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Summary  

The ribosome comprises the structure and mechanism for the 

translation of nucleic acid gene sequences into proteins in all living creatures. 

The large subunit (LSU) of the ribosome is reducible to an ancient catalytic 

core peptidyl-transferase structure (PTC) (Agmon, Bashan et al. 2005). A 

model of hierarchical addition of E. coli 23S (where ‘S’ refers to the 

Sedimentation Coefficient) rRNA modular inserts (HIM) was proposed 

(Bokov and Steinberg 2009) explaining how inserts led from the PTC to the 

full ribosome. Based on this information, a detailed chronology of the 

ribosome was developed, including the large and small subunits (SSU) of E. 

coli, including rRNA modules and ribosomal proteins (r-proteins) using the 

Design Structure Matrix (DSM), and employing dependencies from 3D 

structure and topology. The DSM does not use sequence information, yet the 

results are remarkably well validated against other models of ribosomal 

evolution. The earliest period of structure accumulation is better fit to a 

protein-free assembly than a protein-early model. For the first two proteins 

appearing in the chronology, L22c is the beta-strand protrusion of L22 and 

L32 binds via a bare alpha helix next to L22c in a crevice proximal to the 

polypeptide exit tunnel. These are congruent with a theory that the first 

proteins were simple units of secondary structure, prior to the evolution of 

folded forms. A feedback loop from these two crevices may provide selective 

pressure for fixation of initially random sequences for stronger binding forms 

that may have streamlined nascent peptide exit. Such feedback could have 

helped fix the earliest portion of the genetic code. While there is no L32 in the 
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archaea, part of the space occupied by L32 was found filled with a structure 

arising from a sequence insert into archaeal L22 that may have displaced L32 

from the archaeal ribosome. Decomposition of the SSU 3D structure into 

rRNA module inserts reveals two originating cores labeled r23 and r29. The 

r29 module is consistent with a functional form of the earliest proto-SSU and 

its structure validated by a new reduced mitochondrial SSU sequence. A 

banded DSM chronology shows how the SSU may have evolved in stages 

from these two core structures. The interface between the LSU and SSU 

together with the 5S fragment and all r-proteins were combined together into a 

final DSM of the entire E. coli ribosome, which was iteratively refined for 

model consistency by constructing full animations of the chronology in the 

Maya software package. Docking supports a potential functional form of the 

earliest proto-ribosome comprising the PTC and r29, which fit together 

surprisingly well, suggesting that the SSU and LSU co-evolved from the start. 

The chronology supports a transition from mini-tRNA to full-tRNA upon the 

build-up of the subunit interface, a period congruent with the fixation of the 

genetic code, and a last common ribosomal ancestor structure before the split 

of archaea and bacteria. With the 2D and 3D illustrations of the evolutionary 

process presenting the ribosomal chronology, and all of the intermediate 3D 

structures, these results represent the most complete story of ribosomal 

evolution so far presented.  

 

Key words: ribosome, evolution, origin of life, hydrothermal vent, 

chronology, Design Structure Matrix, molecular animation, rRNA, protein 

synthesis, translation  
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 Introduction  Chapter 1

The ribosome serves as the protein production machinery of the cell, 

carrying out the process of translating nucleotide sequences into nascent 

proteins with remarkable speed and accuracy in all living creatures. It has 

attracted the attention of researchers since the mid-twentieth century (Moore 

2009). The ribosome is composed of two subunits, both comprising RNAs and 

proteins. The larger subunit contains the functional core, the peptidyl-

transferase center (PTC), and binds to the transfer RNA (tRNA) and the amino 

acids. The smaller subunit, which binds to the messenger RNA (mRNA), 

works as the decoding center in the translational process. Despite the 

remarkable size differences across the three domains of life, bacteria, archaea 

and eukaryote, it has been demonstrated that the decoding center and the PTC, 

composed solely of ribosomal RNAs (rRNA) are the core functional region of 

ribosome, and highly conserved in nucleotide sequence and bound ribosomal 

protein sequences (Belousoff, Davidovich et al. 2010). Owing to the 

fundamental importance of protein synthesis for all living creatures, it is 

generally accepted that the accumulated ribosomal complex is a molecular 

witness to the origin of life. A variety of evidence suggests that the earliest 

origin of the ribosome is likely to lie in an RNA world and the common 

components of the ribosome complex were present during period of the last 

universal common ancestor (Babb 1988). The majority of genes common to 

the LUCA model are associated with translation (Fox 2010). The path of 

ribosome through evolutionary time has left it with sequence variation, which 
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offers great utility in the reconstruction of phylogenetic relationships (Woese, 

Kandler et al. 1990). However, few geological clues exist that date back to the 

origin of ribosomal protein synthesis approximately four billion years ago, 

making the period of origin difficult to study.  

To understand the evolution of the ribosomes, the relative age of the 

multiple ribosomal proteins and specific regions within the rRNAs can be 

considered as markers of evolutionary timing events. The core of the ribosome 

comprises the conserved mechanism for the translation of nucleic acid gene 

sequences into proteins in all living creatures. The PTC, which is embedded in 

the center of the LSU, is proposed as the ancestral form of the ribosome 

(Agmon 2009). However, comparative evidence is likely to favor the theory 

that the sequence of the ribosomal SSU rRNA is closer to the ancestral version 

(Woese, Gutell et al. 1983). The debate over which subunit came first has been 

ongoing, and there has been a continued interest in the evolutionary history of 

the ribosomes for decades. Numerous analyses have tried to figure out the 

origin and development of the effective translation machineries among the 

three domains of life utilizing a variety of methods, such as crystallographic 

studies (Yusupov, Yusupova et al. 2001), comparative sequence and structure 

analysis (Cannone, Subramanian et al. 2002), and amino acid usage biases 

identification (Fournier and Gogarten 2010). The result of this interest is 

substantial, and there now exist a wide range of sequence alignments and 

high-resolution 3D structures of functional molecules relating to translation 

and of the entire ribosome itself. However, there is not any clear evidence of 

the chronological path that led from the beginning structure to the modern 

ribosome, and there continues to be ongoing debate about this project. 
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Therefore, it is imperative to find convincing and credible techniques to 

reconstruct the evolutionary rRNA gene and the ribosomal protein 

accumulation process, in order to expose the most plausible evolutionary 

origin and to present a defensible chronology process of the ribosome, as it 

emerged from the RNA world to the LUCA and further into the three domains 

of life. 

It is noteworthy that the steady development of the biochemical and 

biophysical techniques has triggered a more detailed study into the ribosomal 

evolution, supplementing rRNA and ribosomal protein sequences with high-

resolution three-dimensional structures, and the functional interactions of the 

ribosomal complex with external molecules. Evidence relating to the 

ribosomal evolution and its essential role in the translation and other cellular 

processes continues to emerge, which further simulates the establishment of 

detailed ribosomal phylogenetic trees and chronology models among the three 

domains of life.  

This thesis presents the application of an analysis tool commonly used 

in the field of engineering, called the Design Structure Matrix (DSM), to 

construct a plausible and detailed evolutional chronology of the 3D structure 

of the E. coli ribosome, together with a detailed consideration of the 

environmental factors that may explain how protein synthesis emerged based 

on the numerous clues embedded in the ribosomal structures. The DSM is an 

engineering method for scheduling complex systems in systems analysis and 

project management. It lists all constituent tasks with the corresponding 

information exchange and dependency patterns, or it can be used to 

decompose a complex system based on its topology and connectivity into a 
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stepwise assembly process. It uses a square matrix of dependencies and has 

been adapted to numerous engineering applications. DSMs can be built from 

lists of tasks or from information based on interfaces between software 

components, i.e. nested function call dependencies. A DSM is populated with 

dependency information and then sorted into order from least to most 

dependent, which then can be interpreted as a schedule for part or component 

design tasks, or assembly instructions, or as a means to simplify software 

development. Very often DSMs are incomplete and expose a series of 

equivalent sub-optimal schedules, any which may be equally considered. 

Despite not having a single unique solution, the number of possible schedules 

can be dramatically reduced and DSMs can shed some light on alternative 

solutions.  

The DSM has been widely used in over a thousand papers in 

engineering research and industry for solving complex problems and 

managing complex structures such as aircraft design process(Xu, Song et al. 

2011), systems evolving prediction (Josko 2012) and production line 

development(Maki 2012). There are many examples of the DSM method’s 

application to resolving the optimal order of assembly events from 

dependencies based on object connectivity. Given the depth of this existing 

DSM literature (as listed on www.dsmweb.org) the approach has been 

extremely well validated with man-made objects with physical, electrical or 

software complexity. However, the DSM approach has not been used 

previously to study any biological systems, but as this thesis will demonstrate, 

affords a remarkable view on the chronology of the ribosome. The DSM 

methodology should prove useful and provide information about a wide 

http://www.dsmweb.org/
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number of other evolutionary problems outside of the ribosome where 

currently phylogenetic trees are the only available chronological view. 

In order to understand the evidence and dependencies used in the DSM 

analysis and the resulting chronology of ribosome evolution, subsequent 

sections of this chapter provide an overview of the research history of the 

ribosome and the factors influencing the studies of the ribosomal evolution as 

well as the origin of life. This is followed by a discussion of the research aims 

and an overview of the proposed solutions. A detailed description of the 

methodology and research workflow used in this study is provided in Chapter 

2. 

1.1 Background and Significance 

It is generally accepted that the ribosome emerged in the so-called 

‘RNA world’ when proteins did not exist and the primordial chemical 

reactions of life were catalyzed by some prebiotic chemistry forming 

nucleotides and RNA. The ribosome is a molecular witness to the endpoint of 

the ‘RNA world’ period as it comprises the conserved mechanism for the 

translation of nucleic acid gene sequences into proteins in all living creatures. 

It may also be possible that the early ribosome, called the proto-ribosome, was 

present and influential in the early stages of the RNA world according to the 

“helicase hypothesis” that posits that the necessary base pairing of RNA 

strands in the RNA world required enzymatic separation and that a proto-

ribosome may have fulfilled that function.  

Few geological clues exist that date back to the origin of ribosomal 

protein synthesis approximately four billion years ago, making the period of 

origin difficult to study. Submarine hydrothermal vents have been proposed as 
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a potential location for the origin of life and a great deal has been recently 

learned about their structure and unique chemical environment. Researchers 

have provided evidence from underwater scenes with stunning views of the 

giant white carbonate chimneys of submarine hydrothermal vent fields. It is 

believed that the serpentinite-hosted ecosystem within these vents, in which 

geological, chemical, and biological processes are intimately interlinked, can 

lead to fascinating insights about the nature of early life on earth.  

Next in this chapter, a brief introduction of the ribosomal structure and 

function is provided in Chapter 1.1.1, as well as a full discussion of the 

concept of the “RNA world” and a summary of the various origin-of-life 

hypotheses in Chapter 1.1.2. The discovery of the hydrothermal vent system 

and their implications on the environmental location of the prebiotic and early 

biotic chemistry is discussed in Chapter 1.1.3, which is followed by the 

description of the research history of ribosome in Chapter 1.1.4.  

1.1.1 Ribosomal structure and function  

The ribosome is a large complex molecule made from non-covalently 

bound RNAs and proteins, responsible for decoding genetic information 

encoded in messenger RNAs (mRNA) and catalyzing the peptide bond 

formation into proteins in all living cells (Korostelev 2011). In this section, 

both the structure information and correlated function are discussed.  

1.1.1.1 High-resolution ribosomal structures 

In view of the development of the molecular biological research, the 

discovery of the ribosome and the successful elucidation of its role in protein 

synthesis and gene expression was one of the biggest achievements in 1950s 
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and ‘60s (Moore and Steitz 2002). The ribosome was first observed in the 

mid-1950s by George Emil Palade using an electron microscope and the term 

“ribosome” was proposed by Richard B. Roberts in 1958. Ever since then, the 

structure and function of the ribosomes and its constituent molecules have 

been very active fields of study. In the early experiments, results demonstrated 

that ribosomes typically contain 50 to 60 percent RNA (Noller 1984) in the 

integral structures, which surprised nearly everyone as ribosomes work as 

enzymes, catalyzing protein synthesis. It is intriguing to understand the 

contribution that RNA makes to the ribosomal function and by the late 1980s; 

the discovery of numerous ribozymes further simulated the interest in RNA-

based catalysis in the biochemical and molecular biology field. However, the 

shortage of accurate 3D structural information left much uncertainty in the 

ribosome field (Moore 2009). Ribosome reconstitution experiments 

demonstrated how the constituent parts of the ribosome assembled together 

(Kurland 1977), and the conserved operon structure of the bacterial and 

archaeal ribosomal structures was elucidated (Itoh, Takemoto et al. 1999) and 

demonstrated to be connected to the temporal order of ribosome assembly. 

By 1988, X-ray crystallography and electron microscopy were the two 

promising approaches for solving the ribosomal structure. Nobel Prize winner 

Ada Yonath was the first to crystallize intact ribosomes in 1984, however, the 

crystal quality obtained from ribosomes and ribosomal subunits and the 

resolutions of the diffraction patterns would be the limiting factor in obtaining 

three-dimensional data for another decade. By interpreting the X-ray 

diffraction patterns determined by the experiments, the electron distribution of 

the atoms can be used to compute the crystal structures, which are the three-
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dimensional models of molecules. However, the crystallography of very large 

macromolecules, like the ribosome, depends on both having a good diffraction 

pattern and on having phase data from heavy atom substitution. The phase 

problem for the ribosome remained a challenge, which was much more of a 

limiting problem than crystal quality, for almost ten years until a Cryo-EM 

reconstruction of the ribosome was used to phase the diffraction pattern by 

using molecular replacement. This led to the first 9 Å resolution density map 

of the ribosomal large subunit (Moore 2002) and thereafter, ribosome 

crystallography advanced rapidly (Moore 2009) leading to the high-quality 

structures we have today. 

The ribosomal structures became clear in 2000, with the first complete 

atomic structure of the large ribosomal subunit from Haloarcula marismotui at 

2.4 Å resolution (Ban, Nissen et al. 2000) and the small subunit of Thermus 

thermophllus (Brimacombe 2000; Harms, Schluenzen et al. 2001). This was 

the first breakthrough in the understanding of the relationship between 

ribosomal structures and functions. Since 2000, multiple high-resolution, 

three-dimensional structures from archaeal and bacterial species have been 

obtained, which has dramatically advanced our understanding of the ribosome. 

Among these atomic resolution ribosomal structures, three structures appeared 

to be the founder structures that are defined as the first atomic resolution 

structures from particular ribosome crystals achieved in a particular laboratory 

(Moore 2009). First, a high-resolution structure of the large ribosomal subunit 

from the bacterium Deinococcus radiodurans was reported by Yonath group 

(Harms, Schluenzen et al. 2001). Second, the 70S ribosome structures of the 

archaeon Thermus thermophilus that were determined up to 5.5 Å by two 



9 
 

independently groups, Noller’s group and Ramakrishnan’s group (Yusupov, 

Yusupova et al. 2001; Korostelev, Trakhanov et al. 2006; Selmer, Dunham et 

al. 2006) and third, a structure of the 70S ribosome at 3.5 Å from Escherichia 

coli. (Schuwirth, Borovinskaya et al. 2005) Besides these founder structures, 

there are numerous crystal structures of ribosomes are in complexes with 

various substrates, substrates analogs and factors (Moore 2009). The 2009 

Nobel Prize in Chemistry was awarded to Venkatraman Ramakrishnan, 

Thomas A. Steitz and Ada E. Yonath for their role in elucidating the crystal 

structure of the ribosome and its role in the development and understanding of 

the mechanisms of bacterial ribosome-binding natural product antibiotics.  

Although ribosomes from bacteria, archaea and eukaryotes are 

responsible for protein synthesis, several significant differences in the 

structures and RNA sequences between bacterial and archaeal ribosomes, and 

even more differences are seen between these and the larger eukaryotic 

ribosomes. Mitochondrial ribosomes also have significant differences in 

structure owing to various evolutionary branches exposed to reductive 

evolutionary pressure, often losing RNA structure and gaining new protein 

substituents. By using Cryo-EM, the structural information has also been 

investigated among various functional complexes (Taylor, Nilsson et al. 2007; 

Becker, Bhushan et al. 2009). These studies have supplied important 

information for the understanding of ribosomal structures and functions. 

Recently, the published crystal structure of the Tetrahymena thermophila 40S  

ribosomal subunit (Rabl, Leibundgut et al. 2011) and 3.0 Å high-resolution 

structure of the 80S ribosome from the yeast Saccharomyces cerevisiae (Ben-

Shem, Garreau de Loubresse et al. 2011) will pave the way for the further 
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genetic, structural and functional studies as well as the more recent structural 

comparison between the prokaryotes and eukaryotes (Klinge, Voigts-

Hoffmann et al. 2012). 

1.1.1.2 The basic architecture of the ribosomes 

As the crystal structures and the complementary electron microscopic 

(EM) reconstructions of the ribosomes have been deposited into the ribosomal 

structure databases, our understanding of the essential molecular translational 

machine have dramatically increased.  

 

Table 1.1 Ribosomal composition 

 
 Prokaryotes (70S) 

50S LSU/30S SSU 

Eukaryotes (80S) 

60S LSU/40S SSU 

LSU proteins 31 proteins 46 proteins 

        RNAs     23S/15S RNAs 28S/5S/5.8S RNAs 

SSU proteins 21 proteins 33 proteins 

        RNAs     16S RNA 18S RNA 

 

The ribosome, which is made from complexes of RNAs and proteins, 

is divided into two subunits, each comprised of RNA and proteins (Table 1.1). 

In bacteria, the large subunit (LSU) is called the 50S subunit, which contains 

the 23S ribosomal RNA (rRNA), 5S rRNA and 30 proteins; the small subunit 

(SSU) is called the 30S subunit, which contains the 16S rRNA and 21 proteins 

(Figure 1.1). The interface between the two subunits mainly consists of rRNA. 

The smaller subunit binds to the mRNA through the cleft between the ‘head’ 

and ‘body’, while the larger subunit binds to the tRNA and the amino acids. 

There are three tRNA binding sites. The A site binds to the aminoacyl-tRNA, 

the P site holds the peptidyl-tRNA with the nascent polypeptide chain, while 
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the deacylated P-site tRNA ejected through the E site after peptide-bond 

formation (Schmeing and Ramakrishnan 2009). When a ribosome finishes 

reading an mRNA these two subunits split apart. Although it contains dozens 

of proteins, the ribosomal RNA plays the most important part in its two major 

functions—the selection of the proper amino acid and the transpeptidation 

reaction itself (Bokov and Steinberg 2009).  

 

Figure 1.1 Structure of intact E. coli 70S ribosome. 

Two subunits are included with specific annotations. Light blue: 16S rRNA; dark 

blue: 30S proteins; grey: 23S rRNA; magenta: 50S proteins; L1: protein L1/rRNA 

arm; ASF: A-site finger; CP: central protuberance; L11: protein L11/rRNA arm; E: 

free tRNA exit site; P: peptidyl-tRNA binding site; A: aminoacyl-tRNA binding site. 

(Schuwirth, Borovinskaya et al. 2005) (Reprinted with permission from AAAS.) 

 

Compared to bacterial and archaeal ribosomes, eukaryotic ribosomes 

are approximately 30% larger than the bacterial counterparts (Klinge, Voigts-

Hoffmann et al. 2012) (Figure 1.2), but share a common substructure. 

Eukaryotic ribosomes also contains two subunits, the small (40S) subunit and 

large (60S) subunit, which consists of four rRNAs (18S, 25S, 5.8S and 5S) 

and 79 core conserved proteins across yeast to humans (Venema and 

Tollervey 1999). Although the core architectures of the prokaryotic and 

eukaryotic ribosomes are conserved, several additional proteins and new 

rRNA elements appear in the eukaryotic ribosomes, with important changes in 

the two subunits. Eukaryotic ribosome synthesis largely takes place both in the 
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cell cytoplasm and a specialized nuclear compartment, the nucleolus. The 

transcription of rRNA from rDNA genes and most of the maturation process, 

including base modification, happens in the nucleolus. This 

compartmentalization is quite different from bacterial cells, where synthesis 

takes place in the cytoplasm.  

 

Figure 1.2 Ribosome architecture in prokaryotes and eukaryotes.  
 (a, b) Top views of the heads from Thermus thermophilus 30S subunit (PDB code 

2j00) (Selmer, Dunham et al. 2006) and Tetrahymena thermophila 40S subunit (PDB 

code 2xzm) (Rabl, Leibundgut et al. 2011) (c, d) Architectures of the T. thermophilus 

50S subunit (PDB code 2j01) (Selmer, Dunham et al. 2006) and T. thermophila 60S 

subunit (PDB codes 4A17 and 4A19) (Klinge, Voigts-Hoffmann et al. 2011) 

Conserved proteins have the same colors. (Klinge, Voigts-Hoffmann et al. 2012) 

(Copyright 2011, 2012, Permission from Elsevier) 

1.1.1.3 Ribosomal functions 

Since the publishing of the high-resolution structures of ribosomal 

subunits in 2000, crystallography and electron microscopy have facilitated the 

interpretation and determination of the interaction between the structures and 
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functions of the ribosome. In translation, the ribosome decodes the 

information carried by mRNA and then produces a specific amino acid chain, 

which subsequently folds into an active protein. This section mainly focuses 

on the translational mechanism of the bacterial ribosomes, which happens in 

the cell’s cytoplasm. Generally, bacterial translation can be divided into three 

phases, initiation, elongation and termination (Figure 1.3).  

 

Figure 1.3 Overview of  the bacterial translation. 

aa-tRNA, aminoacyl-tRNA; EF elongation factor; IF, initiation factor; RF, release 

factor. (Schmeing and Ramakrishnan 2009) (Reprinted by permission from 

Macmillan Publishers Ltd: Nature, copyright (2009)) 

 

Initiation of translation requires the selection of an initiation site 

(usually AUG) of mRNA, where the specialized initiator tRNA, fMet-

tRNA
fMet

, is positioned. By base pairing between the 3’ end of 16S rRNA and 

the complementary sequence upstream the mRNA start codon (Shine-

Dalgarno sequence), the initiation complex forms with the help of three 

initiation factors (IF1, IF2, IF3) and the initiation codon is placed at P site of 

the ribosome.  
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In the elongation cycle, amino acids are sequentially adding to the 

polypeptide chain until they reach a stop codon on the mRNA. During 

decoding, the new aminoacyl-tRNA is delivered with the help of elongation 

factor-Tu (EF-Tu) to the A site, where correct aminoacyl-tRNA is selected via 

GTP hydrolysis. After the correct binding of the new aminoacyl-tRNA, 

peptide bond formation, the central chemical event in protein synthesis, takes 

place. This is catalyzed by a region of 23S rRNA of the ribosomal large 

subunit, located at the bottom of a large cleft (Nissen, Hansen et al. 2000). 

After peptide bond formation, the growing polypeptide is attached to the new 

amino acid from the A-site tRNA leaving a deacylated P-site tRNA. Following 

the binding of the GTPase elongation factor G (EF-G), the mRNA shifts by 

precisely one codon and the tRNAs translocate with respect to the 30S subunit 

via a rotation of the tRNA molecule from A to P site (Joseph 2003). 

When an mRNA stop codon moves into the A site, termination occurs. 

The terminal signal is recognized by the class I release factors (RF1 or RF2), 

which cleaves the nascent polypeptide chain and releases the newly 

synthesized protein from the ribosome. After that, the class II release factors 

(RF3) triggers the dissociation of class I factors, leaving mRNA and a 

deacylated tRNA in the P site. Next, ribosome recycling factor (RRF) carries 

out the recycling of ribosome together with EF-G. The ribosome is split into 

subunits, preparing for another round of protein synthesis. 

Although these main aspects of protein synthesis are conserved among 

all living creatures, even the basic translational pathway is very complicated, 

and it is not known, for example, how reduced mitochondrial ribosomes work 

at the structural level. The mechanisms embedded in the entire translational 
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process are still not clear, such as the first step in initiation, peptidyl-

transferase reaction, movement of tRNAs and mRNA and so on. As the high-

resolution structures are reported faster using Cryo-EM, an increasing number 

of functional states structures continues to shed light on the detail of 

translation of the ribosome involving GTPase factors and other factors 

(Schmeing and Ramakrishnan 2009).  

As the core of the ribosome comprises the conserved mechanism for 

the translation of nucleic acid gene sequences into proteins in all living 

creatures, its path through evolutionary time has left it with sequence variation 

with great utility in the reconstruction of phylogenetic relationships(Woese, 

Kandler et al. 1990). However, there are very few studies covering the origin 

of ribosomal protein synthesis spanning billions of years ago, which is the 

main objective of this study. 

1.1.2 The RNA world theory and other origin hypotheses 

In biological systems, the famous central dogma of molecular biology 

states that information is transferred from DNA to protein through an RNA 

intermediate and reverse information is flowed back from RNA to DNA. 

