome is defined as a genomic
abundance value (g). We then calculated g values for all
pair-wise combinations of proteomes and FSFs, and then
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constructed a two-dimensional data matrix. Empirically,
g values ranged from O to hundreds, resembling morpho-
metic data with a large variance (Wang and Caetano-
Anollés 2006; Wang et al. 2007). Because existing
phylogenetic programs can digest only tens of phylogenetic
character states depending on user’s CPU performance, the
space of g values in the matrix were reduced by the limited
number of character states using a gap coding technique
with the following formula (Wang and Caetano-Anollés
2006).

In (gab 1 )
a =R d[————=~
8ab_norm oun [ln (gmax 1 )

x 23]

In this equation, a and b denote a FSF and a proteome;
ga» describes the g value of the FSF a in the proteome
b. gmax indicates the maximum g value in the matrix. This
round function normalizes a genomic abundance value of a
particular FSF in a proteome taking into account the
maximum g value, and standardizes the values to a 0-23
scale (g4p_norm)- The 24 transformed values that represent
character states are linearly ordered and encoded using an
alphanumeric format of numbers 0-9 and letters A—N that
are compatible with PAUP* ver. 4.0b10 (Swofford 2002).
Phylogenomic trees of protein architectures were built by
polarizing character states from ‘N’ to ‘0’, with ‘N’ being
the most ancient character state. Consequently, the most
ancient architectures are positioned at the base of their
corresponding trees. The model considers that abundance
of individual architectures increases in nature depending on
given time intervals from their discovery to the present
time, although the extent of losses, expansions, and
selective  constraints can vary during evolution.
Consequently, it is natural that more ancient architectures
are more abundant and widely present in modern
proteomes, supporting the character argumentation
scheme. Universal trees of protein architectures were
built from the transformed and polarized A184, A584,
and FL420 matrices using the maximum parsimony (MP)
method in PAUP#*, with 1,000 replicates of random taxon
addition, tree bisection reconnection (TBR) branch
swapping, and maxtrees unrestricted. Because some of
these trees are large and the search of tree space is
computationally hard, we used a combined parsimony
ratchet (PR) and iterative search approach to facilitate tree
reconstruction (Wang and Caetano-Anollés 2009). In case
of DATASET FL420, a single tree that had minimum tree
length among over 300 MP trees derived from 300 ratchet
iterations (10 x 30 chains) was chosen as the best one.
Multiple chains and iterations avoid the risk of optimal
trees being trapped by sub-optimal regions of tree space
(Nixon 1999). DATASET A184 has been used previously
in functional annotation efforts (Wang et al. 2007) and is
here considered the reference set. The trees were rooted by

the Lundberg method, which does not require the need of
outgroup taxa. Phylogenetic reliability was evaluated by
the nonparametric bootstrap method with 1,000 replicates,
with resampling size being the same as the number of the
genomes sampled, TBR, and maxtrees unrestricted. The
structure of phylogenetic signal in the data was tested by
the skewness (g;) of the length distribution of 1,000
random trees (Hillis and Huelsenbeck 1992). Finally, the
relative age of protein architectures (node distance, nd) was
calculated directly for each phylogeny using a PERL script
that counts the number of nodes from the ancestral
architecture at the base of the tree to each leaf and
provides it in a relative 0-1 scale. Since trees are highly
unbalanced, nd values can quickly ‘date’ a domain at each
level of structural classification (Wang and Caetano-
Anollés 2009) and can be linearly proportional to time
when trees are calibrated with geological evidence (Wang
et al. 2010). A recent review summarizes the general
approach and the progression of census data and tree
reconstruction in recent years (Caetano-Anollés et al.
2009a).

Phylogenomic Analyses of Proteomes

In order to evaluate the extent of non-vertical inheritance
of protein architectures (e.g., horizontal gene transfer,
domain recruitment, convergent evolution) at low levels of
structural organization, we reconstructed phylogenetic
trees of proteomes in which FFs were considered charac-
ters. The matrix of DATASET FL420 was transposed and
used to reconstruct unrooted trees describing the evolution
of the proteomes of the 420 free-living organisms we
analyzed using the MP method in PAUP*. Based on the
MP tree obtained, homoplasy indexes for individual FF
characters were calculated using the ‘DIAG’ option.

Annotations of Molecular Functions

Biological functions linked to FSFs were annotated using
Vogel’s hierarchical classification of molecular functions in
SUPERFAMILY (Vogel 2005; Vogel and Chothia 2006)
(retrieved January 2007). This classification assigns seven
general functional categories and 50 subcategories to SCOP
IDs based on information in SCOP, Interpro, Pfam, Swiss-
Prot, and literature sources. Functions related to ‘small
molecule binding” were dissected using MANET (Kim et al.
2006). Domain architectures associated with PDB entries
were queried in the PDB database (http://www.rcsb.
org/pdb/home/) and annotated using Gene Ontology (GO)
terms of molecular function (Ashburner et al. 2000). GO
terms define a vocabulary of molecular functions, biological
processes, and cellular component, establishing a hierar-
chical structure embedded in a directed acyclic graph (DAG)
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that connects child nodes to one or more parent node terms.
In particular, we examined GO terms linked to molecular
functions in six biological processes: translation, DNA rep-
lication, and DNA recombination, and processes associated
with proteasome complexes, nuclear pores, and spliceo-
somes. Manual annotations also involved queries in the
UniProtKB (PROTEIN KNOWLEDGEBASE) database
(http://www.uniprot.org/) and HMM-based structure assign-
ments. Annotations were mapped onto the architectural
chronology, generating a timeline that describes the evolu-
tion of biological functions. We also mapped the distribution
of domain architectures in proteomes (distribution index,
f = number of proteomes that have a domain/total number of
proteomes) and identified domains that were uniquely
present in one or more than one of the three superkingdoms
of life. We also mapped the distribution of FSFs in Fs as a
measure of hierarchical structure (Coulson and Moult 2002)
in the timeline.

Results and Discussion
Phylogenomic Trees of Protein Domain Architectures

We used established methodology to build intrinsically
rooted phylogenomic trees from the structure of protein
domains (Caetano-Anollés and Caetano-Anollés 2003).
Figure 1 summarizes the experimental strategy. Linear
HMMs of structural recognition are first used to survey
protein sequences in hundreds of genomes that have been
fully sequenced in the three superkingdoms of life, iden-
tifying associated domain structures. The survey estab-
lishes the number of copies of a domain that exist in a
proteome. These ‘domain abundances’ are used as char-
acter states when constructing data matrices, with columns
and rows representing proteomes or domain architectures
(the characters and taxa of the phylogenomic analysis).
Matrices (and their transposed derivatives) are then used to
build trees of proteomes or trees of architectures that are
most parsimonious and that are intrinsically rooted.
Finally, to unfold the data in the trees of architectures, we
calculate the relative age of individual domains, with time
measured by a relative distance in nodes from a hypo-
thetical ancestral architecture at the base of the trees. This
node distance (nd) was used to construct timelines that
describe the evolution of proteins, with time flowing from
the origin of modern proteins (nd = 0) to the present
(nd = 1). Remarkably, nd values have been shown to be
proportional to geological time when trees of domain
architectures are used as molecular clocks at F and FSF
levels (Wang et al. 2010).