Obviously, the proverbial chicken and egg problem arises when we think 

about the origin of the first life forms: what came first, DNA or protein, the 

gene or the product? Although it seems that all life in the geological record are 

the same form based on DNA genomes and protein enzymes, strong evidence 

points to the conclusion that DNA- and protein-based life was preceded by a 

simple life form based on RNA. That is to say neither the chicken nor the egg 

but what is in the middle (Crick 1968; Orgel 1968) of the central dogma came 

first. 
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1.1.2.1 The RNA world theory 

Early in 1859, Darwin outlined that the evolution of life is based on the 

triad of heredity, variation, and selection. Primitive prebiotic and early biotic 

life was for a long time thought to have been protein based after the early 

demonstration of chemical synthesis of amino acids by Adolph Strecker 

(Strecker 1850). However this did not explain how polymers arose and how 

the fidelity of replication emerged. A more detailed mathematical theory of 

self-replication system was developed by Eigen and coworkers in the 1970s 

(Eigen 1971). In that primitive self-replicating system, proteins were not 

engaged in biochemical reactions and RNA carried out both the information 

storage task of genetic information and the full range of catalytic roles 

necessary. This notion was greatly boosted by the discovery of the 

autocatalytic cleavage of the Tetrahymena rRNA intron, which was pioneered 

by Cech and coworkers in 1982 (Kruger, Grabowski et al. 1982). RNA 

molecules capable of catalysis were called ribozymes and subsequently more 

discoveries of ribozymes followed. In 1983, Altman and coworkers first 

demonstrated that RNase P is a ribozyme (Guerrier-Takada, Gardiner et al. 

1983). As the discovery of the ribozymes led to speculation that there might be 

RNA forms capable of self-catalysis at the origin of life, the term ‘RNA World’ 

was coined by Gilbert on 1986. The premise is accepted that on the early 

stages of life’s evolution, RNA could cleave, ligate phosphodiester bonds and 

work as a biosynthetic catalyst and a self-replicating template. The 

observation that, in the reaction of the peptidyl transferase center of a bacterial 

ribosomal large-subunit, proteins do not directly participate, further buttresses 

the hypothesis (Wolf and Koonin 2007). In further support of the RNA world, 
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Koonin reported that protein structure families of RNA-binding enzymes are 

much more highly conserved between bacteria and archaea than DNA-binding 

enzymes(Aravind and Koonin 1999). In terms of weightage this observation is 

firmly grounded on a large body of sequence information, and this is the most 

important quantitative evidence pointing towards an RNA world: those RNA-

protein interactions clearly evolved well before DNA-protein interactions. It is 

noteworthy that the ribozyme research and more recent work on nucleotide 

aptamers has convincingly demonstrated the binding and catalytic capabilities 

of RNA molecules and these systems provide strong conceptual support to the 

possibility that life emerged from a primeval RNA world (Joyce 2004).  

The RNA world hypothesis is strongly supported by the diversity of 

functions of RNA as both an informational molecule and a biocatalyst. First, 

RNA can store, transmit and duplicate genetic information as well as replicate 

itself. Second, RNA based peptide bond catalysis is the key process in the 

protein synthesis in extant organisms, which is the most persuasive argument 

for the conclusion that ribosome must have existed in the Last Universal 

Common Ancestor (Babb). Because of the multiple performances fulfilling the 

current roles as both DNA and enzymes, RNA is believed to be capable of 

supporting independent life forms (Gesteland, Cech et al. 2006). 

Another interesting hypothesis is the existence of pre-RNA, which is a 

different type of nucleic acid, including the PNA (peptide nucleic acid), TNA 

(Threose nucleic acid) or GNA (Glycerol nucleic acid). A “PNA” world was 

proposed by Miller and Orgel, 1974 (Oro, Miller et al. 1990), which is defined 

as the first prebiotic system capable self-replication (Gesteland, Cech et al. 

2006). However, PNA have not been explored extensively as there is no 
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remnant evidence available for such pre-cellular life today, and its existence as 

a molecular innovation is speculative owing to the fact that it does not appear 

in any extant life form. In a 2011 review, Thomas R. Cech also suggested that 

the term “RNA world” proposed by Gilbert (1986) was represented to the 

primordial RNA world, in which, RNA served as both information and 

function, genotype and phenotype (Cech 2011). However, multiple self-

replicating molecular systems may precede RNA, while amino acids and short 

peptides may be present in earlier mixtures. Notably early appearing amino 

acids are effective precursors for nucleotide biosynthesis. (Berg JM 2002) and 

arguably, only after RNA is able to catalyze peptide ligation can proteins exist. 

In the Figure 1.4, a general timeline of the early history of life on earth 

including the possible time period for the appearance of RNA world is 

presented. 

 

Figure 1.4 Timeline of evolution. 

Timeline of the early history of life on Earth billions of years ago (Joyce 2002). 

(Reprinted by permission from Macmillan Publishers Ltd: Nature 

, copyright (2002)) 

1.1.2.2 Life origin hypotheses 

The evolution of life remains an enigma despite the rapid expansion of 

the development in the fields of chemistry, biology, astrophysics and 

astrobiology in the past decades. Many lines of evidence are consistently being 

discovered to illuminate the origin of life, such as ancient fossils, radiometric 

dating, phylogenetic analysis and chemistry of modern organisms. Various 
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prevailing hypotheses for the emergence of life on our planet have been 

presented based on different research areas. In this section, a discussion of the 

most famous theories of the origin of life is provided together with what may 

be considered as their main limitations. 

Abiogenesis, the formation of biomolecules from simple chemicals, 

became generally accepted when the Miller-Urey experiment was successful 

in 1952. In their experiment, amino acids and other small organic compounds 

were created in a reducing atmosphere, a mixture of water, hydrogen, methane 

and ammonia. The discovery further supported the ideas of “spontaneous 

generation” and “primeval soup” proposed by Haldane (Haldane 1949) and 

Oparin (Miller and Orgel 1974) as early as 1929. Although it seems that basic 

organic monomers like amino acids can be formed spontaneously, simple 

molecules are ironically far from a fully functional self-replicating life. A 

central problem with abiogenesis is simple diffusion and dilution. Fragile 

prebiotic chemistries capable of self-replication require a concentrating 

environment for these small molecules and they require protection from UV 

irradiation. The only geological location with these properties remain over 

long periods of time are the submarine hydrothermal vent, as described later in 

this chapter.  

Protocell theory expresses the idea of the first emergence of cellular 

compartments, called “protocells”, which were expected to consist of lipids. 

This idea comprises liposomes, emerging spontaneously, and accumulating 

chemical precursors, and biopolymers. Protocells are widely cited to describe 

the possible environment for the first RNA-world organism. Reconstruction of 

simple protocells within lipid envelopes has been achieved to demonstrate the 
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replication of simple nucleic acid-like polymers, which can divide into 

daughter protocells with newly replicated nucleic acids (Cech 2011). This kind 

of encapsulation can not only possibly protect the genome from degradation, 

but it could also maintain high concentrations of small molecules for the cell 

and also provide the possibilities of ensuring the spontaneous Darwinian 

evolution in the organism from natural selection (Schrum, Zhu et al. 2010). 

The key problems with the notion of starting life from lipid protocells in 

prebiotic chemistries are the current protein enzyme dependencies of lipid 

biochemistry, and again, the requirement for a concentrating environment 

where precursors can gather under stable conditions and are blocked from UV 

light. One still cannot deduce how replicative nucleic acid systems emerged 

from the protocell hypothesis alone, however it remains a strong contender to 

explain how cellular structures emerged. 

Panspermia is an alternative theory to “abiogenesis”. It hypothesizes 

that the primitive life began somewhere other than our planet and were 

delivered across galaxies and protected in comets from ultraviolet radiation. 

The idea of panspermia is indirectly supported by the extraordinary capability 

of some extremophiles and bacterial spores, surviving ultraviolet exposure in 

satellite experiments (Mileikowsky 2000). Extremophiles (Madigan and Marrs 

1997) and thermophiles (Brock 1978) can survive in the extremely 

environment on the planet, which are believed to be among the first 

homesteaders billions years ago. The central problem of panspermia is that 

there is no direct evidence for it, that it pushes the origin of life by assumption 

to another planetary location, and does not address the actual origin of 

biopolymers and self-replication from prebiotic chemistry. We therefore do 
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not consider it to adequately address the problem of the origin of self-

replicating life and its founding molecules. 

The “iron-sulfur world” theory hypothesizes that the last universal 

common ancestor emerged in submarine hydrothermal vents, for example 

within the black smoker or white hydrothermal chimneys structures found 

deep in the ocean, both of which are geological conditions that fit with the hot 

beginnings of the planet of earth (Wächtershäuser 2000). In this theory, the 

evolution of chemical pathway plays the fundamental roles for the evolution 

of life. Hydrothermal circulation via convection currents and concentrating 

effects of thermophoresis, the diversity of possible chemical reactions via 

chemical and thermal gradients, constant long-term geothermal energy supply 

and the microscopic compartments naturally formed by vent structures, all 

provides the most persuasive argument for an abiogenic hatchery for life. The 

chemistry of such an environment, under very high pressures and with a wide 

range of chemical precursors, is extremely difficult to replicate in the 

laboratory and requires deep undersea expeditions to characterize. 

The RNA world and pre-RNA world is the most popular contender 

among the various theories of the early stages of evolution of life. This theory 

has been discussed in the previous section, however; several problems are still 

inherent in the hypothesis. It is notable that RNA is chemically fragile in the 

presence of protein enzymes and unstable when exposed to ultraviolet light. In 

a pre-protein world, RNA may have been more stable owing to a lack of stable 

enzymes that might otherwise degrade it, as happens today. The most 

important problem is whether RNA comprised the first self-replicating 

mechanism or was derived from an earlier system(Gesteland, Cech et al. 2006).  
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Despite various opinions around the existence of the RNA world, the 

discoveries of a broad range of RNA catalyst and the self-replicating systems 

are the most attractive features of a first living RNA-based organism. However, 

it is doubtful whether the RNA-based life form could survive, because such an 

organism needs to maintain the RNA sequence, fine-tune the ability of its 

remaining composition and would need a comprehensive supply of energy and 

nutrients in the environment. The discovery of long-lived and stable 

submarine hydrothermal vents helps the RNA-world hypothesis in providing 

an environment in which a fragile RNA based self-replicating life may begin 

from prebiotic chemistry in a concentrative and stable environment with UV 

irradiation protection. 

1.1.3 Hydrothermal vents  

The ‘RNA World’ has the best supporting evidence for life’s 

emergence and the origin of the ribosome. As discussed, living chemistries 

require high concentrations of precursors, and one key puzzle is to find 

geological formations that would be present on the ancient Earth environment, 

where the most suitable place would be for this concentration of precursors to 

emerge and for the slow emergence of biotic polymers and chemistry. 

Laboratory protocells have been recently reconstituted with protein synthesis 

system(Schrum, Zhu et al. 2010), which may reflect the earliest cell-like 

structures for the origin of life on earth. Just how this spontaneous formation 

of the lipid membranes with relatively pure chemical compositions in a world 

with a myriad of different chemistries and massively dilutive oceans of water 

would happen billion years ago remains a mystery. The discovery of the deep-

sea alkaline vents and other kinds of submarine hydrothermal vents provides 
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an important geological background for the origin of life hypothesis. These 

environments are the only ones with demonstrated abilities to concentrate 

small molecules, provide long-term and consistent thermal and chemical 

gradients, and protect from UV irradiation. Thus, the next section provides a 

detail description of the vent systems, as they may well have been the host 

environments for the RNA world, LUCA and primitive archaea and bacteria 

prior to the emergence of DNA.  

1.1.3.1 Hydrothermal vents as the possible original environment for life 

Astonishingly, our planet happens to be one of the extremely rare parts 

of the universe where life appears and thrives in extreme environments where 

is little oxygen, heavy ultraviolet radiation and drastic weather. Recently, 

scientists have narrowed down the possibilities of the locations for the origin 

of life, which are the hydrothermal vent located under the deep sea similar 

structures on or near land. 

The first discovery of hydrothermal chimneys and black smoker vents 

astonished the world in 1979 (Spiess, Macdonald et al. 1980). In 1982, 

Edmond and co-workmates discovered the hydrothermal activities at 

submarine ridge crests (Edmond, Von Damm et al. 1982). Since that discovery, 

hundreds of vent fields have been documented around the ocean ridges, and 

they in fact circle the entire planet around submarine fault lines. With an 

appreciation of the thermal circulation in the element balance of the ocean, 

these structures further stimulate the advances in the establishment of the 

hydrothermal-vent origin-of-life theory (Miller and Bada 1988). The discovery 

of a submarine hydrothermal vent field called Lost City in December 2000 

provides one of the most convincing geological sites similar to where life may 
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have originated. Although the Lost City vent field is a youthful 30,000 years 

old (Kelley, Karson et al. 2005), Lost City-type systems might be able to 

persist hundreds of thousands, possibly millions, of years because of the 

location on the 1.5-million-year-old rocks. In the previous section, I have 

mentioned the abiogentic-compartmentalized environment for the spontaneous 

formation of the membranes. A highly elaborative system of membranes is 

served to maintain an integrity environment of the cell, in which, high 

concentration is one of the prerequisites for the signs of life in modern cells. 

On the other hand, communications between the intracellular and extracellular 

space are maintained via transport and signaling systems. Thus, in order to 

finalize prebiotic reactions for the minimal complex proto-life forms, an 

effective abiogentic compartment is an essential dependency for the 

primordial environment. Russell and coworkers (Miller and Bada 1988; 

Michael J. Russell 1994) have 

developed one scenario, under which 

networks of inorganic compartments 

formed of iron sulfide and existed in 

the vicinity of hydrothermal vents, 

constituting a plausible cradle of life. 

Such compartmentalized 

environment enables a continuous 

energy and chemical source, with 

which, early biochemistry and self-

replicating molecules can rise and 

may further undergo Darwinian 

Figure 1.5 RNA reactor from a 

hydrothermal vent pore network. 

Evolution of an RNA population in a 

network of inorganic compartments. 

(Koonin 2007) (Copyright National 

Academy of Sciences, U.S.A.) 
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natural selections.  

It is proposed that the LUCA existed in the hydrothermal 

compartments as a non-cellular entity (Koonin and Martin 2005). Besides the 

compartments, a dissipative and molecular sorting environment, in the form of 

thermal and electrochemical gradients and versatile inorganic catalysts are 

also provided by these geological abiotic structures. Two concomitant 

hydrodynamic processes, thermal convection and thermophoresis are active 

along the temperature gradient, occurring within the pores of Lost City style 

vents, and remarkably capable of concentrating and sorting nucleotides. This 

has been confirmed by laboratory experiments (Baaske, Weinert et al. 2007) 

and furthermore these conditions have been shown to encapsulate nucleotides 

within liposomes. The close packing of inorganic pores in these vents can 

increase the size and dramatically accumulate the amount of molecules inside, 

such as amino acids and other essential organic compounds (Figure 1.5). The 

long, narrow, vertical concatenation of pores may lead to a dramatic increase 

in the size of molecules and the concentration would probably reach those 

necessary for the abiotic formation of random polymers of RNA. Thus, the 

environment inside hydrothermal vents can provide the exact necessary 

substrate for the emergence of ribozyme based RNA replication, and 

eventually the ribosome, all the way through the conversion from these proto-

life forms into free lipid encapsulating cells. The natural formation of 

submarine hydrothermal vents occurs when hot hydrothermal water ejects 

upward into cool seawater, carrying a myriad of chemistries with it. While 

these chemistries are still being explored, the “molecular reactor” phenomenon 

inside the hydrothermal vents makes the RNA synthesis as well as the origin 
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of life possible. In order to further test and confirm the idea that hydrothermal 

vent system possesses the suitable environment for the life origin, a theoretical 

calculation of the probability of conversion from prebiotic to biotic chemistry 

is under way in the Hogue laboratory, but is beyond the scope of this thesis.   

1.1.4 Current research on the evolutionary timeline of the 

ribosome 

In the last few decades, substantial crystal structures of LSU and SSU 

from the three domains of life and extensive sequencing of genetic material 

from wide spread organisms have permitted the construction of detailed 

evolutionary models and phylogenetic trees representing the evolutionary 

relationships of ribosomes among bacteria, archaea and eukarya. As no 

ribosomal gene appears as a textbook case for representing the universal 

phylogeny and evolutionary process, it is critical to identify alternative 

methods to investigate the evolutionary chronology of ribosomes, and 

therefore, the deep evolutionary history of cellular life. To approach the most 

reliable evolutionary path, efforts have been directed to understanding the 

characteristics of the molecules in the translation process, as well as multiple 

computational analyses from different species.  

1.1.4.1 Previous research on the origin of translation 

Ribosomes are highly conserved molecules that work with related 

functional molecules like tRNAs , mRNAs and additional protein factors as 

translational apparatus. In order to synthesize protein chains, first, the twenty 

specific amino acids specifically attach to the transfer RNA (tRNA) molecules 

via covalent linkage with the help of aminoacyl-tRNA synthetases (aaRSs), 
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the catalyst of the aminoacylation reaction. Then, the ribosome provides the 

platform, where the tRNA anticodon binds to a messenger RNA (mRNA) 

codon and delivers the matched residue in coordination with the movement of 

the ribosome along the mRNA and further produces the amino acid chains of 

the proteins with the help of translation factors (O'Donoghue and Luthey-

Schulten 2003; Berk and Cate 2007). 

Based on the RNA world theory, protein synthesis could only be 

achieved after the emergence of the translation apparatus. In that case, the 

origin of the functional RNAs, tRNAs and further translational system 

comprise the most essential problems in the study of life origin. Since the 

discovery of translation mechanism decades ago, numerous theoretical models 

of the origin of the various components in the translation apparatus have been 

proposed. It is generally believed that information embedded inside the 

sequences and structures of the corresponding molecules in the translation 

mechanism may supply somewhat plausible clues in the evolution of the 

translational system and help resolve and refine the elucidation of the 

ribosomal chronology.  

Evolution of Aminoacyl-tRNA Synthetases (aaRSs) 

The determination of the accuracy of the protein synthesis is jointly 

depending on the tRNA aminoacylation catalyzed by aaRSs and the ribosome-

catalyzed decoding. Twenty aaRSs, one enzyme specific for one standard 

amino acid are, in most cases, used to charge an amino acid to its cognate 

tRNA via aminoacylation reactions as the minimum set for protein 

biosynthesis (Nagel and Doolittle 1991). The aaRSs are multi-domain proteins, 

in which only one domain works as the catalytic domain, the others are 
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capable of anticodon binding, aaRS-tRNA stabilization and tRNAs 

deacylation. Among them, the two major catalytic protein domain structures of 

aaRS are conserved across all class members, which may have been protein 

structures well present at the root of the universal phylogenetic tree. Based on 

the sequence and structural analysis of the catalytic domain, aaRSs are divided 

into two classes, which are specific and largely conserved in different domains 

of life. 

In order to get an overview of the evolution of aaRSs, comparisons of 

both the sequence and structural phylogenies are considered. In the sequence 

phylogeny of Woese and co-workers (Woese, Olsen et al. 2000), a huge 

number of horizontal gene transfer events makes the evolutionary studies 

difficult, however, it shows the annotation of the appropriate consideration of 

structural phylogeny. The conservation of sequence implies a great 

conservation of structure in the core aaRS domain structure. As the backbone 

and the ATP binding pockets are highly conserved, they point towards evolved 

specificity in the function of interaction of the amino acid side chains with the 

active site pocket. Although the separation of domains at the root of 

phylogenetic tree is not well defined, the boundary is demonstrated by the 

emergence of AsnRS and GlnRS. (O'Donoghue and Luthey-Schulten 2003) 

The evolution of aaRSs is, without a doubt, connected to the evolution of 

translation. Importantly, the protein-based aaRSs present an evolutionary 

paradox. The aminoacyl reaction precedes the formation of polypeptide chains, 

but the tRNA aminoacylation cannot be realized if the aaRSs as proteins are 

not produced. In this case, in the early stages of RNA world, RNA molecules 

must take charge of the functions of catalysts and information carriers 
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(Klipcan and Safro 2004). The activity of an aaRS-like ribozyme was 

published in 2000, which could strongly support the hypothesis that translation 

system may evolved from simple ribozymes containing the function of acyl-

transfer function in RNA world (Lee, Bessho et al. 2000). Further studies on 

nucleic acid aptamers have added support to this, which effectively breaks the 

paradox provided by protein-based aaRS enzymes.   

Evolution of GTPases 

In order to achieve a precision and efficiency translation during the 

initiation, elongation and termination, GTPases as the translation factors are 

the key players. Some of these molecular switches (GTPases) are highly 

conserved in all three domains of life.  Based on the comparison of the 

sequences and available structure of the GTPases and GTPase-related proteins, 

an evolutionary classification for these superclass proteins was constructed 

(Leipe, Wolf et al. 2002). In 2005, a review of the structural and functional 

insight of the GTPases was published, which is the first summary providing 

the mechanism of GTPase stimulation with both the structural and 

biochemical information and has greatly contributed to our understanding of 

GTPase hydrolysis reaction (Scheffzek and Ahmadian 2005). 

This superclass of proteins can be divided into two large classes, one is 

TRAFAC, in which all the translation factors are included, and the other one is 

SIMIBI. Here, we are only focus on the members in the TRAFAC, as it relates 

to translational mechanism. Such a close relationship with the translation 

machinery suggests a co-evolution with the ribosome, especially those 

common to archaea and bacteria (Hartman and Smith 2010). In the 

translational process, the initiation factor in bacteria, IF2, and their archaeal 
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homologs, the EF1, EF2, aeIF5b and aeIF2 bring the fMet-tRNA to the SSU 

of ribosome and help the joining of the two ribosomal subunits. The 

elongation factor EFTu/EF1 guide the next charged tRNA to interact with the 

LSU and EF2/EFG can then initiate the elongation cycle, including the PTC 

peptide bond formation as well as the translocation of the ribosome. The high-

resolution structures of EFG and EFTu have been determined, from which the 

most interesting observation is that EFG and EFTu appear to be structural 

mimics of each other (Caldon, Yoong et al. 2001).  

GTPases can consist solely of a G-domain, which is the invariant core 

domain throughout the GTPase superfamily (Sprang 1997), or multiple 

domains, like OB-domains. The sequences, structural and functional 

similarities of the conserved G-domains among these translation factors 

annotate their common ancestor, a Ras-like GTPase (Corbett and Alber 2001), 

to which an OB fold was joined later. After the existence of the ancient 

elongation factor, the first two domains of EF1/EFTu began to connect PTC as 

the SSU mRNA complex, which lead to the ancestor of EF2/EFG and IF2. 

The tRNA molecule also is evolving at the same time. As a single OB domain 

can mimic the aniticodon stem loop of an ancient mini-tRNA, the later fusion 

of OB domain to the Ras-like GTPase may lead to the formation of EFTu and 

the delivery of the mini-tRNA to the PTC by interacting with the CCA 

minihelices (Hartman and Smith 2010). This idea well fits the model proposed 

in an earlier paper, in which, the proto-ribosome was a self-folding RNA 

attached to a membrane (Smith, Lee et al. 2008). In this proposed model, the 

self-folding RNA is the precursor to the peptidyl-transferase center (PTC) of 

LSU with three RNA helices, while two of which are similar in structure with 
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the two looped helices of the extant SRP RNA, which mediate the 

translocation of the ribosome to the membrane via RNA-protein interactions. 

This hypothesis as proposed by Hartman further supports the original 

hypothesis that PTC domain of the ribosomal LSU is the most ancient part in 

the ribosomal evolutionary timeline. The only difficulty with this proposed 

model is the biochemical reality that there are no membrane-binding RNA 

structures observed in cellular life and all RNA-membrane interactions are 

mediated by proteins, which seems to be overlooked in this hypothesis. The 

vent pore structures described above may therefore substitute for the 

compartmentalization required of this membrane bound model, and the 

chronological model presented in this thesis is proposed in an initially 

membrane-free environment prior to the emergence of protein synthesis by the 

proto-ribosome. 

Evolution of tRNA and mRNA  

The next important body of research is the well-developed theoretical 

models of the evolutionary progenitors of tRNA. Over the years, evidence has 

been accumulating pointing to an ancient mini-RNA hairpin structures as the 

precursors of the current full-length bent tRNA molecules (Di Giulio 2004). 

These mini-tRNA structures are proposed to help explain the evolutionary 

transitions of protein synthesis. The two domains of tRNA interact with 

different subunits of ribosome. The anticodon-containing domain interacts 

with 16S rRNA, whereas the minihelix domain interacts with 23S rRNA. 

Similarities between the 5’ and 3’ halves of the tRNA support the conclusion 

that tRNA is evolved from the duplication of an RNA hairpin prior the 

contemporary tRNA with divergence of specificities (Di Giulio 1995). Di 
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Giulio’s model is well supported by sequence data and postulates that the 

double hairpin structures create the conditions for the evolution of the tRNA 

molecule, which might have been the intermediate evolutionary stage towards 

the cloverleaf secondary structure in the modern tRNA (Di Giulio 2004; Di 

Giulio 2006; Branciamore and Di Giulio 2011). (Figure 1.6)  

  

 

Figure 1.6 Evolutionary transition of mini-tRNA to full-length tRNA. 

Direct duplication of single hairpin structures (a) can generate a cruciform structure 

(b), which might have another secondary structure, a double hairpin (c).  (f) complete 

tRNA structures. (Di Giulio 2004) (Copyright (2004), with permission from 

Elsevier) 

 

The simple hairpin loop containing the CCA arm is supposed to be the 

ancient part of tRNA molecules. In fact, several aminoacyl-tRNA synthetases 

(aaRSs) can recognize an RNA minihelix containing the CCA arm, which has 

been shown to function as part of the primordial protein synthesis machinery. 

Sequence analysis suggests that the top half (CCA 3’-end) of modern tRNAs 

has a coevolutionary relationship with aaRSs and an ancient origin separate 

from the bottom half (anticodon 5’-end) (Weiner and Maizels 1987; Maizels 

and Weiner 1994; Tamura and Schimmel 2001). Ligation of RNA hairpins 
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with 3’CCA termini were probably carried out by an ancestor of a self-splicing 

group I or II intron at the position of tRNA introns, which turns to be in a 

well-conserved position in all domains of life today. Furthermore, the idea of 

the duplication model is most strongly supported by the genomic analysis of 

Nanoarchaeum equitans, in which the 5’ and 3’halves of tRNA are codified 

on two different genes, whose products join later to form the complete tRNA 

molecule (Randau, Munch et al. 2005). Therefore, it is speculated that the 

complete tRNA should have evolved after the establishment of the main lines 

of divergence and the origin of tRNA might have been non-monophyletic (Di 

Giulio 1999; Di Giulio 2006). Similar results are derived from the experiment 

of its base composition, repetitive sequence patterns as well as the 

phylogenetic tree construction (Sun and Caetano-Anolles 2008). Incidentally, 

such duplication-ligation event suggests that it may be a general mechanism 

for the origin of components in the RNA world (Bernhardt and Tate 2010) . 

Based on the duplication model of tRNA presented by Di Giulio, 

proto-mRNA is thought to be the serendipitous binding partners of proto-

tRNAs as the anticodon loops in the hairpins can form complementary base 

pairing with proto-mRNA. The proto-mRNA would immobilize the two 

tRNAs and make sure the 3’CCA termini is well positioned for peptidyl 

transfer (Bernhardt and Tate 2010). In that case, it is proposed that the first 

proto-mRNA is working as the stability-enhancing binding partners to tRNA. 

This extends the earlier hypothesis of Crick and co-workers, who suggested 

that same hypothesis that proto-mRNA may be the complementary RNA 

sequence binding to the first tRNA, which may enter the ancestral protein-

synthesizing machinery early as one structural substrate (Crick, Brenner et al. 
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1976). Another idea is coming from the “introns first” theory, in which, 

mRNA is evolving from non-functional RNA (Penny 2005). Wolf and Koonin 

also suggest that the proto-mRNAs was part of the SSU rRNA, and later 

becoming discrete entities. Although the essential question of the origin of 

mRNA has been considered for decades, to date there is not any well accepted 

consolidated and confirmable conclusion. This challenge highlights the 

importance of convincible techniques and new examinations on not only the 

origin of mRNA, but also the evolution and mechanism of the translational 

system.  

Emergence of translation (Helicase theory) 

The formation of the translation machinery represents the successful 

transition from RNA worlds to RNA-protein world, followed by the modern 

DNA-RNA-protein world (Penny 2005; Gesteland, Cech et al. 2006). Highly 

efficient and accurate protein synthesis is dependent on the maturity of the 

translation apparatus. In the above sections, general conclusions and 

observations about the corresponding molecules have been discussed, in which, 

all the basic functions of ribosome through the translation process are 

accomplished by RNAs, from large subunit rRNAs, small subunit rRNAs, 5S 

rRNAs to the tRNAs (Moore and Steitz 2011). Even for the aaRSs and 

GTPases, RNA-based precursors have been proposed. 

We know that RNAs facilitate two main functions of the ribosome. 

The peptide synthesis is the function of LSU rRNA of modern ribosome, 

where the peptide amide bond formation is an energetic reaction favored by 

the peptidyl transfer (Nissen, Hansen et al. 2000), corresponding to the A and 

P sites of the PTC. It has been proposed that the PTC arose from the 
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duplication of ribozyme, which is capable of binding to the aminoacylated 3’ 

CCA terminus of an RNA hairpin (Maizels and Weiner 1987; Agmon, Bashan 

et al. 2005). Based on the analysis of the tertiary structure A-minor interaction, 

it is reasonable that the double helix should have evolved as the ancestral 

components of LSU rRNA, located at Domain V (Bokov and Steinberg 2009). 

Smith and co-workers (Smith, Lee et al. 2008) also presented a theory that 

LSU may appear earlier as no self-folding RNA segments embeds in the 

decoding site of SSU. 

We also know that the SSU is responsible for the decoding in 

contemporary ribosome, which was proposed to exist prior to LSU in order to 

stabilize the binding of proto-tRNAs according to Wolf and Koonin (Wolf and 

Koonin 2007), however this point is controversial. As opposed to the SSU, the 

contact surface between tRNA and the LSU is predominant, suggesting that 

the mRNA-tRNA interaction should be more ancient. The aligned attachment 

of mRNA to the anticodon stem of tRNAs is driven by the Brownian thermal 

motion and the subsequent translocation steps between mRNA and tRNA are 

coordinated by the intrinsic dynamic of the entire ribosome. Early in 1996, the 

Lata group discovered the consistent counter-clockwise rotation of the 30S 

subunit when joining to 50S subunit, which is a possible example to support 

this argument (Yusupova, Yusupov et al. 2001). 

Due to the large number of components and the complexity of the 

cooperation among these components in the translation, the study of the origin 

of translation system has reached the hardest level in all evolutionary biology 

(Wolf and Koonin 2007). In 1998, Poole and co-authors provided a 

description of the emergence of translation, in which they suggested that RNA 
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replicases were the predecessor of modern ribosomes based on the idea that 

evolution and survival from the process of nature selection of such an essential 

and complex structure must be consistent. Because of the limited replication 

accuracy in the RNA world, small RNA molecules can arise, but larger 

molecules like ribosomes would develop only after replication increased in 

accuracy. It was proposed that RNA replicases, which synthesize new RNA 

strands by adding trinucleotides (predecessors of tRNAs) to the growing RNA 

molecules on RNA template (predecessors of mRNAs), led to an increased 

specificity and fidelity of replication with the emergence of aminoacylation of 

proto-tRNAs. The trinucleotide addition mechanism proposed would require 

later replacement by protein based replication mechanism. 

In the ribosome, peptide bond formation appears to have evolved to be 

the driving force for the molecular ratchet motion (Poole, Jeffares et al. 1998). 

Any remnant activities of the intermediate evolutionary mechanistic forms are 

absent from modern ribosomes and if the proto-ribosome was involved in 

RNA synthesis, the movement mechanism may also be driven by RNA 

synthesis itself.  

Another hypothesis presented by Zenkin recently seems to be more 

convincing (Zenkin 2012). Based on the RNA replicase theory, one must first 

invoke a necessary RNA based helicase activity, which would take charge the 

work of melting the nascent RNA-RNA duplex after replicase and providing 

single-stranded template in front of replicase. It would also be required to melt 

out any stable single-stranded base-paired structures that formed in early RNA 

genes. According to the RNA helicase hypothesis, the activity in the modern 

ribosomal translation apparatus could have evolved from an RNA helicase and 
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the model proposes an initial RNA based chaperone-helicase, which would 

destabilize RNA duplexes as a direct ancestor of the 16S rRNA of modern 

ribosome (SSU). In this thesis it is noted that, if this is indeed the case, there is 

a possibility that this helicase structure and function is still present in some 

core portion of the 16S rRNA. 

It has been already demonstrated that the SSU of the eukaryotic 

ribosome is capable of melting RNA secondary structures, which may 

possibly reflect the remnant of the chaperone-helicase (Kozak 1989), but may 

still involve proteins. In this model, the pre-tRNAs base pair with the substrate 

RNA, which is recognized by the chaperon-helicase, via short sequences like 

pre-aniticodons which may have provided enough energy for the annealing. 

Followed by the emergence of the pre-23S rRNA, the concentration of pre-

tRNAs may be increased as the second subunit of the chaperone-helicase 

could possibly recognize some parts of pre-tRNAs just like the A and P sites 

of modern PTC are able to aminoacylate and peptidylate 3’CCA ends of 

modern tRNAs. Then the prescence of the aminoacylation 3’ends of pre-tRNA 

promotes the evolution of the RNA helicase towards A, P and E sites.  

While initial aminoacylation of pre-tRNAs was most likely random 

and involving only a few amino acids, evolutionary selection would rapidly 

select against harmful or unproductive random sequences. A solution to 

random aminoacylation seems to modify the pre-tRNAs specificity to 

recognize specific amino acids coinciding with specific pre-aniticodons 

according to the sequences that were recognized by the helicase. Once this 

RNA based replicator emerged from natural selection with certain selectively 

advantageous protein genes, specialized templates (mRNA) would start to 
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emerge that coded for protein translation and further improving until the 

protein-coding gene could displace prior ribozyme genes. This would further 

allow the helicase-based proto-ribosome to improve its transcription and 

translation efficiency and recruit corresponding factors. Above all, it follows 

that the evolution of an RNA world proto-ribosome RNA helicase, as the 

ancestor of the 16S rRNA of the modern SSU, could lead to the emergence of 

translation after encounter with the proto-PTC ribosome, and the genetic code 

may therefore be shaped according to the original aminoacylation ribozymes 

that preceded aaRS enzymes.   

In view of the previous discussion of the evolution of different 

components in the translation apparatus as well as the possible helicase theory, 

it becomes obvious that the critical role of ribosome is to bring together the 

numerous components and organize the activities, which seem to be 

completely separate. The following section is focus on the evolutionary 

studies of the ribosomes, both ribosomal proteins and rRNAs, from sequences 

and structures.  

1.1.4.2 Previous research on the evolution of ribosomal proteins   

According to the hypothesis that the modern biological system is 

evolved from the form of an RNA world, it is no surprise that the ancient 

translation machinery is composed of RNA molecules (Gesteland et al. 1999). 

As mentioned earlier, the core structure of the ribosome is likely to appear 

within the RNA world occupied by ribozymes and co-evolved with translation 

and the genetic code, following with the addition of the ribosomal proteins (r-

protein) which invade the functional niche, the major catalytic functional core 

grows into complex and efficient translational machinery (Wolf and Koonin 
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2007). It is postulated that the stepwise emergence of each r-protein contains 

an “imprint” of the genetic code expansion.  

In early studies, Fox (2004) and Fournier and Gogarten (Fournier and 

Gogarten 2007) pointed out that the biases usage of amino acid of the 

ribosomes at fixed positions allowed the briefing of the evolutionary 

chronology of universal r-proteins from the independent subunit assembly 

maps. A similar code evolutionary model of the aminoacyl-tRNA synthetases 

was also proposed by Nagel GM (Nagel and Doolittle 1991). Using these 

models, the amino acid usage trends are in congruence and convergence across 

the assembly maps of the LSU and SSU, which implies that the initial protein 

component of the LSU is more ancient than the one of the SSU. However, one 

major problem is that the coalescence via horizontal gene transfer (HGT) or 

other type of fusion is not under consideration, which may have a huge effect 

on the trend shifting of the amino acid usage, as well as the alignment of the 

subunit chronologies. More challenging is the problem that this approach 

reintroduces the flawed “ontogeny recapitulates phylogeny” approach that 

implies that ribosome evolution matches the current ribosomal assembly. The 

flaw is most easily spotted when one considers that the PTC is accepted to be 

the earliest part of the LSU, but is amongst the last parts involved in the 

experimental E. coli LSU assembly maps. Another problem we will reveal in 

this thesis involves replacement of first-generation ribosomal proteins by 

subsequent improvements, which may destroy any signal of ancient amino 

acid composition. This is a sparse data problem, and a problem of gene 

displacement, elaborated later in this thesis with an example of the steric 
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displacement of bacterial ribosomal protein L32 in archaea by a sequence 

insertion into L22. 

As HGT is a highly significant phenomenon which has played a major 

role in bacterial evolution and is fairly common in certain unicellular 

eukaryotes, it is more promising to clearly elucidate the differences in the 

amino acid usage within proteins along the chronology (Richardson and 

Palmer 2007). Subsequent comparative analysis experiments of r-proteins 

from the three primary domains are reported trying to clarify the HGT and 

further genome expansion phenomenon and establish the phylogenetic 

distribution, as well as the relationship with the evolution of the ribosomes, 

providing deep insights into the emergence of the protein component 

(Vysotskaya, Shcherbakov et al. 1997; Anantharaman, Koonin et al. 2002; 

Odile Lecompte 2002; Woese 2002; Mushegian 2005). Some researchers have 

partitioned protein structural families into fewer and larger components based 

on the similarities and complexities from the comparative-genomics results, 

which have provided a glimpse into the evolutionary dynamic process 

(Holland, Veretnik et al. 2006; Caetano-Anolles, Kim et al. 2007). Among 

these methods, one significant problem is that the folding of functional 

proteins is not only decided by the amino acid sequence, but also influenced 

by the compact and stable structures. Another problem is that ribosomal 

proteins have large segments of sequence that are, in the absence of rRNA, 

disordered and unlikely to spawn useful structures or be reused in protein 

families upon gene duplication. In particular the methods of Caetano-Anolles 

places nearly all ribosomal proteins as younger than families of folded 

domains when they may in fact not be properly dated by structural family 
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timelines. Alternatively this may reflect a wave of replacement of early 

ribosomal proteins. 

Based on a structural phylogenomic census from a hundred fully 

sequenced genomes, the protein structures are divided into fold, fold 

superfamily and fold family levels of protein domains (Murzin, Brenner et al. 

1995). Recently, the age and function of the folded r-protein domains in the 

timeline, which are highly conserved, have been proposed by Caetano-Anolles 

and colleagues (Caetano-Anolles, Kim et al. 2011). In their study, the most 

attractive observation is the suggestion that the r-proteins associated with the 

SSU of the ribosome appear to precede those located in the LSU of the 

ribosome. The same group earlier suggested that the SSU predates LSU from 

an analysis of the conservation of functional substructures in the ribosome 

(Caetano-Anolles 2002). The chronological order of the appearance of the two 

subunits of the ribosome is a topic with conflicting results between those of 

Caetano-Anolles and those of Fournier and Gogarten (Fournier and Gogarten 

2007) as mentioned above. These contradictory findings demonstrate the 

challenge that the ribosomal evolution studies present. 

1.1.4.3 Previous research on the ribosomal evolution  

It seems that the modern ribosome and the RNA components were 

much smaller at an earlier time than today and it is likely that the subunits and 

components are not equally old. Sequence analysis shows clear regions of 

conservation across all 3 kingdoms, which helps delineate the most ancient 

portions of the ribosome. However the relative emergence of noncontiguous 

biopolymers in the ribosome cannot be deduced by classic phylogenetic 
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methods and this hole in the methodology may be partly responsible for the 

ongoing debate about the relative age of ribosomal components.   

From the previous discussion, theoretical and experimental hypotheses 

of different components in the translation apparatus attempt to construct an 

approximate chronological evolutionary path of the ribosome from the RNA 

world towards the modern translational system, which means the functional 

ribosomal machinery should exist in the LUCA of the three domains of life. 

As the modern ribosome is far more complex than the RNA world, the original 

rRNAs were likely much smaller and some parts of the rRNAs are likely to 

have an older age than the other parts (Clark 1987). However, contradictory 

conclusions focused on the origin of the ribosome have arisen. Several popular 

hypotheses of the evolution among different rRNA components are described 

in this section, in an attempt to explain and establish a convincing pathway of 

the origin and evolution of the ribosome.  

5S rRNA of the ribosome 

5S rRNA is the smallest nucleic acid component of LSU of the 

ribosome in all-living organisms, the discovery of which is associated with the 

studies of tRNA at the beginning of 1960s. It was thought to be the precursor 

of tRNA because of the similar composition and molecular weight until the 

primary structures of 5S rRNA from E. coli and eukaryotic cells was 

discovered (Forget and Weissman 1969). The existence of 5S rRNA in 

ribosome further interested researchers over the questions what the function 

and evolution of this RNA is in the ribosome. 

5S rRNA is located in the central protuberance of LSU, interacting 

with the ribosome through various 5S rRNA-protein complexes, such as L15, 
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L18 and L25 in Bacteria, L10e, L21e and L7e-L30p in archaea and eukarya 

(Gongadze 2011). During the last decade, this idea was supported by the 

crystallographic structures of several ribosomes from different domains of life, 

which further confirmed the unique and conservative location of 5S rRNA and 

possibly the function in the ribosome (Ban, Nissen et al. 2000; Harms, 

Schluenzen et al. 2001; Yusupov, Yusupova et al. 2001; Joseph 2003; Selmer, 

Dunham et al. 2006). As multiple important connections to the functional 

regions of the ribosome, such as A- and P-site, PTC and GTPase site are 

reported, various hypotheses have been proposed. The most popular opinion 

believes that 5S rRNA can regulate and coordinate interrelations and 

association of ribosomal subunits (Smirnov, Entelis et al. 2009). However, 

none of these conclusions is promising enough to help explain the appearance 

of 5S rRNA in relation to the LSU or SSU on the chronological timeline.   

Due to its universally conserved structures and highly conserved 

nucleic sequences, 5S rRNA has been used as a model molecule for the studies 

on RNA structures as well as a phylogenetic marker (Sun and Caetano-

Anolles 2009). Although numbers of comparative analyses about the 

structures and genes of 5S rRNA were applied at present, few data can be used 

to answer the origin of this molecule, although it is clear that 5S rRNA 

predates the ribosome found in the LUCA and that the 3’- 5’-terminal helix is 

the most ancient element, followed by the first domain hairpin and the second 

domain (Sun and Caetano-Anolles 2009). The appearance of 5S rRNA in the 

proto-ribosome may have been a simple hairpin (first domain), because of the 

conservative contacts between the first domain of 5S rRNA and domain V of 

LSU, which is supposed to be the most ancient domain in the large subunit of 
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ribosome.  

LSU of the ribosome 

Based on the high-

resolution crystallographic 

structural feature of the PTC (Ban, 

Nissen et al. 2000; Nissen, Hansen 

et al. 2000), it has been shown that 

the PTC is found within domain V 

of the 23S rRNA and forms a 

pocket-like symmetrical RNA 

dimer structure (Agmon, Bashan 

et al. 2005; Agmon 2009). This 

dimeric proto-ribosome 

component is composed of two L-

shaped RNA core units, which are 

similar to the tRNAs structures (Figure 1.7). The peptide bond formation and 

simple elongation are proposed to be taken place in the PTC, because of its 

ability to interact with the CCA ends of two tRNAs via base pairing. The L-

shape is quite important in modern tRNAs, through which tRNAs can be 

properly positioned on the modern ribosome. In the previous discussion, I 

have mentioned that the formation of proto-tRNA is produced by the 

duplication of the mini-helix-like structures. In that sense, the first proto-PTC 

pocket-like symmetrical RNA dimer structure, which is a tRNA-like molecule, 

is formed by the duplication of the RNA mini-helices. In this perspective, it is 

plausible that both proto-tRNAs and proto-PTC arise from the primordial 

Figure 1.7 The symmetrial RNA dimer 

structures of PTC. 

(A) Overlap of the backbone of the PTC. (B) 

The location of the symmetrical region in the 

LSU.  (C) Inner part and (D) secondary 

structure of the symmetrical region. (Agmon, 

Bashan et al. 2005) (Permission: confirmed) 
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tRNA-like molecules in the RNA world (Tamura 2011).  In light of this, it 

follows that the origin of peptide bond formation is also directly related to the 

origin of life.  

Recently, a significant evolutionary model starting from this ancestral 

domain, which is based on rRNA structure loci where modular rRNA inserts 

may have been added, was constructed to explain the hierarchical process of 

the 23S rRNA modular build-up of E coli, as well as a chronology of 23S 

rRNA growth (Bokov and Steinberg 2009) (Figure 1.8). This is a 

groundbreaking result as it affords a view of ribosomal evolution based solely 

on structural topology. The work of Bokov and Steinberg was the inspiration 

for this study, as we inferred that their data was suitable for the DSM analysis 

methodology. One of the limiting shortfalls in the Bokov and Steinberg model 

is that very large numbers of alternative evolution chronologies can be 

obtained as paths through their hierarchical model, of magnitude 10
11

, which 

makes it impractical to assert a single path. Another problem is that their 

favored chronological path (Figure 1.8b), derived from the hierarchical model, 

shows a difference in the timing of placement of A-minor rRNA-rRNA 

module in the interaction map (Figure 1 in the original paper). There seems to 

be a contradiction as to when the Domain V rRNA module appears between 

these two figures.  In the chronological path they proposed it appears late, but 

early for their connection map with the younger portions of A-minor 

interactions. An evolutionary analysis in 2006 suggests Domain V containing 

the PTC should come earlier, followed by Domain IV containing the small 

subunit interface, then followed by Domain II (Hury, Nagaswamy et al. 2006). 

The problem of too many paths in the hierarchical insertion model of Bokov & 
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Steinberg is apparent when it is noted that no obvious rationale is provided for 

their favored path, other than it was the reverse of the order by which they 

pruned the ribosome into modular inserts. In order to transform the branching 

hierarchical model of rRNA modular growth into a linear chronology, we 

decided to use the scheduling methodology called the Design Structure Matrix, 

which is an engineering method for scheduling dependent tasks that can use 

information based on interfaces between software components or machine 

parts as dependencies for computing schedules for part or component design 

tasks. The detail of this engineering tool is discussed in Chapter 2. We noticed 

that the hierarchical insertion model of Bokov and Steinberg was a very good 

fit for the DSM in that it was based on lists of directed dependencies, either 

rRNA inserts, or directed A-minor interactions. After adaption of this 

dependency data into the DSM, the DSM sorting methodology effectively 

reanalyzes the chronological information hidden within the structure and 

topology of the 50S subunit and is capable of reporting a parsimonious 

solution set to the E. coli ribosome chronology based on the hierarchical 

insertion model, provided there is a sufficient density of the dependencies. 

 

Figure 1.8 Hierarchical model of the LSU from Bokov and Steinberg. 

The location of the identified modular insert elements in the E. coli 50S rRNA 

secondary structure (a) and the network of D1 and D2 dependencies between them (b) 
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Note that each distinct path through (b) is a chronology. (Reprinted by permission 

from Macmillan Publishers Ltd: Nature, copyright (2009)) 

SSU of the ribosome 

In addition to understanding the evolutionary steps of the E. coli LSU, 

the SSU should not be ignored. The 16S rRNA of E. coli is a 1534-nucleotide 

long structure and most of the 16S RNAs may be described as helical or 

approximately helical. Interactions between helical elements include vertical 

stacking and horizontal packing (Wimberly, Brodersen et al. 2000), which 

induce local folding, resulting in helical regions converging at junctions. The 

packing of the helical elements strongly determines the overall fold of the 

domains of 16S rRNA. It generates three compact domains - the 5’ domain, 

the central domain, the 3’ major domain, and one extended domain-the 3’ 

minor domain- each of which forms one or more morphological features 

(Figure 1.9). The 5’ domain forms the body of the small subunit; the shoulder 

of the body supports the interaction of the head domain with the large 

ribosome subunit. The central domain forms the platform that wraps around 

the back of the 5’ domain. 

 

Figure 1.9 Secondary and Tertiary Structure of the SSU. 

a.2D Structure map of the E. coli 16S rRNA with different domains in different 

colors: Red-5’ Domain, Green- Central domain, Yellow- 3’ Major domain, Blue- 3’ 

Minor domain. b, c. Front and back views of the 16S rRNA 3D structure. d, e: Front 
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and back views of the small subunit including ribosomal proteins. (Wimberly, 

Brodersen et al. 2000) (Reprinted by permission from Macmillan Publishers Ltd: 

Nature, copyright (2009)) 

 

The 3’Major domain forms the head of the small subunit, and the 

3’Minor domain forms the body, which interacts with the large subunit at the 

inter-subunit ribosomal interface. Proteins are found bound to junctions 

between helices and are often important for initiating the correct tertiary fold 

of RNA. With combinations of globular domains and long extensions 

interacting with RNAs, proteins can stabilize the organization of the 16S 

rRNA elements (Wimberly, Brodersen et al. 2000).  

The 3D structure of 16S rRNA is also characterized by A-minor 

interactions that are observed in the 3D structure (Noller 2005). A-minor 

interactions between adenines in 16S rRNA and the helix formed when 

mRNA codons interact with 

tRNA anticodons have been 

implicated in the decoding 

mechanism (Nissen, Ippolito et 

al. 2001). In the 30S structure, 

the flipped-out A1492 and 

A1493 lay in the minor groove of 

the codon-anticodon helix, 

simultaneously forming 

hydrogen bonds to the 29’OHs 

group and a portion of the 

decoding surface. The pairs of 

adenines that recognize minor grooves elsewhere in the 30S structure often 

Figure 1.10 Onion-like model.  