The genomic census involves the prediction of domain
structures from sequence similarities using linear HMMs
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Fig. 1 Flow diagram describing the construction of phylogenomic
trees. The structural census is used to compose data matrices (and
their transposed derivatives), which are then used to build trees of
proteomes (not described in this paper) and trees of domain
architectures. Elements of the matrix (g,,) represent genomic
abundances of domains in proteomes, and different databases (DB)
help assign function to evolving structures

methods of structural recognition. We use domains defined
by the iterative SAM method, which inputs an amino acid
sequence and outputs a domain structure in PDB format,
together with multiple sequence alignments, local struc-
tural features, and other useful information. Protein struc-
ture can be predicted with high accuracy. In fact, the last
Critical Assessment of Techniques for Structure Prediction
(CASP) community-wide experiment that objectively tests
the performance of prediction methods has arrived to the
conclusion that comparative modeling can solve nearly all
structural targets and that targets are becoming easier to
predict (Tress et al. 2009). This probably results from
having sampled protein structure in genomes quite
exhaustively with sequence pattern profiles that correspond
roughly to domains (Levitt 2009). Modern SAM versions
provide top performance in CASP assessments along all
classes of predictions (Karplus 2009). This guarantees
prediction of domain structure from amino acid sequences
with very high reliability, as long as structures are asso-
ciated with experimentally verified structural models.
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In this study we define protein domain structures with
SCOP, the gold standard for protein classification (Murzin
et al. 1995; Andreeva et al. 2008). We chose this scheme
because it emphasizes manual curation of structural entries
and preservation of functional and evolutionary relation-
ships. Other classifications, including CATH (Greene et al.
2007), are automatic and partition domains artificially into
a larger number of smaller components, splitting functional
units that appear recurrently in proteins into domain seg-
ments without a rationale based on molecular evolution or
function (Holland et al. 2006). While there are more sim-
ilarities than differences between SCOP and CATH
(~70% of domain definitions agree at an overlap threshold
of 80%), inconsistencies occur preferentially at higher
levels of the structural hierarchy (Csaba et al. 2009). Pair-
wise analysis of mappable domains in the two classifica-
tions showed that only 1.7% of FF entries in ~8 x 10°
comparisons or 8% of FSF entries in ~9 x 10° compari-
sons were inconsistent. Most inconsistencies were associ-
ated with a small number of ‘superfolds’ that occur at
structural levels higher than SCOP FSF and FF. Thus,
results from phylogenetic analyses of SCOP domain defi-
nitions should not differ much from those that would be
generated with CATH at the low hierarchical levels of
structure we showcase in our study.

Protein structures are highly conserved and harbor
strong phylogenetic signal in proteins (Caetano-Anollés
et al. 2009a) and RNA (Caetano-Anollés 2002; Sun and
Caetano-Anollés 2008a, b, 2009). An analysis of structure
at these high levels of structural classification guarantees
deep phylogenomic analysis of evolutionary relationships
of proteins and proteomes. Character state changes (chan-
ges in domain abundance) occur along lineages of the tree
of proteomes. Many of these evolutionary changes occur in
branches at the base of the tree. These branches describe a
period in which organism diversification was inexistent or
was incipient. Similarly, character state changes occur
along lineages of the tree of domain architectures, with
changes also manifesting at the base in branches leading to
domains that are universally distributed in life. These basal
branches describe evolution of domains prior to organismal
diversification. This indicates that phylogenetic signal
spans both the world of diversified organisms and the
ancient world of organisms that preceded the last universal
cellular ancestor (LUCA) of diversified life, and that our
method can dig deep into origins of early biochemistries, as
long as protein molecules harbor enough phylogenetic
signal in their structures. We note, however, that we trust
modern molecular machinery carries the imprints of
ancient counterparts and assume that biosynthetic infra-
structure was not completely replaced in evolution. Any
structural information lost in extant molecules will not
contribute meaningful signal.

Here we focus on trees that describe the evolution of
domains at three major levels of structural complexity, F,
FSF, and FF (Fig. 2). Timelines derived from these trees
define the evolutionary age of 776 Fs (DATASET A185),
1,259 FSFs (DATASET A185), 1,453 FSFs (DATASET
A584), and 2,397 FFs (DATASET FL420). The global
evolutionary model used to reconstruct the rooted trees
rests on the central assumption that domain reuse in pro-
teins increases with evolutionary time, with characters
transforming from one state to another in pathways that are
linear, directed, and polarized (Caetano-Anollés and
Caetano-Anollés 2003). While simple, the model places the
proteomic repertoire within a historical perspective and is
validated by the reconstruction of reasonable trees of life
from the same data (see Wang et al. 2007). The model
supports gradual change in structural discovery, but can
accommodate punctuated phenomena or selective loss
(reduction) during for example speciation, duplications, or
recruitment within and among species or ancestral lineages.
Our experience with growing genomic and structural
datasets has shown that evolutionary patterns are consis-
tently recovered (Caetano-Anollés et al. 2009a) despite
possible biases in the structural census, such as over- or
under-representation of sequences and structures, defini-
tions of fold space, and sampling limitations (Caetano-
Anollés and Caetano-Anollés 2003). This enhances our
confidence in phylogenetic statements. We recognize,
however, that all historical work is complicated by prob-
lems with phylogenetic reconstruction. For example, the
evolutionary effect that mutation, recombination, and
duplication of genes on protein and nucleic acid sequences
can result in differential evolutionary rates among organ-
ismal lineages, gene paralogs, and non-orthologous gene
displacement, and can produce phylogenetic artifacts such
as long-branch attraction and unrecognized paralogy
(Philippe and Laurent 1998). These compounds with dif-
ficulties in assigning orthologous relationships among
homologous sequences and saturation of protein and
nucleic acid substitutions by purifying selection. Since
molecular features that are highly conserved in evolution
are less susceptible to some of these artifacts, a focus on
structure is more appropriate than sequence when studying
deep evolutionary phenomena (Caetano-Anollés and
Caetano-Anollés 2003; Ranea et al. 2006).

The Effect of Horizontal Gene Transfer

At sequence level, the view that horizontal gene transfer
(HGT) is rampant (Doolittle 1999) has been toned down by
sound evolutionary considerations (Kurland et al. 2003). In
particular, the evolutionary impact of HGT appears quite
limited at higher levels of structural organization. For
example, global analysis of sequence motifs in protein
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domains (Choi and Kim 2007) or domain architectures
(Gough 2005; Forslund et al. 2008; Yang and Bourne
2009) reveals that HGT is relatively rare. Furthermore,
analysis of entire genomic complements indicates that the
assumption of massive HGT is not warranted and does not
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<«Fig. 2 Universal phylogenomic trees of architectures reconstructed

from a genomic census of protein domain structure at different levels
of structural classification (F, FSF, and FFs) in 184 (DATASET
A184), 584 (A584), and 420 (FL420) genomes. The three evolution-
ary epochs of the protein world are overlapped to the trees, labeled
with different shades. Terminal leaves are not labeled in the tree since
they would not be legible. Branches in red delimit the birth of
architectures after the appearance of the first domain unique to a
superkingdom (dashed line). The Venn diagram shows occurrence of
domain architectures in the three superkingdoms of life. Note how
trees at lower structural complexity (e.g., FF level) have more
branches defining the organismal diversification epoch, and are less
able to dissect deep phylogenetic processes. In turn, they are better fit
to dissect molecular functions, diminishing the effects of recruitment
on evolutionary statements

impair the phylogenetic reconstruction of a universal tree
(Doolittle 2005). However, trees reconstructed at FF levels
of structural complexity (e.g., from DATASET FL420;
Fig. 2) are closer to sequence and could be more prone to
HGT and other convergent evolutionary processes than
those reconstructed at FSF and F levels. This prompted an
analysis of the effect of convergent evolutionary processes
on phylogenetic reconstruction.

When characters fail to fit a phylogeny perfectly they
introduce conflicting phylogenetic signals. This conflict
results in characters that are less consistent and have higher
levels of homoplasy. Since the homoplasy index (H;) is a
good indicator of deviations from vertical inheritance
(Kluge and Farris 1969), we constructed a universal tree of
life derived from FF architectures and calculated H; for the
FF characters used in the analysis. We recovered a single
most parsimonious tree of proteomes from DATASET
FLA420. In this reconstruction, 2,262 out of 2,397 FFs were
parsimony-informative. The H; of each FF character was
calculated and plotted against the ndgg value of the corre-
sponding FF (Fig. 3). ndgr were derived directly from the
tree of FF architectures (Fig. 2). The H; values were in
average high. This is expected since H; increases consid-
erably with the number of taxa (Archie 1989) and our tree
of life is large. We then identified that 173 out of the 2,262
FFs belong to the broad functional category ‘information’,
using the hierarchical classification of biological functions
of SUPERFAMILY, and that there were 435 bacterial-
specific FFs in the set (Table S1). Remarkably, while the
mean H; value (0.78) of the 2,262 FFs was slightly larger
than that of the 173 informational FFs (0.76), a one sample
t-test failed to accept the alternative hypothesis that H; of
the informational FFs is significantly lower than the rest of
FFs (P = 0.24). Similarly, the H; mean of the 435 bacteria-
specific FFs (0.58) was slightly smaller than that of 34
bacteria-specific informational FFs (0.59) in the set, but
differences were again not significant. Since the extent of
HGT is limited in informational genes that are involved in
translation, transcription, and DNA replication (Jain et al.
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Fig. 3 Using homoplasy of phylogenomic characters to evaluate the
role of horizontal gene transfer in protein evolution. To calculate the
homoplasy index (H;) of the FFs, when these are used as characters,
we reconstructed a phylogenomic tree of life describing the evolution
of 420 free-living proteomes (tree length = 128,371; consis-
tency index = 0.103; retention index = 0.760). H; values for 2,262

1999), and since HGT levels are higher in Bacteria than in
other superkingdoms, the expectation was that the H; of
informational FFs and the H; of FFs that were not bacteria-
specific had to be smaller than those of other FFs. How-
ever, our statistical analyses revealed that the H; distribu-
tions were not significantly different (Fig. 3). These
observations suggest HGT does not contribute significantly
to evolution of FF architecture, over the expected contri-
bution of other processes, including the gain and loss of
domains, domain recruitment, and convergent processes
induced by domain rearrangements (discussed in Wang
et al. 2007). We therefore conclude that the impact of HGT
in FF evolution is limited and is probably comparable to
that of FSF and F (Gough 2005; Forslund et al. 2008; Yang
and Bourne 2009).

Hourglass Patterns in Proteome Evolution

Timelines of protein evolution revealed consistent evolu-
tionary patterns, regardless of the dataset that was used. We
illustrate these patterns with trees of FSFs derived from
DATASET A184 (Fig. 4), which is the best annotated of
the three datasets used in this study (Wang et al. 2007;
Caetano-Anollés et al. 2009a). The distribution of domains
among superkingdoms of life was remarkable, with ancient
domains being universally present in all organisms. With
time, domains were first lost in primordial archaeal lin-
eages (EB FSFs) and then in eukaryal and bacterial lin-
eages (Fig. 4a). In turn, the rather late gain of Bacteria-
specific domains (B FSFs), and then, Eukarya-specific and
Archaea-specific domains (E and A FSFs), signal the
emergence of superkingdoms (Fig. 4a). These patterns
have been observed in previous studies and highlight three

I
1.0 0.0 0.2 0.4 06 0.8 1.0

Age of bacteria-specific FFs (nd)

parsimony-informative FFs (a) and 435 bacteria-specific FFs (b) were
plotted against ndgg values of the FFs. These values were derived
from the tree of FF architectures in Fig. 2. A total of 173 and 34 out of
the 2,262 and 435 FFs, respectively, were involved in informational
cellular processes such as transcription, translation, and DNA
replication

evolutionary epochs (Wang et al. 2007): epoch 1, an
ancient ‘architectural diversification’ period in which
ancient molecules emerged and diversified and proteomes
were highly similar to each other, with archaeal lineages
reducing their complements by domain loss towards the
end; epoch 2, a ‘superkingdom specification’ period in
which molecules sorted in emerging organismal lineages
and some became specific to emerging superkingdoms; and
epoch 3, a late ‘organismal diversification’ period in which
molecular lineages diversified in an increasingly diversified
tripartite world and notable proteome expansions occurred
in Eukarya (Fig. 4). We note that Epoch 1 largely coincides
with the Archean eon (4.8 to 2.5 billions of years ago) once
nd values are calibrated with a molecular clock (Wang
et al. 2010).

The rate of appearance of domain structures in evolution
varied in an hourglass pattern, first increasing to a peak at
about ndgsgp ~ 0.3 and decreasing to a minimum at
ndgsg ~ 0.5 (epoch 1), then increasing again to a peak at
ndgsg ~ 0.6 (epoch 2) and decreasing steadily to the
present (epoch 3) (Fig. 4a). A congruent hourglass was
determined by counting SUPERFAMILY subcategories of
biological functions associated with FSFs, which also
exhibited two major peaks at ndggg ~ 0.3 and
ndgsg ~ 0.65 (Fig. 4a). Hourglasses were also evident
when levels of FSF multifunctionality and hierarchical
complexity were examined. Sharing of six FSF-linked
general categories of biological processes associated with
cellular structure and function through GO term assign-
ments was maximal very early and very late in the timeline
(Fig. 4b). While FSFs with one or two functions were
predominant, clear peaks at ndgsg = 0.3 and at
ndpsg & 0.8 defined an hourglass that depicted the
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Fig. 4 Hourglasses in proteome evolution. a The evolutionary
appearance of FSF domains, their distribution in superkingdoms of
life, and discovery of associated biological functions. The number
of FSFs and corresponding biological functions are plotted as function
of their age (ndgsg), with ages binned into 0.05 increments within a
relative 0—1 scale. The different evolutionary epochs and phases of
the protein world are shaded in the timeline and follow definitions by
Wang et al. (2007). Pie charts above bins describe either the percent
distribution of FSF architectures that are unique or shared between
superkingdoms Archaea (A), Bacteria (B), and Eukarya (E), or the
distribution of the 50 subcategories that are grouped into seven broad
categories of biological functions in SUPERFAMILY (general,
metabolism, information, regulation, intra-cellular processes, extra-
cellular processes, and other), with colors described in the chart keys.
The relative area of each pie is proportional to the number of FSFs or

recruitment of old structures to perform new roles. In all
cases, a narrowing in the number of domains and functions
atnd ~ 0.5 defines the hourglass, which roughly coincides
with the end of architectural diversification (epoch 1) and
the start of lineage diversification (epochs 2 and 3). This is
exactly the time when the first FSF unique to a super-
kingdom (Bacteria) appears in the timeline (e.g.,
ndgsp = 0.489; d.229.1, TilS substrate-binding domain),
signaling perhaps the end of the lineage of the last uni-
versal common ancestor.