The Haloarcula marismortui  LSUs is 

sectioned at 10 Å radii increments from the 

PTC, marked PT origin. (Hsiao, Mohan et al. 

2009) (Reprinted with permission with 

Oxford University Press) 
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recruit other RNA residues to complete an interaction surface, stabilizing 

contacts between RNA helices (Carter, Clemons et al. 2000). 

Previous research has examined the decoding site of the SSU and the 

PTC of LSU, which shows significant differences in both their RNA and 

protein structures and contacts. There has been no single self-folding segment 

identified in the 16S rRNA that encompasses the majority of the decoding site 

rRNA, which implies that an early SSU precursor would have been a mixture 

of peptides and RNAs. The peptides found at the decoding site of the SSU not 

only have conserved structures but they have sufficient sequence identity to be 

alignable, which is different form the peptides that interact with the PTC. 

Based on the contrast between the peptides and structures associating with the 

SSU decoding site and the LSU PTC, a conclusion has been proposed that the 

LSU function appears in an early translational system that preceded the SSU 

function (Smith, Lee et al. 2008). This turns to be a testable hypothesis with 

our methodology, which does not require either sequence or structure 

alignment.  

The same dependency based hierarchical assembly model developed 

for the LSU by Bokov and Steinberg can be extended to the SSU of the 

prokaryotic ribosome to determine its evolutionary chronology, however we 

are less clear about the starting point as there is no anaolog of the PTC 

structure within the SSU. However, a hierarchical order of rRNA modules can 

be created in the same manner for the SSU as the one created by Bokov and 

Steinberg (2009), by iteratively removing SSU modules that appear at 

probable sites of insertion on the surface of the subunit, at loci which could be 

made into a continuous structure after the removal. Unlike Bokov and 
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Steinberg, and importantly, the chronology dependencies used in this thesis 

have additional ribosomal protein dependencies which are extracted from 3D 

protein-rRNA contacts, and are added into the RNA dependencies to further 

populate the DSM. By mapping and integrating the independent DSM 

chronology results of the LSU and SSU of E. coli, it is possible to reconstruct 

the ribosome evolutionary story at the interface of the two subunits, matching 

up the separate chronologies, a feat that is possible with a structure and 

topology based DSM, but impossible with standard sequence based 

phylogenetic methods.  

Recently, a significant evolutionary model of the large subunits (LSUs) 

of H.marismortui and T.thermophilus based on the structure-based and 

sequence-based comparison has been established(Hsiao, Mohan et al. 2009) as 

depicted in Figure 1.10, demonstrating that the growth of the ribosome 

proceeds from innermost core to outer layers. It is noteworthy that it produces 

a similar result as the model created by Bokov and Steinberg. It does not, 

however, offer information for a continuous incremental path from PTC to the 

full ribosomal structure, nor does it consider the SSU. 

Ribosomes from all organisms contain a substantial core of conserved 

structure, but at the same time those from organisms widely separated from 

each other in evolution show a large number of significant differences 

(Matadeen, Sergiev et al. 2001). As several reports have described 

crystallographically determined low- and medium-resolution partial structures 

for the ribosomes of E. coli, T. thermophilus and H. marismortui, it provides 

an opportunity to construct and compare the chronology models based on the 

structures. This Onion-like model (Figure 1.10) provides a shell-by-shell 
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comparison, capturing significant information along the evolutionary time line 

between the two ancient molecular fossils. With the site of PTC as the PT-

origin, they have sectioned the superimposed H. marismortui and T. 

thermophilus LSUs into a series of concentric shells, which allows analysis of 

how important characteristics of rRNA and other ribosomal components vary 

with distance from the PT-origin. Shell-dependent patterns of 23S rRNA 

sequence, conformation and interactions correspond well to the time line and 

hierarchical insertion model of ancestral RNA addition to the LSU proposed 

by Bokov and Steinberg (2009). The congruence of these two results, suggests 

that rRNA is evolutionarily oldest on average near the PT-origin and decreases 

in age with distance from the PT-origin. This gives us confidence that the 

Design Structure Matrix analysis of the ribosome can offer additional insight 

and further test the chronologies of ancient ribosomal evolution. The analysis 

by DSM of the structure and topology of the ribosome subunits can supply a 

universal chronological model that reconciles the proto-ribosome and its form 

in the LUCA of archaea and bacteria. The work is restricted to the study of the 

archaea and bacteria, due to the available 3D structures of their ribosomes and 

bound ribosomal proteins, and due to the evolutionary information that shows 

the ribosome of eukaryotes arose from an archaeal precursor, after the time 

period of focus here. 

1.2 Objectives and proposed solutions 

In this section, a summary of the previous research gaps and specific 

objectives of the thesis are presented according to the central aim of the 

research, describing the chronological evolution of the ribosome, which may 
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reflect the origin of life about four billion years ago. Subsequently, the 

research scope is outlined. 

1.2.1 Objectives and specific aims 

In view of the above body of research, it is worthwhile highlighting 

that the chronological evolution of ribosome among the three domains of life 

is still unclear, though there is an abundance of studies on the essential role of 

the ribosome in the translational procedures and its conserved status in all-

living creatures. The use of the term chronology in this thesis refers to a step-

wise timeline of events that start with small parts – the proto-ribosome and 

end with the current bacterial or archaeal ribosome. As we have seen, different 

evolutionary models of ribosomes and related functional molecules have been 

proposed using diverse methods. The major considerations for this study are as 

follows. 

 Comparative sequence analysis has been widely adopted in the studies 

of constructing evolutional models and phylogenetic trees of the ribosomes 

using available sequence and elementary structure databases of the ribosomes 

and related functional molecules. While these are indispensable pieces of 

information, it is not widely known in the biological sciences that historical or 

chronological patterns can be derived independent of sequence as they are 

represented in the tertiary structures and topology of the ribosome, which is 

itself a product of the evolutionary build up process. Hence, high-resolution 

structure based methods have a great potential to shed light on ribosomal 

evolution, as has been described in the background research above. 

 Although numerous models of the ribosomal evolution have been 

proposed, contradictory conclusions abound for the emergence of the LSU of 
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the ribosome, and in addition, there is an ongoing debate about whether the 

SSU or LSU came first. Therefore, any methodology that can shed light on the 

stepwise chronology of the entire ribosome has the potential to settle these 

disputes.   

 The Hierarchical Insertion Model (HIM) offers a means to describe the 

evolutionary buildup of LSU rRNA without sequence or phylogenetics, and 

produces a result that is consistent with the Onion-like model that shows a 

radial decrease in structure similarity. These are very promising advances in 

understanding ribosome origins. However, the chronological order of the 

insertion events is intractable in these models, due to the large number of 

possible paths through the HIM starting from the PTC. A method that can 

reduce the number of possible paths and converge on a less complicated 

chronology can be a significant contribution to our understanding of the origin 

of life.  

 Currently, there are few studies on the evolution of the SSU. One study 

by Temple-Smith (Smith, Lee et al. 2008) concluded that there was no core 

starting structure, a failure of technique that was attributed to the flexible 

nature of the SSU. It is noted that the decomposition in this work was 

computed with segments of rRNA that were much smaller than used in the 

LSU study of Bokov and Steinberg. Therefore, a better decomposition of the 

SSU following along a similar procedural method as used to derive the HIM 

may help to delimit the evolutionary structural core of the SSU.  

 The evidence of a hyperthermophilic origin of life and the 

identification of the hydrothermal vent system as the possible place for the 

origin of the ribosome is of potential importance as a consideration for the 
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environmental factors and thermal properties of the proto-ribosome. It is well 

known in wet lab studies that tRNA and reconstituted ribosomes require 

thermal annealing, and there is data suggesting that ribosomal proteins assist 

in the cold adaptation of ribosome folding. Knowing when these proteins 

appear in the chronology may shed light on the timeline and a transition from 

thermophile to mesophile environment.  

With these points to consider, the main objective of this study was to 

investigate the evolution of the ribosome through a consistent, element-based 

chronological model by introducing an engineering method, the Design 

Structure Matrix (DSM), and further exploring the probability of the origin of 

life in the hydrothermal vent systems billions of years ago. This objective 

requires an ordered research path, which is divided into four specific aims: 

 Establish a systematical strategy for constructing the chronological 

evolutionary models of both the LSU and SSU of the E.coli ribosome, and 

subsequently, integrate these separate chronologies into a single chronological 

evolutionary model for the entire E. coli ribosome that outlines which gene 

segment, rRNA or protein was added to the ribosome in order. 

 Propose the possible structures for the ribosomal elements or proto-

ribosome at the beginning of the ribosomal evolution. It is also noted that the 

resolution of detail provided in all the prior ribosomal evolutionary models 

mentioned in the Introduction are not sufficient or are impractical to 

experimentally reproduce the evolutionary steps taken by the ribosome. For 

example, the HIM has far too many paths to be explored and validated 

experimentally. 
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 Develop a 3D animation strategy to illustrate the chronological buildup 

process for feedback validation and iteration of the DSM models, using 

standard animation software—Autodesk Maya and post processing using Final 

Cut Pro. It is noted that the 3D animation of the chronology based on the 

atomic resolution structures provides an understandable visualization of the 

evolving 3D ribosomal structures, which helps ensure the 2D abstract 

methodologies to reconstruct the chronology make sense in terms of 3D shape 

evolution. It is a therefore an essential and necessary part of the 

methodological feedback. 

As mentioned, there are few geological clues going back to the origin 

of the ribosome millions years ago. The new insights into the evolution of the 

ribosome may extend our understanding of the mechanism of the translational 

procedures in the protein synthesis as well as the evolutionary theories of the 

life in the timeline. It is hoped that the demonstration of the potential of the 

DSM methodology will also open up new avenues for the systematical 

construction of evolutionary timelines for other problems in the biological 

field. In the Hogue laboratory, this methodology is also being successfully 

used to disentangle the chronology of the complex transition from C3 to C4 

carbon fixation in plants. 

1.2.2 Research Scope  

This research focuses on the construction of evolutionary models using 

ribosomal structures and the DSM and the exploration of the origin of life 

theories that are subsequently informed by new information about the 

ribosomal chronology. Like previous theoretical or experimental studies on the 

evolution of the ribosome, this study could not consider all the aspects in the 
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ribosomal evolution, such as evolution of every functional molecule, different 

ribosomes among all three domains, reduced chloroplast or mitochondrial 

ribosomes as well as other factors that have effect on the composition and 

function of the ribosome.  

To focus on the chronological assembly order of the ribosome, some 

assumptions were made in this study. Firstly, the investigations are based on 

the RNA world hypothesis, with which the protein-first scenario for the origin 

of life is not considered. While this may be a prior assumption, the ribosomal 

topology itself excludes this possibility, and over the course of this 

investigation we found that the spatial dependencies that underlie the structure 

cannot be used to construct a protein-first scenario. Secondly, the HIM is key 

to our analysis, and we utilize the hierarchical process of the modular rRNA 

build-up explicitly. In the following chapter, the engineering method, DSM 

will be described in detail. Other experimental and computational techniques 

in the evolutionary field are not considered, and this analysis explicitly 

excludes information from sequence alignments, yet as you will find, is 

remarkably and substantially congruent. The third assumption is the specific 

origin of life hypothesis, in which, hydrothermal vent systems provide not 

only the compartments but also the resources and energies for the emergence 

if the first nucleic acid based replicator. Hence, the other theories of life origin 

described previously are beyond the scope of this study.  
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 Material and Methods Chapter 2

2.1 Chronology models for E. coli ribosome 

The rRNA of LSU in the E. coli was shown to evolve from a 

primordial segment via repeated duplications and insertions and the LSU has 

been decomposed into potential rRNA insert fragments by Bokov et al. It was 

demonstrated that a hierarchical addition of rRNA modules could account for 

the transition from the primordial peptidyl-transferase core (PTC) to the 

contemporary LSU. The process was based on the 3-dimensional structure of 

the LSU, and forms the starting point for this study.  

2.1.1 Preparation for the chronology models 

The same process was used to decompose the LSU from the atomic 

structure downloaded from Protein Data Bank (http://www.rcsb.org/pdb). The 

crystal structure for the LSU used is the bacterial ribosome at 3.5 Å resolution 

with PDB ID: 2AW4. Similar assumptions have been used in our study for 

both 23S and 16S rRNA as cited in Bokov and Steinberg. First each rRNA 

module is considered as an individual single stranded structure, with some 

secondary fold like a helix or an arrangement of stacked nucleotides bridging 

intramolecular interactions via A-minor interactions. Second, the boundaries 

of each module are arranged such that there is a close position of the 5’ and 3’ 

termini to each other such that the insertion of the module can be proposed 

http://www.rcsb.org/pdb


58 
 

into an rRNA structure that retains the same core fold. For the local 

pseudoknots, both double helices forming the pseudoknots are included in the 

module.  

In addition to these formalisms set out by Bokov and Steinberg, we 

also determined the spatial and residue-based rRNA-protein interactions in the 

crystal structures. The boundaries of the 60 rRNA modules in LSU are shown 

in Supplementary Table 1. The number of the first and the last nucleotides is 

provided. These protein-rRNA-module interactions from additional 

dependencies are informed in the DSM. 

The same manual process used by Bokov et al. for the modular 

decomposition of the LSU was extended to the SSU of E. coli ribosome (PDB: 

2AVY), but with the aid of a Perl script that helped identify and rank putative 

modular insertion candidate sites. Similarly, each rRNA modules in the16S 

rRNA formed a continuous closed polymer structure that, on module insertion, 

could maintain the stability of the new larger structure. The 5’ and 3’ termini 

of insertion points were chosen to should be sufficiently close to each other, 

which were explored and checked using the RasMol package for structure 

visualization. In total, 29 rRNA module inserts were identified and 20 SSU r-

proteins were used to extract the protein-rRNA-module interactions for the 

SSU. In addition to the RNA-RNA inserts and A-minor interactions, and 

RNA-protein interactions, a protein-protein interaction map was created. The 

SSU has several more protein-protein interactions that the LSU, and in some 

cases one protein is on top of another, topologically speaking. Amino acid 

residues from every other protein that were within 3.5 Å of the protein chain 

were used to build up the protein-protein interactions for the SSU. The 
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boundaries of the 29 rRNA modules in SSU are shown in Supplementary 

Table 1 and the rRNA-protein interaction positions (20 r-proteins) and the 

SSU protein-protein interactions are showing Figure 4.6. 

In the above procedure, all RNA-protein and protein-protein distances 

were computed using the protein visualization software RasMol and command 

line distance queries, with results captured into text files for further analysis. 

2.1.2 The chronology models 

According to the study of Bokov et al, the rRNA modules are defined 

from the manual analysis of the tertiary structure of the E. coli 23S rRNA. The 

position and conformation of each rRNA module depends only on the 

presence of the modules that appear in the preceding generations in their D1 

and D2 dependencies network. Hence, any module that is inserted between 

two discontinuous sub-segments of another module is believed to be an 

insertion into the existing outer module and is thus dependent on it by D1 

dependencies. In D2 dependencies, a set of published A-minor interactions 

was obtained, in which, single-nucleotide A-minor interactions were not 

considered. The interacting double helical region and the adenosine stack are 

separated to avoid their simultaneously emergence and other interactions like 

double helix with other nucleotide identities or the adenosine stack with the 

backbones of the ribosome are also considered. Based on these criteria, 59 23S 

rRNA insertion fragment dependencies in D1 set and 54 rRNA-rRNA 

interactions in D2 set are included, and are unchanged from the model of 

Bokov and Steinberg with the exception of a minor label correction of module 

13. 
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In addition, r-protein interaction information was determined. For each 

of the 60 rRNA modules, any protein with at least two amino acid within 3.5 

Å of the module was considered to interact with it; a 23S rRNA-module-

protein interaction map was created to coincide with the D1 module 

definitions. To exclude minor binding loci, we discarded interactions that 

involved single amino acids, as was done with the A-minor interactions. This 

list of interactions gave us 131 D3 dependencies, which is a significant 

increase over the initial D1 and D2 dependency information. We excluded 

protein-rRNA module interactions involving single amino acid residue 

contacts and the dependencies require at least a short 2-amino acid binding 

motif. The proteins in these dependencies require a stable rRNA binding site 

to be formed before they can be recognized and bind to the site.  

A parsimonious assumption was used to assume that the ribosomal 

proteins became fixed in approximately the same order that their binding sites 

appeared through our study. The D1, D2 and D3 dependencies were plotted in 

a single DSM with two different software packages (PSM32 and LOOMEO©). 

As there is no protein-protein interactions in this LSU system, 30 DSMs for 30 

r-proteins are each a parsimonious sample of ribosome chronological events. 

The L2 protein has a specific domain insert, and the L22 protein has two 

separate structural domains. These were treated as additional dependencies. 

The independent chronology to construct each protein binding site form rRNA 

modules was determined from 32 separate small DSMs were created for each 

protein binding site, and subsequently placed into a Domain Mapping Matrix 

(DMM). In the DMM, the columns represent distinct rRNA insert events. 

These DMM columns were aligned based on a parsimonious number of insert 
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steps from the PTC to form a consensus chronology of increasing number of 

rRNA modules inserts. This column alignment maintained the upper-

triangular nature of the related global DSM containing all of the LSU 

dependencies. This DMM approach allows us to resolve much of the 

branching alternatives present in the HIM using parsimony in the stepwise 

formation of each r-protein binding site, exploiting the additional information 

added into the system by the D3 dependencies.  

Next, the resulting consensus chronology was plotted on the DSM, 

where all the dependencies can be viewed—D1, D2 and D3. Each type of 

dependency- D1, D2 or D3 - was given an equal weight, with no preference 

being given to one type of dependency over another. After that, the 

chronology represents a situation where the protein binding sites are formed in 

a particular order, and this chronology can then be tested and compared to 

other models. We note the consensus DSM chronology of the LSU does 

support the antiquity of Domain V as suggested by inter-domain rRNA 

contacts and the A-minor interactions without any further adjustments. 

Validation of the chronology could be carried out by reversing the 

evolutionary steps by tedious experiments. Yet nature has already provided 

reduced forms in mitochondrial and chloroplast ribosomes, so that validation 

may be considered by comparing the overlap of naturally reduced 23S rRNA 

structure modules present in chloroplast and mitochondrial variants with our 

model. This comparison can also be carried out for the initial steps in the 

Bokov et al model, which does not take protein binding into consideration. 

The model may also be validated by examining the radial distance distribution 

as the structure expands, in an Onion-like model approach. Of course the best 
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validation would be a series of reverse evolutionary steps that can be “undone” 

while still maintaining ribosomal function, but that is beyond the scope of this 

work. 

For the determination of SSU rRNA insert modules cut sites, first the 

exposed outer modules were excised from the core SSU structure; these 

invariably corresponded to regions with significant phylogenetic variation. For 

the subsequent layers, a computational tool in Perl was used to generate 

candidate module cut sites based on distance and a score of module exposure.  

These candidate sites were examined manually and cross-checked by other 

members of the teams before and cut sites were declared, following the 

methods used for the LSU by Bokov and Steinberg.  

For the SSU D2 dependencies, we mainly used a set of published A-

minor interactions in 16S rRNA of T.thermophilus (Noller 2005). The 

conserved A-minor interactions in E. coli were identified and examined 

manually. Next, the rRNA-module-protein interactions were incorporated 

using the same strategy as in LSU to determine the D3 dependencies. In 

addition, we added one more level of D4 dependencies, which contains a 

protein-protein interaction map of 16S rRNA. Directionality of the protein-

protein interactions was manually determined by considering the nature of the 

structure of the bound residues. In cases where there was an unstructured 

motif interacting with a folded protein domain, the folded domain was 

considered first to appear. This treatment was consistent with a topological 

criterion, the observation that folded domains were always innermost, 

unstructured interacting motifs were always outermost. 
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For each protein, amino acid residues from every other protein that 

were within 3.5 Å of the protein chain were noted, and the two proteins were 

considered to interact. Interactions considered to be made from two short 

motifs were discarded, as they provide no temporal directionality to the DSM. 

There were no interactions directly between two folded domains amongst SSU 

proteins, as they always involved at least one unstructured segment of a 

protein. To establish the direction of the dependency, the interaction was 

analyzed structurally for features that would indicate the nature of the 

interaction, as described. A total of 28 rRNA fragment insertion dependencies 

(D1) were obtained, with 17 rRNA-rRNA A-minor interactions dependencies 

(D2), 56 rRNA-protein interfaces (Matadeen, Sergiev et al. 2001) and another 

10 protein-protein interaction dependencies (D4). The D1, D2, D3 and D4 

dependencies were plotted in a single DSM in the following step. 

While we intended to use the exact same DSM and DMM-parsimony 

methods for the SSU, we found that its information content is too sparse 

compared to the LSU at the early stages. Thus we had to settle for using the 

DSM alone to determine the sequential order of 29 rRNA modules. A banded 

DSM was obtained from the PSM32 software package that groups rRNA 

modules and proteins into a chronological time band where any of the 

molecules within the band can appear in any suboptimal order confined by that 

band. While this is less satisfying than the level of detail provide by the LSU 

analysis, it carries sufficient information from band-to-band to provide a new 

view of SSU evolution. As there is no identified SSU core prior to our analysis, 

we cannot employ an Onion-like model at the outset to examine radial 

distance dependencies to validate the model. 
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After constructing the two chronology models for both LSU and SSU 

E. coli ribosome, we tried to combine them via inputting the two DSMs into a 

single DSM in LOOMEO to obtain a consensus chronology for the entire 

ribosome. A set of subunit interface dependencies (D5) was added to the 

information, also obtained by 3D structure analysis. This additional 

information is put into the DSM in an undirected manner, with each 

dependency on both sides of the DSM diagonal, representing the uncertainty 

as to which subunit came first. The two DSMs for the LSU and SSU were 

chronologies and were plotted in a Domain Mapping Matrix together with the 

subunit interface dependencies, from which, a self-organizing visualization of 

the inter- and intra-subunit dependencies between the two domains was 

obtained. Next, all the dependencies from LSU and SSU are plotted in a single 

Design Structure Matrix. This matrix was sorted to allow the inter-subunit 

undirected D5 dependencies to self-organize. A manual sorting of this joint 

DSM then reconstituted an upper-triangular form of subunits which were 

necessarily interwoven based on the placement of the subunit interface 

dependencies. The resulting chronology strongly indicates that the LSU and 

SSU co-evolved, and further analyses involving examination of Maya 

animations of the proposed joint DSMs helped refine the order of assembly in 

the final chronology. 

2.2 Chronology models for the E. coli ribosome - DSM 

2.2.1 Design Structure Matrix (DSM) 

The Design Structure Matrix (DSM) is a basic square matrix used to 

relate entities in complex systems, while representing and analyzing the 
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relationships between elements. Since the first published formulation of DSM 

by Don Steward in 1981, research with and use of this matrix has become 

popular. In Figure 2.1, a general description of the matrix is presented. It 

shows a simple process consisting of five elements that are represented as a 

flow chart in Fig. 2.1e and the correlated DSM after sorting (partitioning into a 

triangular form) in Fig. 2.1d. Here we only show the binary DSMs, which 

represent only the existence of a dependency relation without numerical 

weights on the strength. There are three types of dependency relationships 

between two elements, parallel, sequential and coupled; however, a relation 

from an element to itself is not permissible. After inputting all the elements 

and their dependencies, numerous algorithms can be used to analyze the 

overall structure of the relationships in the DSM, such as tearing, banding, 

clustering and other advanced techniques.  

Tearing is one way of choosing the set of feedback marks that appear 

across the diagonal in the sorted matrix and removing those steps from the 

matrix to render the matrix upper-triangular. This is a key component of 

DSMs as used in engineering practice to identify and isolate coupled tasks that 

are encountered. Tearing is used for the inter-subunit interactions in the last 

phase of our DSM analysis, although we do not remove the clustered 

undirected dependencies from the chronology.  Banding, as shown in Fig.2.1d, 

is similar to sorting the DSM, in which, the elements constitute the critical 

path of the system are collected within the same level and grouped together in 

“bands”. Lastly, when the goal is finding subsets of DSM elements that are 

mutually exclusive or minimally interacting, a clustering algorithm can be 

employed on the dependency matrix. 
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Figure 2.1 A brief introduction to the Design Structure Matrix (DSM). 

(a) The notations for different relationships between two tasks. (i) Task B depends on 

A (ii) Two tasks are independent (Von Damm, Lilley et al. 2003) Two tasks are 

interdependent (coupled). (b) The original DSM before partition, (c) After partition- 

the new order of the tasks is the order in which each task should be done, and (d) after 

DSM-banding analysis- The DSM-banding analysis divides the DSM into different 

parts. The adjacent tasks with the same background color are defined as “parallel 

tasks.” These tasks can be swapped without changing the order of the rest. (e) Also 

shown is the relationship among the five tasks. (Provided by Lu Yin-Ru) 

 
In this study, LOOMEO® was used due to its significant benefits in 

the handling of the complex projects, processes and the high dynamic 

visualization in the presentation of the system architectures (Figure 2.2).  