The mapping of FSFs to Fs in two-dimensional plots also
unfolds the evolutionary hourglass (Fig. S1). The plots
compare positions (Fig. S1 A) or nd values (Fig. S1 B) of taxa
in rooted trees of Fs and FSFs, with horizontal lines colored
according to protein class and defining the evolutionary
spread of FSFs within Fs. They reveal that both ancient and
modern F domains are heterogeneous entities often
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functional subcategories in each bin. b Levels of multifunctionality
and recruitment in the evolutionary timeline. Pie charts describe the
appearance of FSFs with PDB-linked GO associations to translation
(TR), DNA replication (RP), DNA recombination (RC), and the
spliceososme (SP), proteasome (PR), and nuclear pore (NU) com-
plexes, and the number of FSFs that share one or more of these
functions. Bar diagrams describe the relative representation of
functions in each age bin. Note that translation, DNA replication,
and DNA recombination contain many more appearances than the
other three functions, and that only translation shows a clear hourglass
pattern. Finally, sharing networks describe sharing patterns between
the six functions, with width of edges proportional to the number of
FSFs that share any given two functions in that bin. Phylogenomic
reconstructions use dataset A184, the best curated in terms of function

composed of FSF domains of different age that are under-
going divergent evolution and harbor multiple functions.
This property limits the value of Fs in dissecting the early
evolution of proteins. However, Fs in domains of interme-
diate age (ndr = 0.55-0.8) are overwhelmingly composed
of single FSFs. These domain architectures probably forfeit
hierarchical diversification to gain in specificity, as they are
usually associated with single functional subcategories
(Fig. 4). While the evolutionary relatedness of FSFs within
an F needs to be proven for every F structure (only accom-
plished in a handful of cases), the pattern of phylogenetic
relationship we uncovered shows hierarchical organization
is constrained half-way in evolution of the protein world, at a
time when organismal lineages were diversifying. This
supports previous phylogenetic analyses and tracings of Fs
along FSF timelines, which were used to propose a model of
growth of the protein world (Wang et al. 2000).
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Developmental hourglasses have been interpreted in
terms of linkage, the extent of interaction among processes
in an embryo, and emergence of modularity in organo-
genesis (Raff 1996). The hourglass patterns we reveal
describe the emergence and function of domain modules in
protein molecules. A module can be defined as a set of
parts that interact more strongly with each other than with
other parts of the system (Hartwell et al. 1999). These parts
can diversify and can be themselves modules, integrating
into a hierarchy of modules in evolution (Caetano-Anollés
et al. 2010). In proteins, domains diversify through muta-
tion, often following gene duplication and divergence, and
can sometimes change the folding pattern and give rise to
both new FSFs and new functions (Caetano-Anollés et al.
2009a). Proteins that have multiple domains also diversify
by adding new domains or rearranging their domain con-
stituents (Moore et al. 2008). A recent structural phyloge-
nomic analysis revealed that the combination of domains
occurred explosively at the start of the organismal diver-
sification epoch mediated fundamentally by fusion pro-
cesses (Wang and Caetano-Anollés 2009). This coincides
with the second phase of the hourglass. Here, domains
become modules as they enter into a combinatorial game
that enhances the functional repertoire, with molecular
interactions establishing preferentially within sets of
modules that perform common functions (Kummerfeld and
Teichmann 2009). Remarkably, the emergence of fission
processes produces evolutionarily derived multifunctional
modules in Eukarya that enrich the functional repertoire of
modern proteins (Wang and Caetano-Anollés 2009).

Origins of Metabolism, Translation, and DNA

In order to explore the evolution of biological functions in
emerging proteomes, we traced FSF repertoires that
embody functional categories and subcategories in the
SUPERFAMILY classification. FSFs in the ‘general’ and
‘metabolism’ categories evolved before all others, followed
closely by FSFs in ‘information’, ‘regulation’, and ‘intra-
cellular processes’ (Fig. 5a). As expected, functions typical
of multicellular organisms (‘extracellular processes’, which
include cell adhesion, immune response, toxins and
defense, and blood clotting) or viruses (‘viral proteins’ in
category ‘other’) increased substantially late in evolution,
during the organismal diversification epoch. The ‘general’
category includes the ‘small molecule binding’ subcate-
gory, a set of functions associated with FSFs typical of
early metabolism. We therefore dissected these metabolic
FSFs for a better definition of the metabolic repertoire and
compared the set with ‘translation’ and ‘DNA replication
and repair’ (both belonging to ‘information’) (Fig. 5a).
Clearly, metabolic functions appeared first and accumu-
lated steadily throughout the timeline, in accord with

previous observations (Caetano-Anollés et al. 2007,
2009b). Translation emerged later, with FSFs accumulating
considerably late during the architectural diversification
epoch and reaching a plateau at the start of superkingdom
specification (ndgsg ~ 0.41) before the first Bacteria-spe-
cific FSF (Bacteria). Finally, structures important for gen-
eral DNA-based processes appeared even later and
accumulated steadily, supporting the accepted view that
proteins and RNA predated DNA (Freeland et al. 1999;
Joyce 2002). Since the late appearance of translation is
highly significant we examined the accumulation of FSFs
associated with two fundamental aspects of protein bio-
synthesis, the aminoacylation of tRNA and the structural
makeup of the ribosome (Fig. 5b). While both FSF reper-
toires emerge together, domains linked to tRNA aminoa-
cylation accumulated faster than structural constituents of
the ribosome. Translation also requires protein factors,
including initiation factors that get protein synthesis star-
ted, elongation factors that shepherd tRNA to the ribosome
and help tRNA/mRNA translocation (the growing of pep-
tides), and release factors that recognize termination
codons and end nascent polypeptide chains. FSFs associ-
ated with these important translation molecules appeared
concomitantly with other components of translational
machinery (Fig. 5¢). However, elongation factors accu-
mulated first, followed by release and initiation factors, in
that order. This highlights the importance of tRNA shep-
herding and the centrality of tRNA, offering insights into
the molecular biosynthetic environment at the start of the
protein world.

Metabolic Origins and Late Emergence of Translation

If our protein-centric view depicts accurately the com-
plexities of early life, ancient protein domains did not
harbor translation functions. Instead, they helped ful-
fill metabolic roles. Dissection of first appearance of
fundamental innovations in molecular machinery (evolu-
tionary landmarks) associated with metabolism and trans-
lation was particularly revealing (Fig. 6). In the analysis,
reconstruction of trees at the lowest level of structural
complexity that was possible (FF) provided sufficiently
deep phylogenomic signal and avoided ambiguities in
functional annotations and complexities imposed by
recruitment. We note that timelines of FSF and F domain
architectures are also informative (Table S2). However, a
focus on evolution of F architectures to dissect origin and
evolution of functions, as recently proposed (Goldman et al.
2010), can be misleading. F architectures harbor many FSFs
of different age, each of which can associate with different
functions (Wang et al. 2006). For example, the TIM f/o-
barrel (c.1), one of the most ancient folds, contains 33 FSFs
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«Fig. 5 Cumulative frequency distribution of FSFs associated with
functional categories and molecular repertoires along the evolutionary
timeline. a Accumulation of FSFs linked to the seven broad functional
categories of SUPERFAMILY (fop graph) and linked to curated
metabolic FSF repertoires and translation and DNA replication/repair
subcategories (bottom graph). b Accumulation of FSFs with PDB-
linked GO associations to aminoacylation of tRNA and the structural
constituents of the ribosome (top graph) and of FSFs present in
aminoacyl-tRNA synthetases and ribosomal proteins (bottom graph).
¢ Accumulation of FSF with PDB-linked GO associations to
translation elongation and initiation (fop graph) and to elongation,
release and initiation factors (bottom graph). Accumulation of
domains is given as a relative number scaled from 0-1. Timelines
are derived from dataset A184. In contrast to SUPERFAMILY-based
assignments, evolutionary statements derived from PDB-linked GO
annotations in certain circumstances can be affected by co-option of
domain structures to perform new functions (e.g., domains linked to
ancient and multifunctional superfolds, such as ¢.37.1.8; see Fig. 6)

(1) First Proteins Were Hydrolases

The most ancient FSFs and FFs interact with small mole-
cules and metabolites and are hydrolases. The most ancient
FFs are P-loop containing domains harboring ATPase
functions that belong to the P-loop containing NTP
hydrolase (c.37) F architecture, a fold that contains only
one FSF (c.37.1), but has 24 FFs that are highly diverse and
multifunctional, some of which appear very early in the
timeline. The three most ancient ¢.37.1 FSF domains were
the ABC transporter ATPase domain-like (c.37.1.12), the
extended AAA-ATPase domain (c.27.1.20) and the tandem
AAA-ATPase domain ¢.37.1.19). Originally, P-loop con-
taining enzymes probably performed functions of energy
interconversion, distribution (storage and recycling) of
chemical energy in acid-anhydride bonds of nucleotides,
and terminal production of nucleotides and cofactors
(Caetano-Anollés et al. 2007), taking advantage of the high
reducing potential of primitive environments (e.g., exha-
lations of hydrothermal vents; Wéchtershiduser 2007) and
retrieving energy from the emergent chemical diversity of
early life. The primordial appearance of hydrolases, and in
particular of ATPase functions, is also supported by a
recent phylogenomic systematization of molecular func-
tions that explored the abundance and distribution of GO
terms in 38 genomes (Kim and Caetano-Anollés 2010).

(2) The Function of Metabolic Proteins Soon Diversified

Oxidoreductases, transferases, and isomerases were added
to the initial metabolic repertoire (Fig. 6; Table S2),
including enzymes harboring the Rossmann and the TIM f/
o-barrel folds, which are structures highly popular in
modern metabolic networks (Caetano-Anollés et al.
2009b). The rather quick discovery of these general met-
abolic functions immediately after the primordial hydro-
lases is also supported by the phylogenomic analysis of
gene ontology (Kim and Caetano-Anollés 2010) and is

consistent with the proposed ‘big bang’ of metabolic dis-
covery (Caetano-Anollés et al. 2007).

(3) Domains that Interact with RNA Appeared for the First
Time Much Later and Were Involved in the Aminoacylation
of RNA

The first translation domains were the catalytic domains of
aminoacyl-tRNA synthetases (aRSs) (ndgsg ~ 0.07,
ndgg ~ 0.02), including Class I (c.26.1.1, ndgg = 0.020)
and Class II (d.104.1.1, ndgg = 0.024) aRSs that are
responsible for the esterification reaction that links amino
acids to RNA (Schimmel 2009). These domains brought
innovations in fold design with alternative o-helices and
f-strands in sandwiched conformations, and the ability of
proteins to interact with RNA. However, the specificity of
the genetic code was established much later (starting at
ndgg = 0.12) by matching aminoacylation reactions with
anticodons in cognate tRNAs. This involved a process of
accretion of editing and anticodon-binding domains of
aRSs that are specific to tRNA isoacceptors, which spanned
fundamentally the first phase of the superkingdom speci-
fication epoch (ndgr ~ 0.2-0.25) and ended with the
accretion of the specificity domain for Trp (ndgg = 0.65).
The emergence of the genetic code was therefore pro-
tracted but coincided with the bottleneck of the hourglass
pattern. The appearance of the Class I and II aRS metabolic
domains occurred much earlier than the first accessory
domain, the ValRS/IleRS/LeuRS editing domain (b.51.1.1;
ndgsg = 0.231, ndgr = 0.126) (Fig. 6; Table S2). This is
one of the many that decorate and enhance the specificity
of this large family of mutidomain proteins (Wolf et al.
1999). It is particularly noteworthy that this ancient editing
domain has proof-reading hydrolase activity that increases
the overall accuracy of the two-step aminoacylation reac-
tion of LeuRS (e.g., Seiradake et al. 2009), especially
because analysis of tRNA structure has shown leucine
charging was one of the most ancient aminoacylation
functions (Sun and Caetano-Anollés 2008a). The timing of
this event is important. It indicates aminoacylation speci-
ficity developed concurrently with the ribosomal ensemble.
In fact, the accretion of aRS domains continues throughout
the timeline, in parallel with those of ribosomal proteins.
For example, anticodon-binding domains appear at the
beginning of superkingdom specification, starting with the
‘putative anticodon-binding domain of AlaRS’ FF
(a.203.1.1; ndgsp = 0.356, ndgg ~ 0.200) and the ‘anti-
codon-binding domain of a subclass of class I aRS’ FF
(a.27.1.1; ndgsg = 0.153, ndgg ~ 0.241) that is present in
LeuRS. As expected, the evolutionary assembly of aRSs
multidomain enzymes occurs in piecemeal fashion from
single domain proteins (e.g., Fig. 6b). These domains have
structures that are widely popular in many functional
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Fig. 6 Timeline of architectural landmarks in the early evolution of
the protein world. a Landmark discoveries are identified with arrows
in a timeline derived from a phylogenomic analysis of FF architec-
tures (FL420). The metabolic origin of molecular functions linked to
translation is indicated with dashed black lines. The emergence of
ribonucleotide reductase enzymes responsible for producing the
deoxyribonucleotide components necessary for DNA-linked functions
at ndgg = 0.245 is used as reference to show the late arrival of DNA,
prior to proteins and RNA. See Table S2 for a more extended
description of architectures and timelines. b Accretion of domains in
yeast arginyl-tRNA synthetase complexed with tRNA*™ (PDB entry
1f7v), an example of evolution of a class Ia aminoacyl-tRNA

contexts. For example, the nucleotidyl transferase FSF
(c.26.1; ndgsg ~ 0.07) that defines the structure of class I
aRS domains, makes up a number of metabolic enzymes,
including transferases and synthetases involved in nucleo-
tide and cofactor metabolism. Many of these enzymes
preserved their single domain status and are younger
(ndgsg = 0.171-0.657). Similarly, the class II aRS and
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synthetase (aRS). Note how the catalytic domain ¢.26.1.1, the most
ancient protein domain of the ensemble (this work), makes contact
with the acceptor arm of tRNA, the most ancient arm of the RNA
moiety (Sun and Caetano-Anollés 2008b). Remarkably, the anticodon
recognition domain is the most derived and appears during the
emergence of superkingdoms in epoch 2. ¢ Accretion of domains in
elongation factor Tu in a ternary complex with tRNAP™ (1ttr),
showing the catalytic GTPase domain is the most ancient but does not
carry the tRNA acceptor arm binding capability. Instead, it provides
the energetics necessary for the molecular switch that clamps tRNA.
Protein domains are colored according to domain age (ndgg)

biotin synthetases FSF structures (d.104.1; ndgsg ~ 0.075)
make up enzymes involved in biotin biosynthesis. The
patterns extend to other domain components of modular
aRS assemblies. In fact, a number of proteins resemble
aRSs, and many of these serve catalytic functions
(Schimmel and Ribas de Pouplana 2000). Some of these
‘evolutionary footprints’ confirm the metabolic origin of
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these first translation molecules, suggesting the early con-
nection extends to enzymes important for the biosynthesis
of nucleotides, amino acids, and macromolecules.