To obtain the sequential order of the rRNA modules and r-proteins 

along the evolutionary timeline, the rows and columns of the DSM are 

reordered to transform the binary DSM dependency marks into the upper 

triangular form. As we consider all the units in the ribosomal structure to be 

essential components, we cannot remove any coupled relationships; however 

these relationships only appear in the ribosomal interface. In our DSM, 

feedbacks marks refer to the interdependent modules consisting of the inter-

subunit interface, which are placed in the final DSM stages in an 
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interdependent form to 

intentionally represent the 

uncertainty question as to 

whether the LSU or SSU came 

first. These feedback marks 

persist in our final version of 

the ribosomal DSM but they 

have been concentrated to an 

early level in the evolutionary 

path to maintain the upper-

triangular form. Points below 

the diagonal can be disregarded in this final chronology; however we find 

them convenient as markers to show where the subunit interface development 

is placed on the timeline, so they are left in place. They also point out the 

sensitive and important roles of these undirected dependencies in the entire 

chronology as it is developed.  

Several approaches are used in our DSM ordering process after initial 

sorting, where units refer to rRNA modules or proteins along the axes of the 

DSM: 

1. Identify the units that can be determined without any input 

dependencies from other units in the DSM matrix, which are the ones 

with empty column dependencies. Then place those units to the left of 

the DSM. 

Figure 2.2 LOOMEO SSU input structures.  

DSM matrix with dependencies between modules 

input, before sorting. 
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2. Identify the units that deliver no dependences to other units in the 

DSM matrix, which are the ones with empty row dependencies. Then 

place those units to the right of the DSM. 

3. Units left after the first two steps contain the topological information 

network, which refer to the multi-level hierarchical decomposition in 

the DSM. 

4. Protein units are moved upward so that their dependency marks are 

immediately below the last rRNA module in the chronology that 

completes their binding site. This approach embodies the assumption 

that the protein is fixed in chronological time immediately after its 

binding site appears. This method is used for the initial LSU and SSU 

DSMs but is relaxed after validating calculations point towards 

protein-free conditions. 

 

Our analysis has some differences from the conventional use of DSMs 

in the engineering field. First the nature of the dependencies is far less 

interdependent. Second, due to the lack of sufficient directed evolutionary 

relationships information among the modules and proteins in the ribosome, the 

ordering of discrete units within the same band of the DSM often cannot be 

determined. In that case, we simply leave present one of several possible equal 

suboptimal orders within the band, and do not try to illustrate all the other 

suboptimal orders. We also manually adjusted the final DSM by shifting the 

rows or the columns earlier or later to match, where possible, the knowledge 

obtained in the previous scientific studies, as long as that order information 

maintained an upper-triangular form and helped place a unit that had several 
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suboptimal possibilities. We note that in general, the sorted DSM can be 

adjusted by moving any unit towards the right without altering the upper-

triangular form of the entire matrix. Events that are known by other 

information to be too early in the chronology can thus be adjusted, however it 

is not possible to move a late event that has fixed dependencies up in 

chronological order.    

2.2.2 Domain Mapping Matrix (DMM)  

Two or more related DSMs can be integrated and extended to the 

Domain Mapping Matrix (DMM) form. Here, more than one domain is 

included in the matrix methodology and the mapping between two domains 

facilitates a relationship analysis in complex projects.   

                      
 
Figure 2.3 Domain Mapping Matrix structures in the LOOMEO.  

Six DSMs are C-component, L-leader, P-people, T-time, M-money, O-objective. 

 

In an example, six DSMs are input and organized already (Figure 2.3). 

The dependencies between the elements in different DSMs are also known, 

such as DSM P -> L, P -> T, L -> M, T -> O and C -> T. After automatic 

analysis, LOOMEO can deduce these indirect dependencies and enable 

visualizing and analyzing the isolated dependencies T -> M. Some structure 

characteristics are difficult and maybe impossible to deduce in light of the 

overall complexity, however, it is easy to export the DMM for visualization 

 
P -> L 

 

P -> T 
L -> M 

T -> O 

C -> T 

  P -> L 

 

 P -> T 
 L -> M 

T -> O 

 C -> T 

T -> M 

C -> O 
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and analysis with the help of 

LOOMEO. Visualization of 

these indirect dependencies is 

easy and transparent (Figure 

2.4).  

In our LSU chronology, 

each protein-binding crevice 

was treated independently. 

After organizing the D1 and 

D2 dependencies, the 30 D3 

protein-RNA DSM dependencies were placed into a Domain Mapping Matrix 

(DMM). The DMM is thus a rectangular matrix. In order to maintain the 

upper-triangular nature of the related DSM, we manually aligned the columns, 

representing rRNA insert events, to form a parsimonious consensus 

chronology. 

2.3 Visualization of the Ribosomal Evolution 

Chronology 

The resulting joint chronology DSM represents a plausible chronology 

for the evolutionary steps forming the E. coli ribosome. Over the course of the 

project we found the ribosome to be a very complex system to examine with 

symbolic DSM matrices alone, and we required a visualization of the 

chronology steps in order to ensure that the DSM results were consistent with 

the general spherically shaped emergence of the ribosome, corresponding to 

the Onion-like model. To do this, animations were created in Maya at different 

Figure 2.4 Domain mapping graph. 

Domain mapping of individual elements to the 

designated element group in Loomeo is 

presented.   
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stages of the analysis, which provided important feedback allowing 

adjustments of the final DSM to be made to preserve a spherical build-up 

while maintaining an upper-triangular DSM form. 

2.3.1 Video of Hydrothermal Vent  

Architectural materials are used in creating a scale model of the 

hydrothermal vent deposit as well as the section model presenting the details 

of the pore channels. These scale models were built for superimposing the 

ribosomal chronology video as a background reference. According to the size 

description from the deposit sample in Lost City, the fundamental base of our 

vent model consisted of a cylinder of Styrofoam and wire netting. Plaster was 

then used to fill the intervals between the foam and laths with supply of water. 

The shape of the laths was modeled by hand for lasting quality. After laying 

the plaster onto the laths, we can engrave much more details onto the deposit. 

Extrusions are made from tree branches, covered by fibrous plasters. 

Additional plaster was added to the model while suspended upside-down in 

order to form the characteristic upward pointing irregularities. Painting was 

the last step to add reality to the surface of the deposit to match the color 

illustrations of Lost City vents. 

The base of the section model is mainly composed of a thick sheet of 

Styrofoam. After using the cardboard to constructing the external mold of the 

pore shapes, plaster was roughly laid on the foam to conform to the shape of 

the molding. Sandpaper was used to polish the surface of mold mimicking 

sectioning by a fine saw. Green color was painted into the pore chambers as a 

Chroma-key in the section model for further video editing.  



72 
 

2.3.2 Animation of Molecular Structures 

The atomic structures of the ribosome, including rRNAs and r-proteins, 

are freely available for downloading in the publicly accessible database. Here 

we used the Protein Data Bank, which is the central repository for 

macromolecular structural data. The PDB files of each molecule can be easily 

viewed and manipulated using available PDB viewers, such as RasMol and 

UCSF Chimera.  

Firstl the PDB file of 2AW4 was divided into 59 rRNA modules and 

36 r-proteins and the PDB file of 2AVY into 29 rRNA modules and 20 r-

proteins based on the secondary structures and molecular components 

information provided in PDB. After obtaining many smaller PDB files for 

each rRNA module and r-protein, containing the three-dimensional 

coordinates and identities of every atom, polygon surface structures were 

created in UCSF Chimera. This kind of representation can be imported into 

Autodesk Maya as OBJ file format. The structures of these sub-portions of all 

the ribosomal modules can be found at ftp://ftp.blueprint.org/ribosome. 

Secondly, the moving paths of the modules were designed and 

integrated so that the order of emergence in space and time for every unit was 

based on the DSM being tested. Several test videos were generated, leading to 

minor DSM editing to produce the final joint-chronology model most 

consistent with the Onion-like build-up model. Thus, the animations created 

during the project were an essential part of our analysis and development of 

the final DSM. The moving paths and angles of the camera we look through 

were essential factors under our consideration so that we could properly 
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observe the time-dependent changes in ribosomal structure that were being 

symbolically inferred from the DSM. 

In order to experiment with the educational and information content of 

the animation, the hydrothermal vent background was imported, which is 

proposed as a suitable environment for the starting point of the origin of life 

from the proto-ribosome to the LUCA. With the video of the physical 

hydrothermal vent model as well as the physical section model, the draft 

computer animation of the ribosomal evolution was combined with the 

physical model backgrounds to show the likely environment via Final Cut Pro 

and Chroma-key masking. After this, the joint-chronology of the entire 

ribosome we proposed is illustrated within a 3D environment and a movie of 

the final chronology of the build-up of the ribosomal structure is presented. 

2.3.3 Animation of Molecular Structures - Software 

When creating the animation of the ribosomal evolution, we mainly 

used two kinds of software. One is Autodesk Maya, which is 3D modeling and 

animation software, and the other is Final Cut Pro, post processing software 

used for movie creation. 

Maya is a powerful and complex software package, with integrated 3D 

modeling, animation, visual effects, and a rendering solution. It was originally 

developed by Alias Systems Corporation and currently developed by 

Autodesk, Inc. Because Maya is based on an open architecture, animated 

objects and their motions can be scripted or programmed using a well-

documented and comprehensive API (application programming interface) or 

one of two embedded scripting languages, the Maya Embedded Language 

(MEL) or Python. This level of openness, combined with an industry-leading 



74 
 

suite of 3D visual effects, computer graphics, and character animation tools 

should allow us to direct the simulation of molecular motion and provide 

means to produce captivating videos of plausible molecular events. 

Final Cut Pro is a non-linear video editing software developed by 

Macromedia Inc. and then Apple Inc. Final Cut Pro help users to log, transfer 

videos and further edit, process and output to a variety of formats. It can 

automatically adjust the image quality as well as the frame rate to maintain a 

real-time multi-stream effects structure during playback. This level of 

optimization allows us to construct the animation into several streams; for 

example, we can separate the background video with the frontier scenes, and 

combine the multi-stream together, and add separate audio streams later.   

2.4 Simplest Proto-Ribosome   

As shall be shown in the results section, the decomposition of the SSU 

led to two core substructures that cannot be ordered by the DSM alone. Both 

fall into Band 1 of the SSU banded DSM. These include r29 and r23. In an 

unassuming model, one may propose a three-core system for the origin of the 

proto-ribosome, including r29, PTC and r23. However the primitive functional 

components of the SSU, including the mRNA binding region and the Shine-

Dalgarno sequence are encapsulated within r29, whereas r23 contains no 

specific regions that are involved directly in translation machinery interactions. 

In light of the functional relevance of r29, we can consider a two-core model 

for the proto-ribosome involving only the rRNA modules r29 and PTC. If 

these are present at the origin of the ribosome, they should also have some 

form of interacting surface. We employed RNAup, an interaction prediction 

software for the RNA-RNA binding 
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(http://www.tbi.univie.ac.at/~ulim/RNAup/), to determine whether there are 

possible specific r29-PTC interactions in our system, and Maya to determine 

whether there was a structural fit between the r29 and PTC structures that 

might imply a non-specific association between the two modules, possibly 

bridged by water or ions, as is found in the bulk of the modern ribosomal 

subunit interface.      

2.5 Overview of Joint DSM Model Development 

Approach   
 

The origin and evolution of the ribosome is crucial to the 

understanding of the cellular world as well as the life itself. Many hypotheses 

have emphasized that its earliest origins probably lie in the RNA world. 

Central to the ribosomal development is the symmetrical region (PTC) 

evolved from a primitive system where duplication of mini-helix-like small 

RNA spawned the modern tRNAs. In order to understand the origin of the 

function of the ribosome in the translational mechanism, comparative analysis 

of both sequences and structures have been adopted in the studies of 

corresponding molecules in the translation apparatus. Proposals of the 

ribosomal evolution pathways are provided through the phylogenetic 

comparative framework, linking both protein synthesis and RNA recognition. 

However, there are not any evolutionary processes describing the build-up of 

the entire ribosome that are well accepted at present. This challenge requires 

innovation of new techniques and integrating of information beyond sequence. 

Therefore, the main objective of this project is to reconstruct the chronology 

evolutionary for the E. coli ribosome using the DSM engineering tool, and it is 

http://www.tbi.univie.ac.at/~ulim/RNAup/
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noted that this thesis represents the first application of an engineering analysis 

paradigm to the study of a complex biological structure  

An outline of the overall process of sequential DSM analysis towards 

the full ribosomal chronology is provided in Figure 2.5.  

 

Figure 2.5 Project DSM Analysis Stages. 

General approach for reconstructing the chronology model of the ribosome.  

 

The LSU HIM is provided in the work of Bokov and Steinberg. The 

remaining boxes in Figure 2.5 represent distinct stages in our analysis. 

Dependencies included are denoted D1-5 as described in Chapter 2. Adopting 

the parsimonious assumption that r-proteins emerged as early as the formation 

of the binding crevices formed by the rRNA modules, the units, including 

rRNA modules and r-proteins, are optimally left packed in the Proteins 

Earliest Model (PEM) DSMs. From PEM to Hybrid DSM, manual DSM 

adjustments were undertaken according to validating information and the 

spherical emergence of each unit in space and different functional and 

structural dependencies between rRNA modules and r-proteins. The DSM 

chronologies are developed for each subunit independently, and then merged 

together with additional information being provided from the 3D animations. 
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Discussions of the DSM chronologies of each subunit are represented in 

Chapter 3 and Chapter 4 and the manual decisions in adjusting the DSMs are 

shown in Supplementary Information 3. The inset figure on the right is the 

final chronology developed after consultation with the animation of candidate 

equivalent DSM chronologies, with the small triangle on the lower-diagonal 

representing the time period in which the inter-subunit interfaces formed.  

Importantly, the final DSM chronology is not achieved by any 

automated DSM process algorithm. The engineering based DSM software we 

use has no broad optimization functions. The DSM software definition of 

optimal is only eliminating the lower triangular dependencies and keeping one 

upper triangle instance. But there could be large numbers of equivalent optima 

by this definition. In a case like this where there are many equivalent optimal, 

the software seeks only the closest optimal structure to the starting state, and 

does not explore any equivalent optimal structures.  

To apply the DSM to this problem, manual left-packing of the DSM is 

used to form the starting points, the PEMs for the LSU and SSU, as shown in 

Figure 2.5. This is one equivalent optimal solution to the algorithmic one, but 

it now represents the important biological assertion that proteins are placed at 

their earliest possible point. This can be considered a boundary optimum 

chosen from all the equivalent optima. Afterward following right from the 

PEM models in Figure 2.5, manual decisions are undertaken to further adjust 

the emergence of each unit within the upper triangular matrix, and decisions 

always involve moves of a few chronological events away from the boundary 

to later time points. In every case of a manual move, the relative structure of 

the PEM is still largely maintained. Through the manual process we now 
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understand how to adapt the DSM for this use case with a left-packing 

algorithm addition, which could be pursued in a software implementation in a 

future study. While DSM as a novelty approach in biological research, it 

provides a strong capacity in solving the biological problems, like transferring 

a complex system into a chronological model in evolution field. The 

differences and its superiority of the DSM over other alternative approaches 

are discussed in the following section. 

A very different and detailed analysis of the chronology of the full 

ribosomal structure was recently carried out by Caetano-Anolles based on 

structure-character encoding phylogenetic methods for r-proteins and for a set 

of Briacombe-numbered small rRNA helical fragments. This resulted in two 

separate independent chronologies for protein and rRNA, which the authors 

claims have a linear correlation.  

This model is, however grossly inconsistent with the onion-like model 

and PTM core observations. It is experimentally unhelpful because the 

structures of the evolving ribosome presented along the timeline are a disjoint 

constellation of rRNA fragments evolving with small pieces floating 

independently in 3D space. Furthermore, the authors suggest that their results 

support the controversial notion that a non-RNA protein world origin scenario 

was likely. This is a highly controversial position, and so a more detailed 

examination of the results finds six systematic problems in the underlying 

methodology of this study that seem to have accumulated to lead them to this 

position.  

1. They assume that ancient intrinsically disordered proteins such as 

ribosomal proteins evolve and duplicate at the same rate as fold 
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families. If that were true, the large compositional basin that 

intrinsically disordered proteins have would make ancient duplicates 

undetectable by sequence similarity methods, and as they have no 

structures, will be underreported as family members. This would lead 

to a large underestimation of the age of intrinsically disordered R-

proteins in this work simply because there are so few duplicates that 

are detectable. Indeed when we group their r-proteins into disordered 

and folded subset, the disordered subsets are all appearing to be less 

ancient than the folded subset. Thus the r-protein chronology shows 

obvious skew. 

2. The evolutionary method assumes a peculiar evolution-by-Briacombe 

numbering, which is a 2-D decomposition of rRNA structure and 

highly artificial. They ignore the Bokov & Steinberg approach of 

redefining modular inserts from 3D structures of RNA that can be self-

healing. Their model is not self-healing in 3D, and therefore not 

reversible in time. 

3. There is severe skew in the rRNA substructure ordering arising from 

their rRNA structure character augmentation, a constraint placed on 

top of this Briacombe numbered fragment model. A thermodynamic 

argument is used to rationalize an augmentation of rRNA structure 

character phylogenetic encoding so the most thermodynamically stable 

rRNA structures are also the most ancient. This is the first of three 

logical fallacies in this paper - circular reasoning. It is does not stand 

up to many critical findings in RNA structure that show sub-optimal 

thermodynamic structural states are key assets of functional rRNA 
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molecules. Thus if rRNA began with ancient functional rRNA 

molecules they were not necessarily the fragments with the most 

thermodynamic stability, otherwise how could they be mechanistically 

active? This constraint skews the most thermostable fragments to the 

early part of the chronology, and the PTC itself is misplaced on the 

chronology, compared to all other models. 

4. Their model is severely disjointed at the nucleic acid level, which 

seems to lack any proto-genome nucleotide template model for rRNA 

growth. The fragments that make up this model are so small that they 

create an implausible 3D array of dangling functionless single and 

double stranded rRNA fragments that must somehow be conserved 

over long stretches of evolutionary time without genomic or 3D 

physical connections or constraints. Key examples of these are the 

LSU connecting helices H67, H16 and H27, which are mapped to 

chronological time points earlier than either of their end fragments. We 

cannot imagine how the discrete 5’ and 3’ RNA sequences of these 

necessarily double-stranded fragments are encoded coherently on the 

single strand of a proto-genome. The model is impossible to use to 

guide experiments that go back into evolutionary time on the basis of a 

stable single-strand encoded proto-rRNA genome. 

5. The work suffers from poor data from the interaction mapping owing 

to the use of a low-resolution 5.5Å ribosome structure. Compared with 

our interaction map derived from the 3.5Å structure of the E. coli 

ribosome we find they have many missing and incorrect r-protein to 

rRNA fragment interactions in their data set. Inspection of the source 
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material in their paper does not adequately clarify how the interactions 

were mapped from the crystal structure. Their choice of a 5.5Å 

structure will leave individual amino acid sidechain placements and r-

protein fitting far too underdetermined to detect pairwise amino-acid 

nucleotide atom contacts in the 3-4Å range.  

6. The supplemental figure S3 in their paper is the basis for justifying a 

linear correspondence between the independently derived chronologies 

of protein and rRNA fragments in the abstract. Point 5 above leads to 

many missing r-protein – rRNA fragment associations, thus there are 

large holes in the dataset that could otherwise be filled by a higher-

resolution structure. However more problematic is that linearity is 

presented on the basis of a biased sample, the second example of a 

logical fallacy in this paper. First, one can see that data is omitted from 

the graph. They arbitrarily select only the single chronologically 

assumed oldest rRNA fragment and ignore more significant 

thermodynamically stable contacting rRNA fragments. One key 

example here is L2, which is plotted on the graph in Figure S3. With 

an ndp of 0.166 and H74 with an nd of 0.296, this looks linear, but 

consider that the L2-H74 contact includes only 6/79 nucleotide 

contacts. Were all the data to be plotted the vision of linearity would 

vanish. If one chose the single rRNA fragment with the most 

nucleotide contacts, e.g. L2-H66 which has 30/79 contacts, the 

resulting data point would be plotted on the graph with an rRNA nd of 

0.759 and destroy the linear relationship.  The largest problem with the 

figure is that a significant portion of the data is not plotted because it 
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does not follow the linear trend, and it is casually dismissed in the 

figure legend. Critically we find the claim of linearity does not hold up 

to scrutiny. We maintain that the protein and rRNA chronologies in 

this work, when re-plotted with all the relevant data points, or even just 

choosing the most significant thermodynamic data points, exhibit no 

observable linear relationship.  

We find that given the above list of clear systematic errors, their more 

complicated methodology has led them to a skewed and blatantly wrong 

chronology, compared to any other work in the field. We therefore disregard 

this chronology in its entirety as being badly modelled and pointlessly skewed. 

Furthermore, it is a final error in logic to claim that because they failed to 

reconstruct a plausible ribosome chronology with their method, therefore 

protein synthesis must have started from nonribosomal protein synthetases. 

This is known as a false dilemma, and it is the third logical fallacy found find 

in this work. They present no new evidence to support the origin of protein 

synthesis on nonribosomal protein synthetases. 

Above all, the DSM utility in the ribosomal evolution sheds some 

lights in solving the chronological problems in the biological studies. In the 

following part of the thesis, the distinct chronological evolutionary model of 

the LSU is discussed in Chapter 3 and the models of SSU and the whole 

ribosome of E. coli are in Chapter 4 and Chapter 5. This is followed by the 

investigation of the proto-ribosome as the origin of the ribosome (Chapter 6). 

Lastly, the detailed animation of the final ribosomal evolution timeline is 

presented in Chapter 7. 
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 Chronological evolution of E. coli Chapter 3

ribosomal LSU  

In this chapter, a complete chronological model of the ribosomal LSU 

is presented, following with the discussion of the significant observations from 

the model in detail. Later, the evaluation of the chronological model is also 

discussed.  

3.1 DSM chronology models for LSU 

While the model and 

dependencies arising from the 

rRNA inserts and A-minor 

interaction datasets (Bokov and 

Steinberg 2009) are critical to 

solving the path through the 

hierarchy using the DSM, 

simply putting this information 

into a DSM illustrated that 

additional information is 

required, as it is a sparse matrix with too many solutions. Therefore, we 

enumerated the 60 rRNA module interactions with the 30 ribosomal proteins 

as additional dependencies to help solve the DSM. Our group has experience 

with the analysis of molecular interaction surfaces from the entire PDB 

structure database, including rRNA-protein surfaces. Figure 3.1 shows the first 

BIND rRNA-protein interaction maps, which suggests that the 30 ribosomal 

Figure 3.1 Interaction networks.  

BIND Interaction networks of the Ribosome 

large subunit structures 1GIY. The rRNA strands 

are represented by the red central nodes with the 

“_A” annotation. (Salama, Donaldson et al. 

2001) (Permission: confirmed) 
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proteins of this 50S crystal structure (Schuwirth, Borovinskaya et al. 2005) 

subunit forms a spoke topology with the 23S rRNA as the central hub and 

there are no protein-protein interactions among the ribosomal proteins that 

form this crystal structure(Salama, Donaldson et al. 2001). We argue that from 

this topology, rRNA modules are inserted prior to the emergence of ribosomal 

proteins, and that the rRNA crevices that make up the ribosomal protein 

binding sites must appear first. Based on the idea of the topology, in our DSM 

analysis, we apply the principle of parsimony and assert that the fixation of 

ribosomal protein genes in the original proto-genome occurs immediately after 

the insertion of rRNA modules sufficient to form the three-dimensional 

structure of the complete protein-binding crevice.  

3.1.1 “Proteins-earliest” Model       

A DSM was used to combine the information from the modular 

ribosomal model together with protein binding site information. To construct 

the DSMs I included the D1 set of 59 23S rRNA insertion fragment 

dependencies and the D2 set of 54 rRNA-rRNA interactions, which are 

temporally ordered as described (Bokov and Steinberg 2009). Another 131 

new dependencies D3 were added which are defined by the 3.5 Å ribosomal 

protein-rRNA module binding interfaces. Protein-rRNA module interactions 

involving single amino acid residue contacts were excluded and thus 

information is used only from the interactions with at least a short 2-amino 

acid binding motif. The D1, D2 and D3 dependencies were plotted in a single 

DSM (LOOMEO©). There exist large numbers of lower-triangular forms of 

this matrix. 30 separate DSMs were manually sorted to find the minimum 

number, Rp, of rRNA insertion steps into the PTC that are necessary to 



85 
 

construct each protein binding crevice. The value of Rp is a graph radius, 

which varies from 4 to 22. It simply represents the number of rRNA modules 

that must be inserted into the PTC to complete the protein-binding crevice for 

each r-protein. The large variation in Rp indicates that some ribosomal 

proteins could have appeared very early in the emerging proto-genome while 

others appeared later. 