(4) Appearance of Molecular Switches and Regulatory
Factors

The GTP-binding domain of elongation and initiation
factors, the G protein domain (c.37.1.8; ndgr = 0.020),
originates concurrently with catalytic aRS subunits
(Fig. 6). This domain is a GTPase with the ancient P-loop
NTP hydrolase fold, which appears at the base of phylog-
enomic trees. It carries hydrolase activities that are today
necessary for the formation of ternary complexes with
tRNA and other proteins (exchange factors) that are
required, among other things, for the loading of aminoa-
cylated tRNA onto the ribosome (Rodnina and Winter-
meyer 2009). The domain has clearly a metabolic origin
but as part of translation factors acts as a conformational
switch that clamps tRNA through a switch helix (Berchtold
et al. 1993). However, the tRNA molecule binds to the
elongation factor domain, which appears later in evolution
(b.43.3.1; ndgr = 0.073), indicating that the -catalytic
domain and RNA-binding domains combined to generate
the primordial molecular mechanism at this later time. It is
significant that the structure necessary for molecular
switches that bind nucleic acids (Berchtold et al. 1993)
recruited hydrolase activities from metabolism and RNA-
binding abilities that were discovered much earlier with
aRSs. Moreover, some factors were accessorized with
further domains even later. For example, prokaryotic EF-
Tu molecules have a third domain, the EF-Tu/eEF-1a/elF2-
g C-terminal domain (b.44.1.1), which appears together
with the first ribosomal proteins (ndgg = 0.114) (Fig. 6¢).
Some elongation and initiation factors add a fourth elon-
gation domain to form molecules in the shape of ‘chalices’,
such as the selenocysteine (Sec) tRNA-specific elongation
factor (SelB). SelB is a structural chimera of initiation and
elongation factors that delivers Sec-tRNASec to the ribo-
some in the presence of a cis-acting SECIS element in
mRNA (Leibundgut et al. 2005).

(5) Discovery of Complex Ribosomal Machinery

aRSs and regulatory factors were followed by r-proteins,
which appeared for the first time with the cold-shock DNA
binding domain (b.40.4.5; ndgr = 0.114). This FF harbors
the OB fold, a closed or partly open f-barrel with Greek-
key strand topology in the curled f-sheets. The OB fold is
the first f-barrel like fold to appear in evolution (Caetano-
Anollés and Caetano-Anollés 2003) and r-proteins con-
taining this design are the first to interact with rRNA to
define a more advanced molecular switch, the central

ratcheting mechanism of the ribosome (Yusupov et al.
2001). These primordial r-proteins interact with helix 44 of
SSU rRNA (the ribosomal functional relay), and as other
r-proteins continue to accumulate in the timeline, they
interact with expanding rRNA, first associated with regions
important in RNA decoding, helicase, and translocation
functions (translation machinery components, d.14.1.1,
ndgg = 0.126), and then to stabilize the structure and
enhance the function of the growing biosynthetic machin-
ery (A. Harish and G. Caetano-Anollés, submitted). Ribo-
somal proteins located in the small subunit (SSU) of the
ribosome appeared earlier than those associated with the
large subunit (LSU), though their accumulation became
similar at an inflection point of ndgsg ~ 0.3 (Fig. 5b).
These observations are highly significant. They suggest
SSU predates LSU, confirming results from an analysis of
functional substructures in the ribosome (Caetano-Anollés
2002). More importantly, observations reveal r-proteins
were added in concert to the two subunits throughout
ribosomal history. Remarkably, a detailed phylogenetic
analysis of rRNA structure and RNA-protein contacts
suggests that the functional core of the ribosomal ensem-
ble, the PTC, was added late in evolution but was already
in place at ndgsg ~ 0.3 (A. Harish and G. Caetano-Anol-
1és, submitted), the inflection point in r-protein accu-
mulation (Fig. 5b). The discovery of the oldest domain
(r-protein LS, d.77.1.1 ndgg = 0.171) that interacts with 5S
rRNA (Sun and Caetano-Anollés 2009) signals the exis-
tence of a modern peptidyl transferase activity capable of
decoding information in RNA. 5S rRNA is an integral
component of the ribosome that functions as a signal
transducer between the PTC and regions of LSU rRNA
responsible for translocation (Bogdanov et al. 1995;
Dokudovskaya et al. 1996). The placement of this molecular
landmark in timelines of FSF domains [(ndggg = 0.352
(A184); ndgsp = 0.328 (A583)] indicates PTC-mediated
translation was already operating at the end of the archi-
tectural diversification epoch (Fig. 6). In fact, most struc-
tural constituents of the ribosome were discovered when
the narrowing of the protein hourglass was maximal and
first Bacteria-specific domain architecture appeared in
evolution [ndpsp = 0.489 (A184), ndgsg = 0.513 (A584);
ndgg = 0.257 (FL420)]. Patterns in the protein hourglass
(Fig. 6) follow closely the emergence of the ribosomal
ensemble (Fig. 6). Enhanced protein synthesis first
increases protein diversity and then locks in change in the
protein world. As translation components accumulate in the
timeline, aRSs, regulatory factors, and ribosomal proteins
were accessorized with new domains (see below), which
establish new and increasing interactions. Domains become
more and more modular in evolution and the long-lasting
stability of the translation machinery consolidates the
universal genetic code, crystallizing both the emergence of
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a modular world of proteins (Wang and Caetano-Anollés
2009) and the rise of cellular lineages (Vetsigian et al.
2006). Increases in the number of interactions and the rise
of modularity ultimately enhance recruitment processes.
For example, ancient FSFs with translation functions are
co-opted by modern processes, first by replication and
recombination, and then by the spliceosome, proteasome,
and the nuclear pore (Fig. 4b). This completes the hour-
glass pattern.

(6) Metabolic-Based Enhancements of the Ribosomal
Machinery

While r-proteins, which appear later than regulatory factors
in the timeline (Fig. 5), lack any apparent connection to
metabolic enzymes, the interaction of elongation factor G
(EF-G) with the ribosome as it induces translocation
imposes a metabolic role on the entire RNP ensemble
(Moore 2005) and increases the efficiency of protein syn-
thesis more than 50-fold (Rodnina and Wintermeyer 2009).
Remarkably, ribosomal interactions with EF-G appeared
concurrently with 5S rRNA (A. Harish and G. Caetano-
Anollés, submitted). EF-G assumes three different confor-
mations during protein synthesis, first during preferential
GDP binding in the cytosol, second by gaining a interme-
diary configuration when exchanging GDP by GTP during
translocation, and third by hydrolyzing GTP and driving
translocation to completion (Zavialov et al. 2005). Induced
by EF-G, the ribosome acts effectively as a guanine
nucleotide exchange factor. The EF-G-enhanced ribosome
therefore represents an advanced molecular switch rather
than a molecular motor (a device that uses energy from
hydrolysis to gain movement). Another clue of the early
metabolic origin of the ribosome is the important role of
GTPases in ribosomal assembly (Britton 2009). Molecules
such as the RgbA GTPase, the ObgE GTPase, and the
E. coli ras (Era) are important for subunit assembly and
other functions (e.g., stress response, cell wall metabolism,
cell cycle). They carry the ancient signature of the P-loop
NTP hydrolase fold and G protein FSF (ndgg = 0.020),
suggesting these ancient hydrolases were recruited for the
assembly of the ribosomal machine at ndgg ~ 0.1-0.2,
which coincides with the emergence of the multidomain
structure of elongation and initiation factors. Some of these
GTPases participate in a guanine nucleotide-dependent
interaction with the ribosome (e.g., Daigle and Brown 2004)
that resembles the guanine nucleotide exchange properties
of elongation factors.