As there are no protein-protein interactions in the LSU system, each 

protein-binding crevice can be treated independently, so the 30 DSMs are each 

a parsimonious sample of ribosome chronological events. Therefore, the 

independent chronologies from these 30 DSMs were placed into a Domain 

Mapping Matrix (DMM) in Figure 3.2. In the DMM the columns were 

manually aligned, representing rRNA insert events, to form a consensus 

chronology, while maintaining the upper-triangular nature of the related DSM. 

Column alignment was used to group common insert dependencies and in 

some cases proteins appearance (rows) were promoted to earlier time points in 

the consensus chronology when all the RNA parts forming their binding 

crevice were already in place, following the principle of parsimony. 

Considering the number of rRNA modules to form each protein’s binding 

crevice, it can be speculated that the occurrence order of the proteins 

horizontally represents the earliest appearance of each r-protein in the time 

line, which means the order of the appearance of certain r-proteins may not be 

completely resolved within such bands of DSM. 

Next, the resulting chronology is plotted on the DSM in Figure 3.3, 

where all the dependencies can be viewed—D1, D2 and D3. Alternate orders 

can be generated within bands of this DSM, especially within the order of 
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appearance of certain ribosomal proteins we mentioned before, which may not 

be completely resolved. However, it is remarkably that the resulting DSM 

represents a plausible chronology for the evolutionary steps forming the E. 

coli 23S ribosome and transforms the hierarchical insertion model into ones 

that are more readily tested with experiments.  
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Figure 3.3 DSM of modules and proteins insertion order.  

Left: DSM, domain coloring followed the secondary structure’s colors on the left 

represented in diagonal squares. rRNA modules and r-proteins are shown in the 

first column with insertion order from top to bottom. Red: rRNAs, Blue: r-proteins.  

Markers in the lower triangular are the dependences in different colors.  

Blue: D1, Green: D2, Yellow: D3; Left: Secondary structure schematic of ribosome 

23S rRNA subunit. The same coloring scheme of each rRNA modules, r-proteins 

and ribosomal sub-domains is used throughout the thesis. On the right is the order 

of events. 
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The chronology in Figure 3.3 represents from a “protein-earliest” 

viewpoint, which is different from the Bokov and Steinberg model as no r-

protein information was included there and only the hierarchical evolution of 

the rRNA modules is obtained in their model. In our “protein-earliest” model, 

each r-protein is inserted once the rRNA modules construct the binding 

crevices, which means the appearance of the r-proteins is at the earliest 

possible time point. Any errors that persist in this DSM can result from the 

parsimony assumption and take the form of steps with proteins arising 

prematurely. 

Many significant observations may be made from this chronology. 

First, this DSM self-organizes into a schedule showing the stepwise 

emergence of 50S ribosomal domains I – VI. The diagonal of Figure 3.3 has 

colors that show the domain of each rRNA module fragment, which often 

cluster together. The initial rRNA modules are taken evenly from all domains. 

Then Domain V is largely filled out, with some small parts of the flanking 

Domains IV and VI including modules comprising the 16S rRNA subunit 

interface. Next Domain II emerges, completing the interface formed with 

Domain V that connects the 5S rRNA through ribosomal proteins L5, L18 and 

L25. This structure forms the central protuberance, followed by completion of 

the stub that forms the L7/L12 protuberance off rRNA module number 8. Next 

Domains I and III emerge as well as more elements finishing Domains IV and 

VI. It is worth noting that this conclusion is consistent with the result from the 

A-minor interaction map of Bokov and Steinberg but opposite to that of their 

secondary structure figures. In other words the DSM resolves the differences 

between the chronologies they chose from both the hierarchical model and the 
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A-minor interaction map by integrating the two data sets directly into the 

DSM. The results provide a possible chronological order of the ribosomal 

LSU, which adequately explains that PTC appears first as the domain-based 

module in the evolution at the very beginning. 

As many details and results can be extracted from this chronology, 

whether this “protein earliest” schedule is justified remains a prescient and 

important question. The DSM chronology supports the theory that Domain V 

is the ancient part of the ribosome as proposed by inter-domain rRNA contacts 

and the A-minor interactions. Experiments reversing these proposed stages in 

evolution, may give us a plausible answer. If the E. coli ribosome can still 

maintain its functions while whittling down the structures, it may provide 

some strong clues that the evolutionary steps can be “undone” and further 

validate our chronology model. Nature has already done this kind of 

experiment as it has been found that the eukaryotic organelle, chloroplast and 

mitochondrial ribosomes have already undergone massive reductions in 23S 

rRNA genes and structures. These natural experiments in “reverse evolution” 

can be treated as the rRNA modules are removed in an order approximating 

the reversal of our computed chronology, and can be used for comparison. The 

origin of the mitochondria and chloroplasts has been traced to specialized 

bacteria according to the endosymbiosis hypothesis. The candidate originating 

bacteria for mitochondria is probably purple non-sulfur bacteria and 

photosynthetic bacteria for chloroplast. At least three independent eukaryotic 

secondary endosymbiosis events happened yielding the plastids of 

photosynthetic protists (Bhattacharya, Helmchen et al. 1995). Two of the 

reduced ribosomes we tested are from early diverging eukaryotic mitochondria; 
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one from a mammal and the other from the kinetoplastid Leishmania 

tarentolae. The third reduced ribosome is from an early diverging 

dinoflagellate chloroplast from Amphidinium operculatum.  After comparing 

the remaining and eliminated rRNA modules among them corresponding to 

the E. coli 23S rRNA modules framework, the reversibility of the chronology 

can be validated statistically. The modules present in the stages of the DSM 

chronology match well to segments of sequences remaining in reduced 

mitochondrial and chloroplast ribosomes. The mitochondria match the 

proteins-earliest DSMs at a majority of modules (82-90%), while the 

chloroplast ribosome, matches 78% of the modules predicted at the very early 

14
th

 insert stage. Table 3.1 presents the validating proteins-earliest module 

overlap and the p-values computed by the hypergeometric distribution 

function, with the rRNA modules present in the organelles identified and 

treated in the same statistical manner as an odds calculation of a Keno game.  

While these three organelle rRNA structures match well to the 

proteins-earliest dependent chronology with significant p values; the 

overlapping p-values gets slightly worse as we go back in time. Also note that 

the p values are superior for the early stages of the Bokov and Steinberg 

proteins-free model. This difference is instructive because the emergence of a 

ribosome from an RNA world would be likely to involve rRNA insertions 

without accumulation of proteins. Alternatively the additional r-proteins in the 

reduced ribosomes may help compensate for rRNA loss, so the reversibility is 

not as perfect as the comparison would imply.  This simple validation against 

reduced organellar ribosomes suggests that the early stages of the chronology 

emerge in a manner that is protein-free matching the early stages of the Bokov 
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and Steinberg model. As the two models under consideration, proteins-early 

and protein-free represent the boundary conditions for the ribosome’s 

evolution, the likely chronology is somewhere in between. Since the early 

stage of the proteins-free model is chosen on the basis of apparent ribosomal 

rRNA stability, rather than on the presence of parsimonious protein binding 

crevices, it is inferred that the early large subunit chronology model is better 

fit by a proteins-free assumption. 

Table 3.1 “proteins-early modules” and “protein-free modules (B&S)” 

Reduced 

Ribosome 

Modules 

present in 

organelle 

Proteins-

earliest 

Overlap P value Proteins-

free 

Overlap2 P value2 

Mammalian 

mitochondria 

30 30 26 6.35E-09 n/a n/a n/a 

L.tarentolae 

mitochondria 

21 22 13 3.04E-03 21 14 2.40E-10 

Dinoflage 

chloroplast 

17 15 8 1.47E-02 8 6 4.37E-03 

 

With the validation results in consideration, the “proteins-earliest” 

DSM was reorganized to accommodate the proteins-free period producing a 

new “proteins-later” chronology with a similar 8 modules proteins-free proto-

ribosome stage forming at the beginning and matching the Bokov and 

Steinberg model for the initial stages. The remaining later period of the 

chronology was left as is.  

Starting with the 8 modules stage, we noted that the first proteins 

appearing in the proto-ribosome are likely to be L22c (the beta-strand pair 

domain of L22), L32, L3 and L14 which have most of their binding crevices in 

this model are accommodated best by this protein-free structure. This early 
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stage model can offer an answer to the question as to which ribosomal proteins 

would be the first. Of these, L22c would be the most likely candidate for the 

first r-protein as it is the key protein contributor to the polypeptide exit tunnel 

surface, through which all the nascent polypeptides should pass before 

emerging from the ribosome. It is highly conserved, interacting with 23S 

rRNA through its beta-paired segment. After the adjustment of the 8 modules 

from the proteins-free model, the orders of the r-proteins and corresponding 

rRNA modules have been modified, which is shown in Figure 3.4 together 

with the DSM prior to modification.  
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Proteins-Earliest Hybrid

PTC PTC

59 59

58 58

57 57

54 48

L22c 45

37 55

48 56

31 53

L32 54

45 L22c

55 37

22 31

L14 L32

56 18

53 51

L3 L22

18 L3

51 22

L22 L14

47 47

43 43

36 36

12 12

L5 L5

28 28

L18 L18

27 27

L33 L33

25 25

10 10

L27 L27

42 42

34 34

L30 L30

9 9

L21 L21

19 19

L20 L20

35 35

24 24

L25 L25

L36 L36

L6 L6

L16 L16

2 2

L13 L13

8 8

L11 L11

52 52

50 50

38 38

L29 L29

44 44

30 30

15 15

L24 L24

26 26

17 17

L4 L4

11 11

L35 L35

L15 L15

13 13

L9 L9

39 39

49 49

46 46

L31 L31

29 29

14 14

L34 L34

L23 L23

20 20

40 40

32 32

21 21

L19 L19

41 41

33 33

L17 L17

7 7

5 5

L2 L2

23 23

6 6

L2c L2c

1 1

3 3

4 4

16 16

Figure 3.4 Hybrid model DSM and “proteins-earliest” model DSM.  

A: “proteins-earliest” model; B: Hybrid Model. Right: The chronology orders 

from these two DSMs. 
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3.1.2 Hybrid Model 

To make the “proteins-later” chronology, which we call the “Hybrid” 

model, we correct the parsimonious DSM based chronology, adjusting the 

DSM so that ribosomal proteins do not appear too early in the chronology and 

move them back so that they are not present until the binding site forms for the 

L22c in 23S rRNA. Comparing with the “proteins-earliest” model, obvious 

differences appear in the earliest part on the left corner of the upper triangular 

hybrid model, where r-proteins, L32, L34 and L3, have been shifted to later 

time points on the right after the emergence of L22c. Other than the 8 modules 

stage, few rRNA modules and r-proteins change positions in the hybrid-model 

DSM. The manual adjustments in steps are provided in Supplementary 

Information 3. The first two r-proteins, L22c and L32, in this hybrid-model 

chronology may provide some ideas about the first protein structures to appear 

and about the fixation of the genetic code in the origin of life. This DSM 

opens a window of time for the early part of the evolution of the ribosome and 

its essential roles in promoting the development of the translational systems. 

According to the output from the hybrid-model DSM, the chronology 

of the rRNA modules and r-proteins has been put into a putative order. Figure 

3.5 illustrates this order with highlighting of the correspondence between the 

inserted modules and their respective ribosomal secondary structure with 

gradient colors. The interactions between each r-protein and the rRNA 

component are also indicated following the appearance order of the r-proteins 

in the chronology model. The numbers of rRNA module insertion steps are 

marked on the left of each row. For instance, in the first stage, eleven rRNA 

modules including PTC are inserted into the structure, which are filled with 
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dark red in the secondary structures. On the right of the same first row, two r-

proteins appear and their interactions with the rRNA modules in the first 

evolutionary stage are shown with lines indicating indicate that the binding 

crevices for the r-proteins, L22c and L32 is formed by the ribosome structure 

and topology present at this stage.  

From summary of the Hybrid model DSM presented as stages in rRNA 

secondary structure and protein binding depicted in Figure 3.5, one can see 

how the interactions between the rRNA modules and the r-proteins evolve in 

layers. In the first row, the binding site for L22c emerges is from modules 59, 

58, 57, 54, 37 and 31, whereas the binding site for L32 arises from rRNA 

modules, 57, 54 and 37. These interactions between rRNA modules and r-

proteins are explicitly listed in the D3 dependences that we discussed in the 

previous section, however the build-up of the structure represented by the 

hybrid model LSU DSM is more easily understood by the schematic 

presentation in Figure 3.5. Gradient colors from dark red, light red to dark blue 

and light blue are used to presenting the chronological order for the 23S rRNA 

modules evolution along the relative timeline of the DSM, not currently 

calibrated to geological time. It is again noted that this plausible chronology 

arises from the dependency information embedded solely in the E. coli 23S 

ribosomal structure without reference to the ribosomal sequence similarity or 

phylogenetic trees. Although a number of sub-optimally equivalent DSMs can 

be made from the same data, this parsimonious chronology model is the first 

to show a stepwise model of the evolutionary build-up process of each rRNA 

module and protein component across the entire timeline from PTC to 
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complete LSU structure. 
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Figure 3.5 LSU Secondary Structure and Interaction Schematic Representaiton of 

the Hybrid Model DSM Chronology. 

Chronology of LSU rRNA modules based on the hybrid-chronology DSM and r-proteins 

with their binding sites. Left column: rRNA modules; Right column: r-proteins. Gradient 

colors in the secondary structure represent the chronology of the rRNA modules. (Dark 

red – light red – dark blue- light blue) 
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3.1.3 Discussion of the optimal and sub-optimal paths 

In the previous sections, the DSM, representing the Proteins Earliest 

Model (PEM), was used to combine the information from the modular 

ribosomal model together with protein binding site information. D1 and D2 

dependencies are provided in the work of Bokov & Steinberg. The protein-

rRNA constraints are used in D3 dependencies. Based on the parsimonious 

assumption that proteins appear as early as their rRNA binding crevices were 

already in place, independent units in PEM were manually aligned (Figure 3.2) 

and left compacted (Figure 3.3), while maintaining the upper-triangular nature 

of the set of all optimal DSMs. Considering the number of rRNA modules to 

form each protein’s binding crevice, it can be speculated that the order of the 

proteins horizontally represents the earliest appearance of each r-protein in the 

time line as one “boundary” optimal path through the PEM. This means the 

order of the proteins appearance may not be completely resolved, no protein 

can come earlier, but any protein may come later in the chronology. Hence it 

is a boundary optimum.  

It is also noted that the order of the appearance of rRNA modules 

within each band as the formation of each protein’s binding crevice of the 

DSM may not be fixed, however, certain rRNA modules must be constrained 

within certain bands in the banded version of the DSM. In the case of a banded 

DSM like the PEM, the number of alternative optimal PEM chronologies (Nopt) 

can be obtained as the product of the combinatorical number of alternative 

orders of rRNA modules or r-proteins within each band. For the PEM, 

enumeration of the number of alternative band orders is equivalent to the 
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following equation where   
  (i equals to a, b, c…) refers to the number of 

unresolved rRNA modules or r-proteins within each band. 

        
       

       
       (i) 

The LSU PEM value for Nopt can be obtained by examining the DSM 

directly and counting, and the value is of magnitude 10
6
, meaning that there 

are this many band order variations or equivalent PEM DSM solutions.  

In the case of the PEM left-compaction boundary, the only possible 

kinds of errors are those in which a given protein may be placed too early on 

the chronology and assigned a premature relative time point. Amendments to 

the PEM may thus be made by moving selected rRNA modules or r-proteins 

to a more right-ward position, while maintaining the natural upper triangular 

DSM. This means a later appearance of certain units in the time line.  

In that case, the adjusted evolution chronologies, derived from the 

PEM would be within any of the possible paths represented in the PEM 

dependency network. Considering the natural upper-triangular DSM structure, 

row wise DSM marks can be traced from one unit to another in the 

dependency network, which allows the enumeration of each node’s count of 

edges. This node-edge network can be traversed (just as in Figure 1.8b) and 

each possible path counted.  Thus, the number of all possible evolution 

chronologies within the upper triangular DSMs (NUT) would be the product of 

the node edges factorial (NE!) as in the the equation.  

      
       

       
      (ii) 

Based on the idea of the node edges of each unit, the number of all 

possible evolution chronologies given the dependency network of the LSU, is 

a much larger number with magnitude of 10
21

. The difference between the 
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number of all possible evolution chronologies (NUT) and the number of 

equivalent PEM optimal paths (Nopt) would represent the number of sub-

optimal paths (Nsub). 

                 (iii) 

The number of these sub-optimal paths in the dependency network, 

with magnitude of 10
21

, is still much larger than the number of optimal paths 

represented by the PEM. However consider the total number of all possible 

DSMs, which is simply the number of DSM row-column units factorial (Nu!). 

The DSM has 60 rRNA modules and 30 r-proteins, making the total number of 

all possible DSMs is (90!), with magnitude of 10
140

. Although Nsub is a large 

number, DSM sorting alone removes 119 orders of magnitude of 

chronological complexity.   

Above all, the additional information provided in the PEM Nopt is now 

5 orders smaller than the number in the Bokov and Steinberg model through 

their hierarchical model, which is of magnitude 10
11

 in path number. 

Considering the appearance of certain r-proteins may not be fully resolved, it 

can be concluded that the alternative evolution chronologies of specifically 

rRNA modules should be much smaller comparing to the large number of 

possibilities in the Bokov and Steinberg model. Although a number of sub-

optimally equivalent DSMs can be made from the PEM, this parsimonious 

chronology model is the first to show a stepwise model of the evolutionary 

build-up process of each rRNA module and protein component across the 

entire timeline from PTC to complete LSU structure. 



102 
 

3.2 Polypeptidyl-Transferase Center (PTC)  

Key to the reconstruction of the evolutionary model made by Bokov 

and Steinberg is the recognition of the core ancestral domain, located in the 

center of the 23S subunit, the PTC, which appears to be frozen in place since 

the earliest origin of biochemical protein synthesis (Agmon 2009). Similar to 

the Onion-like model (Hsiao, Mohan et al. 2009), we believe that 

conformations of rRNA modules and rRNA-rRNA interactions may vary with 

the distance from the PTC, which is set to be the origin center of the LSU. 

According to our hybrid model DSM for the LSU chronology, the role of the 

PTC as the origin center offers the insertion positions for the later rRNA 

modules and further development of the ribosomal functions. Working out 

from the center of this structure in 3D coordinate space, distances between the 

PTC and each rRNA module within the three dimensional environment can be 

determined from the atomic structure or surface renderings. The knowledge 

brought by the Onion-like model is that the deviation from the center points to 

a layered sphere model of growth. It is therefore possible to devise a distance 

measurement as a means to compare proposed chronology structures to 

determine if they follow a smooth model of increasing radius. 

In order to uncover the trends of the radial increase between the rRNA 

modules and PTC within the “proteins-earliest” model and hybrid model, the 

mean distances between the centre of the PTC and the half-way coordinate 

between the centers of any two connected modules are computed. Figure 3.6 

plots these mean half-point distances for every ten rRNA modules, following 

the order in the two different chronologies. In the analysis, we have divided 

the 60 rRNA modules into six stages, each with ten modules according to the 
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proposed chronology. The method we used for calculation the distance is 

called “half-point distance”, which is a score for each 3D structure of the 

partial ribosomes with ten module increments added. 

The central pivot positions in the 3D space of each rRNA modules are 

marked in Maya. To normalize the distances directly from the central pivot 

position of PTC to any rRNA modules, and to smooth out the problem of 

different module shapes, the distance from PTC to the half-point between two 

adjacent rRNA modules is used, for example, m36 and m43 in the graph, 

along the evolution timeline as the half-point distance. It is obvious that both 

the distances in the line chart are increasing along the evolutionary timeline 

for both models along the first 30 rRNA modules inserted and nearly overlap 

along most of parts on the lines. Differences between the radial growth trends 

are clear in the two chronological DSMs and concentrated in the first two 

stages. It is obvious that the half-point distances in “Proteins-earliest” model 

Figure 3.6 Half-point distance trend. 

Half point distance trend of Hybrid model and “proteins-earliest” models. Blue: Hybrid-

model, Red: “proteins-earliest” model. Y-axis is in Maya unit (by default is cm); X-axis 

indicates the number of rRNA modules added. The 3D structure of the proteins earliest 

LSU model (partial) illustrates the calculation method for the half-point distance. 

 



104 
 

contradict a smooth increasing trend in the early stages compared to the hybrid 

model. The Onion-like model validation therefore corresponds to the p-value 

calculation differences described previously and the conclusion obtained from 

the comparison to the reduced ribosomes. Taken together these independently 

validate that the earliest stage modules 8 best match a proteins-free model.   

 

Figure 3.7 Positions of the PTC and rRNA modules in the entire ribosome. 

A: segmented ribosomal structure of E.coli LSU (PDB: 2AW4); B and C: The rRNA 

modules and r-proteins in entire ribosome are shown in transparent structures except 

PTC and 10 rRNA modules after 30 modules are added, which are 31 to 40 rRNA 

modules in order in Hybrid DSM. Grey: PTC; Blue: rRNA modules. 

 

The half-point distance analysis in Figure 3.6 decreases after the 

addition of the first 30 modules in both of the models. To understand this trend, 

the 3D structure of the PTC of E.coli ribosome needs to be considered. The 

PTC is not a spherical structure, as the duplication of the two helixes forms a 

polar shape (Figure 3.7). Coincidently, the rRNA modules added in the first 30 

insertions in our hybrid chronology DSM are located at both the long edge 

ends of the PTC. Although we have added some smoothing to the calculation, 

the distances are not well defined, as the shape of PTC itself is not spherical. 

The first 30 rRNA modules added to the LSU generally increase the size of the 

PTC as a prolate ellipsoid, while the remaining 30 rRNA modules that largely 

comprise LSU domains I and III tend to fill in the sides and transform the 

structure into a more spherical entity. This more prolate LSU model is 

reminiscent of the structural reconstructions of the rRNA in reduced 

A B C 
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ribosomes with comparable numbers of modules, and it is noted that these 

function with additional rRNA binding proteins to help fill in the gaps (Koc, 

Burkhart et al. 2001). One intriguing possibility would be to re-examine the 

RMSD structural deviations of the spherical Onion-like model to determine if 

these off-sphere shapes and modules corresponding to this chronology show 

any increases in atom position variation between archaea and bacteria, 

although this is beyond the intended scope of this thesis. 

3.3 Theory in the ribosomal evolution between Archaea 

and Bacteria  
 

The general molecular structure of the ribosome has been known since 

the early 1970s. Since 1960, the E. coli ribosome has been the ribosome of 

choice for biochemists and molecular biologists from the perspective of 

convenience and completeness of biochemical information. However, at some 

level, experimental research on ribosomes from a mesophilic eubacterium like 

E. coli may not apply or be valid for ribosomes form an extreme archaeal 

halophile like H.marismortui(HM), or from an extreme eubacterial 

thermophile like T.thermophilus (TT) (Moore 2005).  

Understanding the differences between bacterial and archaeal 

ribosomes has been advanced by the determination of high-resolution 3D 

structures.  
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Based on the Onion-like model proposed by Hisao, et al (Hsiao, 

Mohan et al. 2009), comparison between E. coli and HM is warranted in our 

study. Archaeal ribosomes have a highly conserved sequence in terms of both 

size and composition, similar to those of the bacterial counterparts. The 

significant differences in archaeal ribosomes only appear in small parts of the 

secondary structures (Figure 3.8). The certain specific rRNA structural 

features are colored in yellow (added segments) and green (deleted segments), 

which are absent in bacteria. There is one structure of disordered region not 

determined yet, where helix 76/77/78 forms the binding site for L1 (red). 

According to the number system from Ban (Ban, Nissen et al. 2000), the 

central loop which is connected to the PTC is closed by the 3’ terminal stem, 

Figure 3.8 Secondary structure of HM. 

Secondary structure of HM LSU with differences from E. coli showing in colors. 

Certain specific rRNA structural features are colored in yellow (added segments) and 

green (deleted segments), which are absent in bacteria. Red part structure is 

undetermined. Image courtesy Comparative RNA Web Site 

http://www.rna.ccbb.utexas.edu/. 
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starting from which, 11 stem-loops radiate. This location in the E. coli LSU 

has helix 25, which lies within domain I, which is much larger and complex.  

Up to 68 r-proteins 

appear in the archaeal 

ribosomes depending on the 

species. Among those 

proteins, 34 belong to 

universal proteins and the 

other half are archaeal 

specific proteins. According 

to the 2.4 Å crystal structure 

of HM (Ban, Nissen et al. 

2000), 31 r-proteins appear in 

the 50S subunit. The pattern of r-protein conservation is distinct between 

bacterial and archaeal prokaryotic ribosomes. It has been published that 57 r-

proteins are highly preserved in archaeal genomes, whereas 10 r-proteins 

exhibit a heterogeneous distribution in the LSU of archaeal domain. They are 

L25p, L38e, L13e, L30p, L35ae, L14e, L34e, L30e and L28e, which are 

present in at least one deeply branched Crenarchaeota kingdom but two (L38e, 

L13e) are absent in the latest divergent Euryarchaeota kingdom (Odile 

Lecompte 2002). Such gene and sequence losses also indicate a progressive 

elimination of r-protein genes in the archaeal evolution from the ribosome 

present at the LUCA. The subsequent question is how archaea compensated 

for the loss of those proteins both functionally and structurally. Comparisons 

Figure 3.9 Ribbon structure of HM 50S 

subunit. 

(PDB:1JJ2). Extra loops are labeled with colorful 

ribbons, where rRNA structures around the L32 

position in E. coli are shown in surface structures. 

 



108 
 

between the rRNA backbone as well as the r-proteins in the ribosomal 

structures may provide us some understanding.  

Among the 23 bacterial-only r-proteins (Yutin, Puigbo et al. 2012), 

L32 is one very few that appear in the early stage of our chronology. If our 

chronology is correct, it implies that the archaeal ribosome lost L32 and it is 

likely that the loss was compensated by the local replacement of the space 

occupied by L32 by rRNA or protein structure. In order to see whether rRNA 

backbone has any relationship in the substitution for the loss of L32 in the 

structure, the ribbon tertiary structure of 50S HM subunit, excluding r-proteins, 

is shown in Figure 3.9. The position where L32 binds in E. coli, is maintained 

in the archaeal ribosome without any rRNA sequence filling in the gap. The 

additional stem-loops and extra helices observed on the archaeal ribosome are 

all on the ribosomal surface and are peripherally far from the L32 “hole” that 

we expect to find filled. After ruling out an rRNA structure filling this hole, 

the archaeal proteins were examined to see if one of them was occupying the 

space left by L32.   
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The 3D structural comparison between E. coli and HM, focused on the 

L32 binding site, which is still present in the modern archaeal ribosome, is 

shown in Figure 3.10. Among all the r-proteins in the HM ribosome, L22 is a 

probable candidate as it is the protein closest to the binding site of L32. L22 is 

a universal r-protein conserved in the three domains of life, which has a 

globular domain positioned on the surface of the LSU and penetrates its core 

via an extended beta-strand. However, a significant discrepancy appears in the 

sequence and tertiary structures of L22 between bacteria and archaea. Archaea 

have an enlarged L22, which is an apparent result of a sequence insert, and it 

was observed that the structure that forms from this insert indeed occupies the 

“hole” that corresponds to the bacterial L32 binding site. This phenomenon is 

also supported in the crystal structure published by Ban, et al (Ban, Nissen et 

al. 2000). Amino acid sequence alignment of r-protein L22 from E. coli and 

Figure 3.10 Comparison of L22. 

Conformational comparison between HM (Nelson, Barlow et al.) and E. coli (Right), 

focused on the L32 binding site. Light blue: protein L22; Light orange: L32 (absent in 

HM). Other surface structures are rRNA modules surround the two proteins. The 

conserved extended beta-strand region of L22 is labeled in light green in sequence 

alignment. Note the orange L32 structure next to the purple and red rRNA segments on 

the left, and the corresponding archaeal L22 extension occupying the same space on the 

right. Bottom: Sequence alignment of L22 from the two crystal structures showing the 

region inserted into archaeal L22 (PDB: HM 1jj2; E. coli 2aw4).  
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HM using T-coffee server (Di Tommaso, Moretti et al. 2011) is shown in 

Figure 3.10, where the sequence of the extended loop is located. Such 

extended loop might be involved in the stabilization of the proper rRNA 

structure as well as the promoting in the conformational changes during 

protein synthesis. This result indicates that the loop extension of L22 may 

have been the chronological event in the archaeal ribosome that led to the loss 

of L32 through steric displacement. 

This complementary seems a plausible explanation as to why L32 

appears early in the LSU chronology, yet is not found in archaea, and it places 

an additional event on the timeline, the specific insertion of the protein 

sequence into L22, after the split of archaea and bacteria. This observation 

resolves all the archaeal and bacterial protein differences to the end of the 

chronology.   

3.4 Discussion for the evolutionary model of LSU 

In Chapter 3.2, we have revealed the chronological evolution model of 

LSU in E. coli ribosome using DSM. Two validation methods involving 

comparison to reduced ribosomes and half-point distances helped us 

reconfigure our “proteins-earliest” model into a hybrid-model where the first 

proteins to appear are L32 and L22c. Based on this hybrid–model DSM 

chronology, many significant observations can be made.  

Firstly, the whole process of the LSU evolution can be explained in a 

stepwise manner. After the initial rRNA modules, which are taken evenly 

from all domains, insert into the central structure, Domain V is largely 

complete. Then, the small parts of Domains IV and VI appear which 

themselves connect to the 16S rRNA (small subunit) and following after the 
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core of Domain II, complete the interface interacting with the 5S rRNA with 

help of protein L5, L18 and 25. Next is the part contributing GTP hydrolysis 

protein supporting structures, which is represented by the central 

protuberances L7/L12, followed by the part of protein-based regulation on 

Domain II. Lastly, the membrane interface and the exit site stalk on Domains I 

and III are filled out as well as the finishing of Domains IV and VI.  

Notably, module 8 forms the base of the L7/L12 protuberance and the 

“fulcrum” for the GTP hydrolysis power stroke. It has been shown that 

L7/L12 stalk is one of the two highly flexible protuberances essential for 

tRNA binding, translocation of peptidyl-tRNA from A- to P-site, also the 

largest conformational change in the LSU, which may further help the 

translocation of mRNA (Bocharov, Sobol et al. 2004). In addition, both the 

base and the L7/L12 stalk itself are the binding sites for EF-G, the GTPase 

activity of which can be triggered even by the putative interaction of the stalk 

(Valle, Zavialov et al. 2003). We observed that in mitochondria and 

chloroplast reduced ribosomes, module 8 is never lost, and in some cases, 

represented by discontinuous sequence. We interpret this non-reversibility of 

module 8 loss in mitochondria and chloroplast ribosome reduction as a strong 

indication that its loss compromises the structure required for the transduction 

of ribosomal energetic in GTP hydrolysis. It follows then that some alternate 

energy mechanism may have been functioning, and that prior to the 

appearance of module 8 on our chronology (the 31
st
 rRNA module inserted), 

an alternative energetic mechanism was responsible for moving mRNA 

through the ribosome. This may have been an RNA based mechanism that was 

independent of GTP hydrolysis or GTPase enzymes. Although evidence has 
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provided that translocation of mRNA can occur even in the absence of EF-

G.GTP, the mechanism of which is still unclear. Understanding the nature of 

this protein-independent energetic mechanism is an important question arising 

from this analysis, which may be addressed experimentally through the 

molecular reconstruction of these early ribosomal stages.  

We also observe that all of differences between the archaeal and 

bacterial forms can be placed on the timeline after the appearance of module 8. 

We note that the formation of the portion of the E. coli ribosome that is 

involved in protein-mediated membrane binding appears last in the 

chronology, well after the point where archaeal/bacterial differences begin to 

appear.  These observations about the late stage formation of membrane 

binding regions of the ribosome are remarkable when one considers the key 

difference in the composition of membranes of bacteria and archaea. Taken 

together they imply that the ribosome evolved without any specific membrane 

attachment and that the ribosome form depicted at about the 31
st
 rRNA 

module inserted is a likely candidate for the structure of the LUCA LSU 

subunit. 

Another key observation concerns the structural nature of the first 

proteins appearing in the chronology, both of which have very notable binding 

sites near the PTC catalytic site, L32 and L22c. L22c is the beta-strand 

segment of L22 that is known to partially fill the polypeptide exit tunnel and 

influence the rate of protein elongation and ribosomal stalling. L32 binds via a 

lone alpha helix in a space immediately next to L22c and this may represent a 

blocking of an alternative and unproductive space continuous with the 

polypeptide exit tunnel. The structures of r-proteins are extremely 
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heterogeneous, including a large number of different domain types, such as 

helical bundles, alpha/beta RRM folds, all-beta OB folds and so on (Noller 

2012). The significant chronological result from the hybrid model is that the 

first two protein binding sites on the proto-ribosome bind specifically to bare 

examples of the two simplest secondary structures found in all proteins, the α-

helix (L32) and the β-strand (L22c). As originally proposed by Pauling and 

Corey, these conformational elements are defined fundamentally by hydrogen-

bonding interactions as building blocks of proteins (Pauling and Corey 1951; 

Kabsch and Sander 1983). Therefore, the appearance of the first two proteins 

in the chronology is remarkably and surprisingly consistent with the theory 

that protein folds emerged from gene duplication of these smallest alpha and 

beta structural units.   

It is noted that many of the ancient basal architectures like α/β, α+β, 

all-α, and all-β, are reused in multiple protein functions. In the computational 

tracing exercise from Caetano-Anolles, the first nine fold architectures are 

confirmed to delimit all major enzymatic activities that exist in metabolism 

functions. These ancient and conserved functions predate the origin of proteins 

and must be carried out by abiotic or RNA based processes in the RNA world 

(Caetano-Anolles, Wang et al. 2009). From our chronology of the LSU, it 

seems that the genetic code may have started to become fixed early in 

ribosomal evolution during the expansion of the PTC and Domain V as L22c 

and L32 emerge at the same period, after which proteins begin to appear in the 

chronology at the same rate as new rRNA modules are added. This reveals the 

centrality of RNA in the early protein-encoding organisms and hints that the 

ribosome binding sites may have helped these units of protein structure take 
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shape. If the common proto-ribosome at early stage bound early forms of 

alpha helix and beta strand in positions proximal to the polypeptide exit 

tunnel, these structures may have had a direct feedback influence on 

translation. Such structure-function feedback could provide a very strong 

evolutionary selective pressure for stronger binding forms of what may have 

been initially simple random polypeptides with helix and beta-strand pairs, 

eventually leading to the selection of the sequences we now see filling these 

crevices now occupied by L32 and L22c. These alpha and beta-strand pair 

binding crevices may have held the first simple functional forms of proteins.  

Furthermore, a close range feedback system is formed by L22c and is 

still observable in ribosome stalling effects. Variable feedback mechanisms 

like this may have provided strong selective pressure on the initially random 

protein synthesis, leading to the early fixation of the genetic code. 

Conceptually, this would work by the appearance of the very first random 

proteins with alpha or beta structures being captured by the proto-ribosome 

binding sites, thereby blocking and limiting alternative non-productive exit 

holes. This means holes that might become permanently blocked by the 

nascent peptide, rendering that proto-ribosome terminally non-functional. If 

such a conceptual mechanism merely gave the proto-ribosome a slightly 

longer functional half-life, it would provide a tremendous advantage to the 

replication system. Evolving systems that fixed and retained these simple 

protein secondary structure genes “plugs” would out-produce competing 

systems. These simple protein secondary structure “plugs” filling the L32 and 

L22c sites could be formed from a reduced amino acid alphabet. 
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While the current protein complement of the archaeal ribosome has no 

L32, we have accounted for its displacement by an addition of a protein-

coding insert in the archaeal ancestor L22 gene, filling the spatial position 

where L32 is bound in the bacterial ribosome. This may represent one of 

several separate single-insert evolutionary events distinguishing bacterial and 

archaeal forms after their proto-ribosome structure divergence. The binding 

site for L22c may very well be the cradle in which the first fixed protein-

encoding gene developed during the fixation of the genetic code.  

With the completion of the hybrid-model chronology DSM of the LSU 

of E. coli ribosome, the same methodology was applied to the SSU as 

described in the next section. Other ribosomes from archaea and eukaryote 

may also be studied with this same procedure, but as we have shown there are 

few differences between the relevant core structures of the archaeal and 

bacterial ribosomes at the earliest parts of the timeline.   
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 Chronological evolution of E. coli Chapter 4

ribosomal SSU 

Bacteria have 70S ribosomes, each consisting of a large and a small 

subunit. Different from the LSU, the 30S subunit is smaller, which has a 1540 

nucleotide RNA 16S subunit bound to 21 proteins. The bridge connecting the 

two subunits together is critical, not only structurally holding the two subunits 

in place, but also communicating between them during protein synthesis and 

constraining relative motions. Obviously, beyond the chronology of the 50S 

ribosome subunit, the LSU by itself, the evolutionary chronology of the 30S 

subunit, the SSU is another necessary piece of the entire jigsaw of ribosome 

evolutionary story. In this section, a description of the results of the SSU 

division into modular segments, its A-minor interactions and corresponding 

protein-protein interactions is provided. Based on this dependency information, 

a DSM model of the SSU chronology is constructed. In the last part of this 

chapter, we also present some discussions and the observations from the 

model. 

4.1 Preliminary Data for SSU 

From the previous research on the LSU, the fundamental information 

in the DSM is obtained from the A-minor interactions and rRNA-rRNA, 

rRNA-protein interactions in the ribosome. The structure of 16S rRNA 

contains several conserved A-minor interactions. One apparent difference 

appears in that the SSU has more protein-protein interactions compared to the 

LSU ribosomes. 
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4.1.1 A-minor interactions 

Since the first complete atomic structure of the large ribosomal subunit 

from Haloarcula marismatui at 2.4 Å resolution (Ban, Nissen et al. 2000) and 

the small subunit of Thermus thermophllus (Brimacombe 2000) were 

published in 2000, the detailed views of the molecular interactions in both the 

ribosomal subunits have been defined. It is already clear that the secondary 

structures of 16S and 23S rRNA are organized into domains, each contains a 

few hundred nucleotides, four for 16S rRNA and six for 23S rRNA (Noller 

2005). The majority of tertiary contacts in virtually every large RNA structure 

are A-minor motif interactions, which are responsible for the inter-helical 

packing in the arranging of the RNA architectures (Battle and Doudna 2002).  

In general, there 

are four basic types of A-

minor interactions, type I, 

II, III and 0 (Figure 4.1). 

Each type of interaction is 

defined based on the 

position and orientation of 

the adenosine 2’-OH in the 

minor groove relative to 

the receptor base pair. 

Type I and II are specific for adenines, due to the involvement of O2’ and N3 

atoms of the interacting adenosine and the receptor double helix Watson-Crick 

base pair is preferably a GC one in any orientation. Whereas type 0 and III can 

be formed by nucleotides other than adenine, adenine is still the preferred 

Figure 4.1 Example of the four types of the A-

minor interactions. 

Major and minor groove edges are indicated. (Butcher 

and Pyle 2011) (Reprinted with permission. 

Copyright (2011) American Chemical Society.) 
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nucleotide (Butcher and Pyle 2011). The most frequent and compact 

utilization of adenine in these interactions is the type I form, which is defined 

as a trans-SE/SE interaction complemented by a cis-SE/SE interaction, 

stabilized by the Hydrogen bond involving the O2’, N3 and N1 atoms of the 

adenosine with the Watson-Crick base pair (Sponer, Reblova et al. 2007). 

Here SE refers to sugar edge and trans- or cis- refers to the same side or 

opposite sides of the sugars in the orientation of the glycosidic bonds. Type II 

A-minor interactions is less tight because of the cis-SE/SE interaction with the 

H-bonding of O2’and N3 atoms of the adenosine. Type III and Type 0 

interactions are even less compact as only N1 of the adenine forming H-bonds 

in Type III interaction and H-bonding in Type 0 is formed between the ribose 

of the protruding nucleotide and the double helix of the receptor. These kinds 

of interactions made Type III and Type 0 less stable.  

In the previous section, the densely compact tertiary structure was 

mentioned, in which, a preponderance of adenines were revealed to contact 

with the minor grooves of distal helices. Such kind of A-minor interactions are 

even more common than long-range Watson-Crick base pairings.  

In the 16S rRNA, abundant A-minor interactions are observed. Based 

on the 3.0Å crystal structure of the T. thermophilus 30S ribosomal subunit, 

about 55 A-minor interactions or potential A-minor interactions were 

published (Figure 4.2). Among these discoveries, most of them are typically 

following in consecutive pairs; a type II interaction followed by a type I 

interaction, which means the minor groove edge of adenine is complementary 

fit the curve of the helical minor groove. Besides, many of the local A-minor 

interactions appear with the proper contact distance between the base-base and 
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base-backbone tertiary structures are colored in black in Figure 4.2. Inter 

subunit-bridge contacts are shown in blue lines. In contrast, the majority of the 

A-minor interactions in 16S rRNA are long range interactions, which refers to 

the phenomenon that the connecting parts of the secondary structure fall in 

different domains or sub-domains 

of the RNA, showing in red. Eight 

sets of A-minor interactions are 

confirmed at present, in which the 

interaction between helix 13 and 

helix 44 was directly supported 

from the electron density map of 

the T. thermophiles 70S ribosome 

(Yusupov, Yusupova et al. 2001). 

Although the adenosines are out of 

contact range from the helical 

receptors, the optimal geometries 

in the tertiary structure make the 

interaction possible, which suggest 

the essential roles of the A-minor 

interactions in the conformational dynamics of the 30S subunit. Because most 

of the eight sets of interactions are located immediately adjacent to the 

position of the inter-subunit bridges, it also provides some idea about the 

mechanism of the translocation of the ribosome.  

4.1.2 Protein-protein interactions 

Figure 4.2 A-minor interactions in 16S 

rRNA.  

Red: potential A-minor interactions with 

adenosines that have optimal geometry but 

are out of contact range with their helical 

receptors; Black: interactions that form at 

proper contact distances; Blue: nucleotides 

that form inter subunit bridge contacts. 

(Noller 2005) (Reprinted with permission 

from AAAS) 
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In order to collect 

sufficient information of the A-

minor interactions and rRNA 

insertion of the SSU of E. coli 

ribosome, the analysis of 

molecular interaction surfaces 

from the entire PDB structure 

database has been explored. 

Different from the structures of 

the LSU we studied before, 

protein-protein interactions also exist in the SSU structures besides rRNA-

rRNA and rRNA-protein interactions. Figure 4.3 presents the corresponding 

interaction networks between ribosomal proteins in the small subunit (1GIX) 

from the crystal structure of T. thermophiles ribosome(Salama, Donaldson et 

al. 2001). Similar to the interaction networks shown in Figure 3.1, which is for 

the LSU of the ribosome, a spoke topology with the 30S subunit as the central 

hub is formed but in addition protein-protein interactions appear in the crystal 

structure as well as shown in Figure 4.4. Based on the same idea of the 

topology from LSU, we speculate that rRNA modules should insert to the as-

yet undefined core structure, preceding the r-proteins, the binding crevices of 

which must emerge first. With the parsimony assumption that the fixation of 

ribosomal protein genes in the original proto-genome occurs immediately after 

the insertion of rRNA modules sufficient to form the three dimensional 

structure of the complete protein binding crevice, in our DSM analysis, 

Figure 4.3 Interaction networks. 

BIND interaction networks of the Ribosome 

small subunit structures 1GIX. The rRNA 

strands are represented by the red central nodes 

with the “_A” annotation. (Salama, Donaldson 

et al. 2001) (Permission: confirmed) 
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protein-protein interactions should appear even later after the emergence of the 

r-proteins.  

 

Figure 4.4 Example of contacts comprising SSU r-protein interactions between 

S14 and S10. 

 

4.2 Banded Chronology DSMs Model of the SSU  

In accordance with the conditions used in the hierarchical model, 

presented by Bokov and Steinberg, and the hybrid-model LSU DSM in our 

study, the 16S rRNA of the ribosomal SSU is split sequentially into 29 rRNA 

modules, labeled r1 to r29. Here we adopt the structure 2AVY of E. coli 30S 

ribosome from Protein Data Bank (PDB) as our subject. From the given 

modules, 28 rRNA fragment insertion dependencies (D1) and 17 rRNA-rRNA 

A-minor interactions dependencies (D2) are obtained. In D1, any rRNA 

module that is inserted between two discontinuous sub-segments of another 

module is believed to be an insertion into the existing outer module. As the 

published A-minor interactions in 16S rRNA was obtained from T. 
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thermophiles (Noller 2005), only those that matched the homologous 

nucleotides and substructures of the E. coli SSU were used for our D2 

dependencies. 16S sequences from E. coli and T. thermophiles were aligned, 

in which, only conserved A-minor interactions were identified and used as 

dependencies.  

For the 20 SSU proteins, 56 rRNA-protein interfaces (Matadeen, 

Sergiev et al. 2001) and another 10 protein-protein interaction dependencies 

(D4) are included. Any interfaces of protein-rRNA and protein-protein within 

3.5 Å are considered to interact with each other. Interactions considered to be 

made from two short motifs or non-folded of proteins are discarded, as they 

provide no temporal directionality. We note that there are no interactions 

directly between two folded domains of the r-proteins that they all appear to 

involve at least one segment lacking a folded structure. 

The four types of dependencies are plotted as binary marks into a 

single DSM structure with no preference whether one type of dependencies 

over another. The sorting of the 4 types of dependencies in a DSM did not 

yield a unique solution, and the number of marks was not sufficient to use the 

same approach as used for the LSU. The banding analysis of the resulting 

upper-triangular DSM resulted in eight bands of evolution in which modules 

or proteins within a band could be reorganized in any order, but are excluded 

in being within earlier bands along the chronology. The resulting DSM is 

shown in Figure 4.5 with different dependencies are labeled with distinct 

colors, D1 dependencies in green, D2 dependencies in cyan, D3 dependencies 

in blue, whereas magenta represents D4 dependencies. Within each band, the 

entities can emerge in the same time window, which means it is not possible to 
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determine one optimal order from the information provided by these 

dependencies in the band model.  

The lack of sufficient dependencies makes it impossible to obtain one 

optimal resolved DSM, so we must consider all the equivalent suboptimal 

paths. Even with the constraints imposed by the dependencies, there exist an 

enormous number of lower-triangular matrices, each of which represents a 

plausible evolutionary order. For a total of 29 rRNA modules and 20 

ribosomal proteins, there are 49 factorial different chronologies without 

dependency information, or around 10
62

, representing all possible DSMs. The 

number of lower-triangular matrices imposed by the dependency network is of 

order 10
44

 (equation ii). This indicates a much sparser set of constraining 

dependencies than was found for the LSU. Using the same equation (i) that is 

described in Chapter 3.1.3, the number of equivalent optimal banded SSU 

PEM DSMs as shown in Figure 4.5 is 10
25

. While the SSU matrix is smaller 

than the LSU matrix, there are simply not as many constraints, so the solution 

size of the PEM SSU remains larger than that resolved for the PEM LSU. 
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Figure 4.5 Banded DSM model of SSU dependencies from E. coli.  

The D1-4 dependencies marks are numbered Alternating bands of evolution have 

been highlighted in green and purple in the top row. Protein columns are colored blue, 

rRNA modules are white.  

 

This highlights the challenges in the construction of a more definite 

chronology model for the SSU of E. coli ribosome at the level of individual 

units, rRNA modules and proteins. Additional dependencies are required to 

resolve the chronology to a more precise state, however there is much 

information in the 8 bands of order from which conclusions can be made.  

Promising clues of the SSU evolution are embedded in the banded 

DSM SSU chronological model. One of the most important observations is 

that it represents the periods of the ribosomal SSU evolution, in which rRNA 

modules clearly predate the r-proteins, which do not appear until the third 

band. The protein-protein interaction dependencies all cluster within the last 
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three bands of the chronology, thus these can be concluded to be late events in 

SSU evolution.   

In Figure 4.6, we present the banded chronology model in the context 

of the secondary structure of the E. coli SSU with gradient colors from red to 

blue, dark to light contour the evolutionary orders along the timeline, as well 

as the rRNA sites of binding crevices for r-proteins. While this banded DSM 

remains a crude chronology, it does contain robust information from which 

major periods in ribosomal evolution can be inferred. In the discussion below, 

the results of a resolved DSM are interpreted in terms of orders of events in 

the formation of the SSU structure, following with a discussion of the 

significance of the evolutionary order predicted by the chronology DSM for 

SSU.  
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Figure 4.6 Secondary Structure 

Schematic illustrating chronology of 

SSU rRNA modules and proteins.  
(Previous pages) Chronology of SSU 

rRNA modules based on the band-

chronology DSM and r-proteins with 

their binding sites. The numbers of the 

band are labeled in front of each 

structure.  
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4.3 Discussion of the Banded DSM Model of the SSU 

In the previous section, a chronological Banded DSM for SSU from E. 

coli ribosome was shown. After automatic sorting and manual justification in 

the DSM, it yields an eight-band model in lower triangular form from the four 

types of dependencies, D1, D2, D3 and D4. Although the order of evolution 

within each band cannot be distinguished, significant evolutionary 

implications can be derived. 