(7) Late Emergence of RNA Processing

Finally, domains involved in RNA processing originated
quite late in architectural diversification, starting with those
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that process tRNA (e.g., RNase PH proteins, ndgg = 0.200;
peptidyl-tRNA hydrolases, ndgr = 0.212). RNase PH is an
exoribonuclease, uses inorganic phosphate as cofactor (it is
a phosphorolytic enzyme), and catalyzes the 3’ end pro-
cessing of tRNA in Bacteria and Archaea (Deutscher
1984). Within tRNA processing proteins, catalytic func-
tions continue to evolve along the timeline and are clearly
derived. For example, RNase P is an important endonu-
clease that cleaves precursor tRNA and generally consists
of a catalytic RNA subunit and one or more proteins
(Altman 2009). Since the enzyme is a ribozyme, its origins
are important and have been explored at RNA and protein
levels (Sun and Caetano-Anollés 2010). The late appear-
ance of RNase P protein domains (ndgr = 0.645) suggests
tRNA processing is a derived feature. However, the recent
discovery of RNase P enzymes in organelles of Eukarya
that do not require RNA cofactors (Holzmann et al. 2008)
and carry the NAD(P)-binding Rossmann fold (c.2.1;
ndgsg = 0.017), suggests the origin of ribonuclease pro-
teins is very ancient and that the catalytic RNA moiety was
added quite late in evolution.

Translation and the Universal Cellular Ancestor of Life

In protein evolution, a number of innovations would have
been particularly beneficial to the communal and emerging
cellular entities that harbored the early proteomes. These
innovations facilitated protein availability to primordial
cells, enabled biocatalytic processes leading to their for-
mation, and later on, allowed more reliable biosynthetic
processes of primordial translation. We reveal in our tim-
elines the gradual buildup of these innovations, especially
prior to the narrowing of the hourglass during superking-
dom specification (Fig. 6). The connection between the
discovery of early biochemistries and the distribution of
protein domains in life, the epochs of the protein world,
and the emergence of LUCA is of significance. Autoca-
talysis seems a general feature of crystallization processes
of many kinds, including the rise of prebiotic chemistries
on Earth (Wichtershduser 1990, 2007; Morowitz 1999;
Orgel 2000). A popular model of emergence and autoca-
talysis posits that early cells were communities that
evolved coordinately by sharing components through hor-
izontal transfer (Woese 1998, 2002). These cells were
highly dependent on the environment and were the subject
of stochastic processes of change (mutation). While evo-
lution was not Darwinian in the standard sense, sharing of
components that improved function was of benefit, as these
provided a selective advantage for the survival of the entire
community. In particular, strategies that facilitated sharing
of information, such as the genetic code, would have been
preferentially selected (Vetsigian et al. 2006). These
strategies promote faster spread of innovations. Under this
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scenario, a sharing of vocabularies (information) present in
the primordial components (a primordial genetic code)
facilitates the actual sharing of components, and later on,
the horizontal transfer of encoded proteins, biosynthetic
machinery, and translation processes. Increased sharing
also locks in wuseful interactions between molecules,
increasing fidelity and the accuracy of emerging biological
processes. This fosters growth of larger communities and
accelerates the use of an emerging code. One fundamental
outcome of the autocatalytic growth of primordial cellular
communities is the increase of complexity and specificity
of the interactions, which diminish change and lateral
transfer at the expense of vertical inheritance and parallel
cellular evolution. This drives early diversification further
and further towards a bottleneck. The process resembles
crystallization and can be used to explain the narrowing in
our hourglass (Fig. 4), which coincides with the emergence
of lineages in the superkingdom specification epoch, and
the accretion of domains in evolution that enhance
molecular specificity (Fig. 6).

Early Protein Evolution and the Principle of Continuity

Taken at face value, the results of our protein-centric
phylogenomic analysis suggest proteins existed before
RNPs. This questions the validity of an ancient protein-free
RNA world, the common dogma that currently dominates
origins of life research (Gesteland et al. 2006). The RNA
world hypothesis has been also questioned by several
important lines of evidence: (1) the poor catalytic perfor-
mance of protein-free ribozymes that have been synthe-
sized in vitro and are claimed to be doppelgéngers of early
RNA molecules, (2) the absence of naturally occurring
protein-free ribozymes, (3) the absence of RNP mediating
central metabolic reactions, and (4) the emergence of a
complex protein-encoding apparatus (translation) in the
absence of selective pressures that would favor the origi-
nation of proteins. For example, the crucial claim that the
replicating center of the ribosomal machinery involves
only RNA has been recently compromised by the discovery
that two ribosomal proteins (L16 and L27) interact with
tRNA in the PTC of the large ribosomal subunit (Maguire
et al. 2005; Voorhees et al. 2009). Similarly, the recent
finding that human mitochondrial RNAse P cleaves its
substrate in the absence of an RNA subunit (Holzmann
et al. 2008) questions this putative RNA fossil. These many
lines of evidence challenge the principle of continuity that
is needed to explain the transition of an ancient RNA world
into a modern world of proteins and RNA.

In contrast, it is easier to explain how a protein world
transitioned into the modern RNP world. The early origins
of metabolic proteins explain why they are superior cata-
lysts: change at sequence level directly impinges on their

structure and on their functions (Schuster 2010). It also
explains why protein enzymes drive central metabolic
networks: proteins appear to be the first macromolecular
catalysts of prebiotic reactions (Caetano-Anollés et al.
2009b). The gradual emergence of an increasingly complex
protein biosynthetic apparatus can be better understood if
the RNP machinery is built around proteins: proteins
optimize conformations (Schuster 2010), recruit and rear-
range domains (Moore et al. 2008; Wang and Caetano-
Anollés 2009), and coevolve interactions with RNA (Sun
and Caetano-Anollés 2009) that favor more efficient bio-
synthetic processes. The early origins of metabolic proteins
also explain why protein enzymes (and not ribozymes)
replaced the prebiotic chemical reactions: assembled
around a self-organized citric acid cycle (Wichtershauser
1990; Morowitz 1999), more efficient synthesis of organic
compounds (e.g., amino acids) from cycle intermediates
benefit the production of components needed to make
proteins and cofactors (Caetano-Anollés et al. 2007; Dan-
chin et al. 2007). This supports a metabolism-first versus a
replication-first scenario for prebiotic origins (Trefil et al.
2009).

We note, however, that the relationship of ancient pro-
teins supporting prebiotic chemistries and modern proteins
is not known. Similarly, we do not know how structures of
these prebiotic entities were ‘inherited’ in the primordial
system or when and how a ‘molecular container’ could
have arisen to accelerate primordial natural selection pro-
cesses. Our phylogenetic extrapolations, though powerful,
still use information in modern molecules and functions to
infer the past. The question of the origin of life is therefore
‘hard’ and refractory to historical analysis. So the crucial
question remains: How were protein catalysts replicated
before the existence of nucleic acids? We speculate ancient
proteins were probably polypeptides composed of few
amino acid monomers that were more or less random and
folded into few common structures. The abiogenic forma-
tion of amino acids monomers and peptides that are cata-
Iytic is relatively easy. For example, proteinoid
microspheres can be easily produced by heating and des-
iccation (Fox 1980) and are currently used in nanotech-
nology applications as molecular containers for drug
delivery. Since random mixtures of polypeptides of less
than 50 amino acids exhibit a wide spectrum of weak
catalytic activities, one could envision functions would
emerge (crystallize) very early in protein evolution
[reviewed in Kauffman (1993)]. Kauffmann (1986, 1993,
2007) suggests that as the complexity of the mix of poly-
peptide increases, a threshold is reached over which for-
mation of peptides is catalyzed by some member of the set
and that the process is autocatalytic. In sequence space,
simulations show polypeptides seem to gain fold confor-
mations in few generations and that selection for correct
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local folding configurations in polypeptides leads in a few
generations to folding ability, helicity, and compactness
(Yomo et al. 1999). Consequently, short random polypep-
tides, perhaps composed of a limited set of amino acid
monomers (Kauffmann 1993), could have quickly gained
structural properties that were homogeneously advanta-
geous for early environments, for example helping miner-
als and other catalysts promote the synthesis of organic
molecules in autocatalytic cycles (Wichtershiuser 2007,
Huber and Wichtershiuser 2007), and could have predated
a modern genetic code (Ikehara 2009). The recent finding
that prions, infectious proteins made of f-sheet rich con-
formers were capable of accumulating mutations and
adapting to new tissues suggests interacting proteins can
evolve in systems (Li et al. 2010). Despite lacking nucleic
acids, prions showed the hallmarks of Darwinian evolution.
They revealed both heritable changes in their phenotypes
and produced distinct populations in different environ-
ments through selective amplification. The prion-like
domain structure (d.6.1.1) of prions is clearly derived
(ndgg = 0.641; ndpsg = 0.605; ndg = 0.688). However,
the properties of these structures uncover the ability of
polypeptide chains to change in adaptive manner. Proteins
per se can therefore fulfill the principle of continuity nee-
ded at the onset of life.

Finally, an RNA world in which small RNA molecules
were the only encoded catalysts is less parsimonious; every
putative ribozyme has to be replaced by protein derivatives
that are catalytically superior (Jeffares et al. 1998). With
the exception of few relatively large RNA molecules, all
other ribozymes have seemingly vanished. Invoking an
extinct world is problematic. Molecular fossil evidence
must show unequivocally that ribozymes act in the absence
of proteins, in vitro evolution experiments must replace
ribozymic precursors with proteins, and the reasons why
modern proteins have not preserved interactions with small
RNA must be explained in light of pervasive interactions
with nucleotides and ribotide cofactors. Clearly, nucleic
acids are superior in their ability to encode biological
information and act as genetic repository, but these traits
could be derived. The late appearance of proteins that
associate with RNA in our timeline suggest a more parsi-
monious scenario that also fulfills the principle of conti-
nuity, the gradual improvement of interactions between
proteins, nucleotides and nucleic acids, first as substrates,
then as docking-guides and cofactors, and finally as
molecular switches and actuators.

Conclusions

Here we show the existence of hourglass patterns in pro-
teome evolution, some of which are linked to translation

@ Springer

and the emergence of diversified life, and we suggest they
are associated with autocatalytic processes and the inevi-
table evolutionary increase of molecular interactions. We
also reveal the gradual build-up of protein repertoires
linked to metabolism, translation, and DNA. The progres-
sion of domain discovery in the timelines suggests
metabolism preceded translation, and proteins and RNA
preceded DNA. The most ancient domain architectures
were hydrolases. The domain structures of these enzymes
bind small organic cofactors, especially nucleotide deriv-
atives that transport energy (e.g., ATP) or act as reducing
agents (e.g., NADPH) (Ji et al. 2007). They do not bind or
harbor RNA. Consequently, RNA biopolymers in their
current form were either absent during the emergence of
proteomes or were incapable of interacting with the pri-
mordial enzymes. The late and progressive appearance of
domains that interact with RNA and the fact that modern
metabolism lacks natural ribozyme relics support either of
these two scenarios. Timelines also indicate a clear pro-
gression of enzymes that starts with catalysts and allosteric
regulators (regulation by effector molecules) and continues
with molecular switches (molecules that can be reversibly
shifted from one stable configuration to another) and more
complex molecular machinery. Ribozyme moieties such as
the ribosomal PTC or RNase P RNA appear very late in the
timeline and are clearly derived. The progression has two
important players, aRSs and regulatory factors, both of
which interact with tRNA and are crucial for the mechanics
and specificity of modern translation. The discovery of
further translation machinery appears to revolve around
these classes of molecules. Remarkably, physical cluster-
ing of evolutionarily conserved genes that are shared by a
clique of bacterial genomes defines three concentric rings
of ancient proteins (Danchin et al. 2007). The discontinu-
ous and loosely connected outer ring of gene neighbors, the
most ancient, is mostly devoted to metabolism. This ring is
made up of proteins known to be very ancient (e.g., they
harbor the most ancient protein fold architectures that make
up most of metabolism; Caetano-Anollés et al. 2007) and
encircles the other two rings, which organize mainly
around translation. The second ring organizes around aRSs,
while the most inner circle comprises ribosomal and
information transfer components. It is noteworthy that the
organization of this core of ‘persistent’ genes reflects the
evolution of functions during primordial life that we reveal
in our timelines, from metabolism of small molecules, to
aminoacylation of tRNA, to a world of molecules associ-
ated with functional RNA. The fact that results derived
from an analysis of domain structure and physical clus-
tering of genes in genomes reveal congruent and mutually
supporting evolutionary scenarios is of utmost importance.
Taken together, these results strongly support the late
evolutionary arrival of translation.
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Many have embraced the idea that macromolecules had
a fuzzy start (Ycas 1974; Kacser and Beeby 1984). For
example, recent studies suggest ancient aRSs may have
lacked specificity, producing statistical peptides in the
framework of a primitive genetic code (Schimmel 2009), a
property that even provides a selective advantage to mod-
ern cells (Bacher et al. 2007). It is also likely that both
proteins and RNA populated an ancient RNP world, since
RNA is tightly entwined with protein function in modern
biochemistry (Jeffares et al. 1998; Collins et al. 2009). The
concerted evolution of proteins and RNA in 5S rRNA
molecules (Sun and Caetano-Anollés 2009) and other
functional RNA molecules (A. Harish and G. Caetano-
Anollés, submitted) suggests proteins evolved hand-in-
hand with RNA molecules. In our studies, it is evident that
new and more sophisticated interactions occur increasingly
between and within molecules in the timeline, beginning
with proteins that were catalytically inefficient but pro-
miscuous (Ycas 1974; Kacser and Beeby 1984). Continued
evolution of these promiscuous architectures resulted in
highly versatile folds that fulfill many metabolic roles, such
as the Rossmann and the TIM f/a-barrel folds that populate
metabolism. The discovery of new and more specific
domains, the accretion of domains in proteins, and the
establishment of complex macromolecular machinery later
on exemplify the gradual build-up of interactions and
increases in specificity. The outcome is autocatalysis and
the crystallization process induced by modern replication
machinery and a universal genetic code that appears at the
end of the architectural diversification epoch. While the
narrowing in the hourglass patterns constrains change and
diversification, it enables the rise of domains as modules in
cellular lineages. Remarkably, the outcome is the ‘big
bang’ of domain combination in proteins that occurs at the
start of the organismal diversification epoch (Wang and
Caetano-Anollés 2009).
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