The DSM places an upper bound on the earliest time point at which 

any given r-protein or rRNA module could have emerged. Although it is not 

known which module should come first within each band of the DSM model, 

the emergence of the r-protein or rRNA module at the i
th

 band level must 

insert into the primordial rRNA of the SSU after the appearance of at least (i-1) 

band level of units. This indicates that units within a band are only dependent 

on the units in preceding levels but are each, structurally independent from 

one another. The results can be compared to phylogenetic analysis of S16 

rRNA and the r-proteins. In addition results from studies of the genealogical 

relationships of domains, subdomains as well as sequences may help us 

validate and understand which of the modules are more ancient and 

evolutionary conserved ribosomal SSU regions and how these regions 

compare to the evolutionary tracing of the structures with the DMS and 

modules.  

The first module of the SSU is unclear from the DSM alone, as it could 

be either fragment r29 or r23. Modules r23 and r29 are found at 1
st
 band of the 

DSM, and thus are the likely first core modules of the small subunit. In our 

module set r29 is unique in that it contains part of the head and 3’end of the 
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16S rRNA, which is known to be highly flexible, and structurally it includes 

much of the mRNA binding “neck” region. In 1975, Steitz and co-workers 

showed that the base pairs of 3’end of 16S rRNA of E. coli and bacteriophage 

mRNAs participate the translational initiation complexes, which implicates the 

mechanism in the binding of mRNA to ribosome happens through the 

recognition of the Shine-Dalgarno sequence at the 3’end of 16S rRNA(Steitz 

and Jakes 1975). The mRNA binds in a cleft between the head and the body of 

the SSU, where its codons interact with the anticodons of the aminoacyl-tRNA 

(Moore and Steitz 2011). The role of the SSU is to mediate the interactions 

between mRNA codons and tRNA anticodons as SSU is able to bind mRNA 

and tRNAs in a codon-specific manner simultaneously.  

This intriguing mechanism of the binding facility is well reflected 

structurally in our minimal r29 module, while none of these functions are 

represented in the r23 module. As r29 contains a large fraction of the 

functional ‘decoding center’ core and the Shine-Dalgarno sequence, we think 

that the process by which we have segregated the SSU rRNA into modules is 

robust, and has led us to the ancient functional core, represented by r29. Other 

than r29, r23 also appears in the first band, and the results indicate it may have 

emerged independently from r29. From the secondary structure of SSU, r23 is 

found in the 5’ body domain, forming the shoulder that can support the long 

helix H44 of the r14 module in the later stage. The r23 core is important to 

form the interface to the LSU, but otherwise has no interesting function within 

its nucleic acid components.  

  Most of the inter-subunit interactions are harbored in the r14 module. 

Although the order between r29 and r23 is undecided in our Banded DSM 
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chronology model, the functional nature of r29 leads us to propose that it was 

the first functional part of the proto-ribosome SSU to emerge. Furthermore, 

note that the boundaries of r29 were not decided on by sequence conservation 

information – the process of partitioning the modules of the SSU was strictly 

based on the 3D structure, and yet r29 comprises most of the highly conserved 

sequence regions of the SSU. It would seem reasonable that an insertion 

process into r29 can give rise to the entire SSU structure, with a consequent 

evolution and modification to a mature function in proteins translation. In 

order to test this hypothesis, artificially synthesized r29 RNA has been 

produced and preliminary thermal unfolding experiments show it has a stable 

secondary structure indicating it has a folded form, however the results of 

these experiments are ongoing and beyond the scope of this thesis. 

Furthermore, after the partitioning of the SSU was completed over the course 

of this work, a new highly reduced mitochondrial SSU rRNA was reported 

that is naturally occurring with a remarkable correspondence to r29, and 

providing independent validation of our SSU module partitioning scheme.  

The mitochondrial DNA (mtDNA) sequence of Mnemiopsis leidyi 

(Pett, Ryan et al. 2011) is the smallest complete animal mtDNA sequence ever 

reported with just over 10kb. The mt-genome of M. leidyi has lost at least 25 

genes, including all tRNA genes, however, two mtDNA regions are conserved 

in sequence and structure with small portions of the ribosome. They comprise 

SSU helix 18 and helix 44, used in decoding, which matches our r29 rRNA 

model and a small segment at the 3’end of the mtDNA which shares a high 

similarity in sequence and structure with the PTC (Figure 4.7). This extremely 

reduced ribosomal gene structure in M. leigyi provides further validation that 
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the modular sequence reduction, in the reverse evolution sense, leads to the 

core structures of r29 and PTC. 

 

Figure 4.7 Secondary structures in M. leidyi mt-rRNAs.  

A: Predicted secondary structure of SSU; B: Predicted secondary structure of LSU. 

(Pett, Ryan et al. 2011) (Permission: comfirmed) 

 

From a detailed comparative analysis by Klimov and Knowles 

(Klimov and Knowles 2011), it was shown that minimal rRNAs were 

generated under  natural selection in parallel in different organisms retain or 

eliminate particular RNA helices as modules while maintaining the 

functionality of  the overall organelle ribosome systems.  From this 

independent discovery, greater confidence can be asserted that the r29 module 

proposed represents the ancient core of the SSU of the proto-ribosome, and 

can be considered in the same light as the PTC of the LSU.  

There is another possibility in the evolution of the SSU, however. The 

2
nd

 band of the DSM shows 8 rRNA modules out of 11 within this band are 

structurally only dependent on module r23; the others are belonging to the 

3’major and minor domains. The 8 rRNA modules are the components 
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constructing the 5’ body domain of SSU. In this case, the 5’domain appears to 

be independent from other domains, which hints of the possibility that the 

substructure of 5’domain comprising r23 and the other 8 modules arose 

independently of r29 with some unknown ancient function. At a later stage, 

this substructure may have been attached to the rest of the growing ribosome 

to perfect the whole ribosomal structure and fulfill its functional requirements. 

This idea is supported by the fact that each of the four secondary structure 

domains in the 30S subunit can assemble separately (Ditlev E. Brodersen 

2002). Because of the independence in the domains of SSU, we speculate that 

such segmentation may be also reflected in the evolutionary chronology.  

In the Banded DSM model, the rRNA modules’ insertion finishes in 

the 6
th

 band. The majority of r-protein binding sites arise or are completed in a 

later period, especially those which have protein-protein interactions with 

others. The first SSU proteins, S7 and S13, appear in band 3. S7 is supposed to 

be the only primary binding protein located in the head of the SSU, the 

binding of which to the region of the 3’ major domain is crucial for the 

assembly of the head in the 30S subunit (Dragon and Brakier-Gingras 1993). 

The binding of S7 can not only stabilize the packing of helixes in the primary 

interaction sites, including H43 with H29, H41 and H30 with H42, and also 

induces packing of the RNA elements outside the primary interaction sites, 

such as H43 hairpin loop with H42. This protein has also been cross-linked to 

both P- and A-site tRNA, as well as to mRNA (Ditlev E. Brodersen 2002). 

Besides the RNA-protein interactions, S7 also initiates the assembly of the 

SSU with the addition of other r-proteins at a later time. Proteins belonging to 
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the head of SSU have been found dependent on S7 for association (Grondek 

and Culver 2004).  

S13 is also linked with the prior association of S7 for binding with 

rRNA, however, its role and inclusion time in the S7 branch is unknown. We 

propose an early origin of S7 immediately adjacent to the functional core, 

following with the inclusion of S13 in the assembly of the head; and the 

remaining modules of the head evolved after the emergence of this protein- 

and are structurally dependent on it. 

The last observation that we want to emphasize is the position of 

proteins S18 and S21 in our chronology model. As mentioned previously, it is 

the 16S rRNA that performs the decoding function, with the proteins being 

mere functional accessories. The late emergence of S18 and S21 at levels 7 

and 8, which are present near the mRNA decoding site, and the early evolution 

of the RNA functional core (r29) reaffirm the importance of RNA relative to 

proteins in ribosomal function. While the evolution of proteins enhanced 

efficiency and provided for better regulation, the DSM of the SSU confirms 

that the core functions of the SSU could be performed by naked RNA. 

Despite the uncertainty of the evolution chronology within the bands of 

our Banded DSM, significant clues are observed from the crude evolutionary 

order. Information embedded in the structure and topology of the SSU is not 

sufficient for an unambiguous chronology, so more information must be added, 

and this section is followed by additional DSM work that provides the subunit 

interface information to help complete a plausible chronology of the entire 

ribosome.  Taking full advantage of phylogenetic analyses, substantial regions 

of the gene coding for SSU rRNA share a high degree of sequence and 
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structure similarities even among those in different kingdoms (Crease and 

Colbourne 1998). Therefore, comparison analysis of both sequence and 

structure correlated with the knowledge of the functions in the translational 

mechanism would be necessary in the future studies.     
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 Chronological evolution of the E. coli Chapter 5

ribosome 

After constructing the evolutionary chronology models of LSU and 

SSU separately, we have two independent DSMs that are reasonably well 

defined and largely consistent with other views of ribosomal evolution as 

regards the mapping of ancient to recent structures and the core originating 

structures. In the first part of this section, a DSM model, called the “joint” 

chronology, is made by combining the two evolutionary orders from the 

Hybrid chronology of LSU and the Banded model of the SSU. Discussions are 

shown in the rest of the section. 

5.1 Inter-subunit interface 

The ribosome is a highly organized macromolecular machine, which is 

responsible for the translation from genetic information into polypeptide. 

Translation in E. coli starts with the association of the two subunits, LSU and 

SSU, into the 70S ribosome, where the inter-subunit bridges are recognized in 

a precise fashion. After the successful translation of the mRNA, the bridges 

are split in the recycling stage, leading the separation of the subunits(Gao and 

Frank 2006). The inter-subunit bridges play an essential role in maintaining 

the overall architecture of the ribosome and the dynamics through the 

translational process(Gao, Sengupta et al. 2003).  

12 inter-subunit bridges are reported in the 70S E. coli ribosome, most 

of which consist of centrally located RNA-RNA interaction (Figure 5.1). Early 

in 2000, 13 inter-subunit connections were identified in the cryo-EM study of 
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the 11.5 Å E. coli initiation-like complex(Gabashvili, Agrawal et al. 2000) and 

30 individual inter-subunit interactions among those 12 bridges were reported 

in the T. thermophilus 70S ribosome(Yusupov, Yusupova et al. 2001). As 

bridges found in T. thermophilus ribosome are virtually identical to the bridges 

in E. coli, such highly conserved inter-subunit bridges are likely features 

present in the ribosome at the LUCA stage, corresponding on our LSU 

chronology to the 31-module insert stage. The SSU Banded DSM make it 

more difficult to pinpoint the LUCA stage in its chronology other than to note 

that most of the bacterial specific SSU proteins appear in the last few bands of 

the DSM. 

 

Figure 5.1 Intersubunit bridges of the E. coli ribosome. 

(a) Interface view of the 30S subunit (PDB: 2AVY); (b) Interface view of the 50S 

subunit (PDB: 2AW4). rRNAs are colored in gray and r-proteins in yellow. Bridges 

are labeled in red (involving rRNA) and purple (involving r-proteins). (Gao and 

Frank 2006) (Reprinted by permission from Macmillan Publishers Ltd: Nature 

Chemical Biology, copyright (2006)) 

 

Most of the inter-subunit bridges involve contacts with helices 23, 24 

(central domain) and helix 44 (3’ minor domain) in the 30S subunit side of E. 

coli, whereas from the 50S subunit, helices 64 and 67-71 (domain IV)(Moore 

2009) are involved (Supplementary Table 2). Based on the these ancient and 

conserved inter-subunit bridges, additional dependencies D5 set are mapped to 
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our rRNA module definitions for use in the   joint chronology DSM. The 

detailed results are presented in the following section of this chapter.  

5.2 Joint Chronology of the SSU and LSU  

Information within the crystal structure of the 23S and 16S E. coli 

ribosome subunits can be used to extract chronological information, revealing 

the processes of rRNA and r-protein accumulation for the two subunits, which 

have been treated separately. Subsequently, the goal of this study is to 

determine a plausible chronology for the entire E. coli ribosome from the 

available dependency information. The 60 rRNA module interactions, 30 LSU 

r-proteins in LSU as well as the 29 rRNA module interactions and the 20 SSU 

r-proteins in the SSU are combined together into joint DSM. From the 

assumption adopted in the Hybrid-LSU DSM and Banded-SSU DSM models, 

we apply the same principle of parsimony and assume the fixation of r-protein 

genes in the original proto-genome occurs immediately after the insertion of 

rRNA modules forming the complete protein binding crevice, but maintaining 

the order of rRNA events prior to the first LSU proteins. Hence, the joint 

model includes 59 23S rRNA insertion fragment dependencies as the D1L set, 

54 rRNA-rRNA interactions as D2L set, 131 r-protein-rRNA binding 

interfaces as D3L set from LSU. Simultaneously, 28 D1S dependencies, 17 D2S 

dependencies, 56 D3S dependencies and 10 protein-protein interactions as D4S 

set are applied. A total of 13 new undirected dependencies from the inter-

subunit interfaces were added as the D5 set. These dependencies are added 

across both sides of the diagonal in the DSM to indicate the lack of directional 

information. 
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The inter-subunit bridges were mapped to the rRNA module defined 

for the LSU and SSU.  These include modules r8 and r19 from the SSU, and 

modules 55, 22, 4 and 3 from the LSU. In addition to these RNA-RNA 

contacts, protein-protein interactions also appear as two distinct inter-subunit 

bridges, B1b and B1c, which are the connections between S13 and L5 r-

proteins. In that case, one additional inter-subunit connection is added to the 

D5 set, making a total of 13 undirected connections. The eight dependencies 

sets are plotted as binary marks in a single DSM, and no weighting is applied 

to the marks. From left to right, the small subunit was added first, followed by 

the large subunit.  
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Figure 5.2 DSM chronology 

of the entire E. coli 

ribosome. 

A: Merged input DSM 

structure for both SSU and 

LSU; B: DSM chronology 

after automatical sorting. The 

red line represents the 5S 

rRNA. Proteins columns are 

blue, with dark blue for the 

LSU, light blue for the SSU. 

rRNA columns are white with 

headers that are dark red for 

the LSU, light red for the 

SSU. Note that the automatic 

sorting interleaves the two 

chronologies. 

 



140 
 

 

Automatic DSM sorting was applied to the input matrix to optimize the 

modules order based on the dependencies, from which, the upper-triangular 

nature of the related DSM was maintained. The resulting sorted matrix 

grouped the inter-subunit dependencies together, and this effect can be seen in 

the DSMs before and after sorting as shown in Figure 5.2 where all the 

dependencies can be viewed.  

In Figure 5.2, all the r-proteins in the DSM are labeled in blue columns; 

light blue refers to r-proteins from SSU, whereas dark blue refers to r-proteins 

from LSU. In contrast, rRNA modules are in red color, where light red 

represents rRNA modules from SSU and dark red for rRNA modules from 

LSU. The same coloring method is used in the following models. Different 

from the hybrid or band model, there are some dependencies marking in the 

lower-triangular part, which stand for the D5 dependencies representing the 

inter-subunit interface. In addition, the, 5S rRNA contact dependencies are 

also included in the joint DSM, shown with the single red column.  

Obvious differences are obtained from the two DSMs. In the first DSM, 

the Banded model of SSU and the Hybrid model of LSU are simply imported 

into the DSM, maintaining their original chronological orders and placing the 

SSU left of the LSU. The 5S rRNA is one of the nucleic acid components of 

LSU, located in the central protuberance. It has been shown that 5S rRNA 

interacts with ribosomal structure via RNA-protein interaction of L5, L18, L25 

as well as one RNA-RNA interaction of an rRNA module proposed in the 

study. Therefore, the 5S rRNA should emerge in the middle of the chronology 

somewhere after the appearance of r-protein L25. The 5S rRNA red line is an 
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approximate indicator for a nearly complete LUCA ribosome structure as it is 

a feature common to all three kingdoms but with some divergence appearing 

after the gene was fixed in the ribosomal structure. After automatically sorting, 

the rRNA modules insertion are promoted to earlier time points and all the r-

proteins shift to the right, which refers to a later time point in the chronology 

when the binding crevice are already in place for a long time. This is owing to 

the nature of the sorting algorithm, which prefers clustering together across-

diagonal marks into tight groups, while marks with few dependencies are 

pushed to later positions without any other attempt at organization. So, in 

order to preserve the maximal upper-triangular form of the DSM, the 

interdependent dependencies are centralized by the sorting algorithm, keeping 

distances from the diagonal as near as possible. As a result case, rRNA 

modules forming the inter-subunit interface are inserted in a concentrated time 

period along the timeline. This time period arises in Figure 5.2B at an earlier 

stage, and in fact it is placed before the emergence of nearly all the r-proteins 

except for S20, L32, and L22c. Although S20 of SSU appears earlier from the 

auto-sorted DSM because of the insertion of RNA parts forming its binding 

crevice are complete, it proposed to stand in position later in the 5
th

 level in 

our band model for SSU. As protein S20 is located at the base of the body of 

SSU and its possible responsibilities of anchoring helix 44, we decided to 

make further manual adjustments to this automatically generated chronology 

so that S20 appears later in the timeline after the inter-subunit formation. 

After that, the order in the auto-sorted DSM was manually adjusted 

based on the corresponding functional relationship of the rRNA modules and 

proteins. The resulting DSM is showing in Figure 5.3, where all the r-proteins 
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are evenly widespread in the stages after the formation of the inter-subunit 

interface. The main differences from the auto-sorting DSM are demonstrated 

in the insertion of rRNA modules components for the interface as well as the 

origin of the ribosome. 

The manually adjusted S20 within the auto-sorted DSM was used to 

create an animation of the assembly structure progression. Based on careful 

examination of the interim animation, one could see that the automatic sorting 

left the progression of the structure in a lopsided and asymmetric state, 

possibly deviation from what might be exacted from an Onion-like model.   

Further adjustments were made to the DSM based on preserving a close 

grouping inter-subunit grouping where possible from the automatic analysis, 

but reorganizing the corresponding relationship of the rRNA modules and 

proteins based primarily on the prior Hybrid DSM LSU model and more 

carefully interleaving the SSU additions, which are not as well defined by 

dependencies. The initial animation also suggested that the SSU and LSU in 

the stages prior to the addition of the subunit interface modules might be 

docked together, which is discussed in a following segment.  
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Figure 5.3 Adjusted Final Joint chronology  

DSM for the entire E. coli ribosome. The triangle below the diagonal shows the part 

of the chronology that repositions the subunit interface, bounded on the left by the 

first two proteins L22c and L32, and on the right by the remaining r-proteins. This 

triangle is posited to represent the time period of fixation of the genetic code.  The red 

line represents the 5S subunit and is in the chronological neighborhood of the 

structural form of the ribosome of the LUCA. 
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The final manually adjusted joint DSM is shown in Figure 5.3, where 

all the r-proteins are evenly spread out in the stages after the formation of the 

inter-subunit interface. The main differences between the manual and auto-

sorted DSM are demonstrated in the insertion of rRNA modules components 

for the interface, and in the re-introduction of the proteins-earliest ordering of 

the Hybrid model downstream of the interface, together with a more careful 

interleaving of the SSU additions from the Banded model evenly across the 

columns of the Hybrid LSU model.  In the resulting DSM we have a 

ribosomal build up chronology that ultimately produces a model where the 

two halves of the ribosome co-evolve in the same timeframe starting from an 

RNA only set of simple proto-subunits. 

Considering the rather early formation of the inter-subunit interface, 

rRNA modules that comprise this interface should insert into the central 

structure of the ribosome at an early stage. In our final joint chronology, 

columns are grouped together where common insert dependencies are located, 

and interdependent markers for the inter-subunit interface are positioned in the 

left corner. From the mixture of 13 interdependencies, 9 bridge connections 

are included in the clustered region, while three protein-rRNA based bridges, 

B1a, B7b and B8 (Supplementary Table 2) are placed after this cluster in 

chronological order. Within the 9 clustered bridging interactions, 8 are the 

RNA-RNA connection bridges and only one (B1b) is composed from protein-

protein interaction between S13 and L5. This ordering is consistent with the 

emergence of r-proteins should appear after L22c as in the Hybrid LSU model. 

Notably the two protein binding interfaces that appear before the subunit 

interface are the small binding pockets for L32 and L22c, and in the final joint 
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DSM, all the full-sized protein binding sites appear after the initial formation 

of the subunit interface. This is one of the most interesting results of the 

chronology, to be discussed in a following section. 

Aside from the DSMs we can also treat the evolution of the two 

ribosomal subunits as independent domains, where the two DSMs can be 

mapped into a Domain Mapping Matrix (DMM) with the only relationship 

placed on the DMM arising from the inter-subunit bridges. By using a spring 

model, one can allow the DMM and two DSMs to self-organize into a 2D 

visualization of ribosomal module organization, as is shown in Figure 5.5. 

Each rectangle represents one unit, connecting through dependencies shown as 

Figure 5.4 Domain mapping graph of the two subunits.  
rRNA module and r-protein unit relationships from the DMM, where inter-subunit 

interactions are labeled in red lines. Blue: LSU; Green: SSU.  
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lines. From the given modules and proteins, no reference was considered and 

no weights were added to the dependencies in each DSM. Figure 5.5 clearly 

shows the PTC, r29 and r23 cores, which are central and are easily 

distinguished with radial conformations. Such spoke like structures 

demonstrate the probable core modules, where multiple complex additions 

accumulated. The visualization helps confirm the essential status of these core 

rRNA modules relative to one another. Comparing with the high-resolution 

structure of E. coli ribosome, the schematic sketch of each subunit is well 

matched, where the iconic periphery proteins are well presented, such as the 

L11 and the L29 complexes. The correspondence of this 2D figure with the 

ribosome’s 3D structure further supports that our dependency information 

from the structures in the DSMs is accurate. 

In the previous sections, a PTC core origin from the Hybrid DSM LSU 

model and an independent r29 and r23 module pair from the Banded DSM 

SSU model were proposed. The same phenomenon happens in the joint 

chronology, where rRNA modules for three separately cores inserted 

continually and alternately until the completion of the inter-subunit interface. 

While r23 is without a central function, we posit that r29 fulfilled the SSU role 

in the earliest form of the proto-ribosome. The resulting chronology also is 

noteworthy in that it offers a potential 3D structural model of the smallest 

functional proto-ribosome. A two core origin model for E. coli ribosome is 

proposed by this result, in which the PTC and r29 RNA structures are present 

as a functional couple at the same period in time, and that this is beginning 

form for the start of ribosomal protein synthesis.  A variation of this model 

would have a larger proto-SSU comprising r29 joined to r23, or r23 co-
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evolving with the two other components with some other function, to be co-

opted into the proto-ribosome at an early stage before the subunit interface 

formation. Evolutionary inserts into these three fragments of the three 

branches proceed independently until the insertion of rRNA components 

forming the subunit interface allowing the additional modules to the PTC and 

r29 cores to fit together to additional sub-structure, arising from r23.  

Based on this two-core model, rRNA modules and r-proteins from 

SSU are interleaved into the hybrid DSM of LSU in the later stage taking 

advantage of the achievement of the interface, yet maintaining their Banded 

ordering. A large number of alterative orders can be obtained from this joint 

chronology, especially within each evolutionary stage; however, this particular 

chronology offers the upper time point of each rRNA modules and r-proteins 

in the timeline following the parsimony assumption and it is consistent with 

the Onion-like model.  Alternative suboptimal DSM orders may retain the 

simple upper triangular optimization, and we have examined many of these. 

They are largely rejected for not achieving as good a match to the parsimony 

assumption about protein fixation, or to the radial pattern of variation of the 

Onion-like model as judged by the animation of the process. Thus the final 

Joint DSM we present is likely to be the most satisfactory answer to the 

chronology problem that can be obtained with DSM and the dependencies we 

have at hand.    
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5.3 Discussion of the Joint Chronology of the E. coli 

ribosome  

On the basis of the constructing of the hybrid model from E. coli LSU 

and band model from E. coli SSU, we used information from the subunit 

interface and a more automated DSM approach to produce the joint 

chronology for the entire E. coli ribosome. Aside from the seven dependencies 

sets from the two chronological models, we add one more undirected inter-

subunit interface dependency set into the joint DSM. While numerous possible 

minor paths can be obtained other than the order we proposed, it does contain 

robust information where rRNA modules and r-proteins in the major periods 

of the evolution are inferred.  

After auto-sorting process, the units in the DSM are arranged 

according to the dependencies adapted in the model. The early appearance of 

r-protein S20 seems to be a glaring view. S20 is one of the primary assembly 

proteins that bind directly to the SSU during subunit assembly. The high-

resolution structural studies placed S20 at the bottom of the body of the SSU, 

where it binds to several helices, for example helix 44, of the 16S rRNA 

(Tobin, Mandava et al. 2010). Interestingly, it has been proposed that protein 

S20 is responsible for anchoring helix 44, which forms four main inter-subunit 

bridges, supporting optimal subunit association. Removal of S20 confers a 

serious deduction of the functionally active 70S ribosomes and then a lower 

rate of translation via the reduction in the rate of mRNA binding (Tobin, 

Mandava et al. 2010). From the view of the location of S20, it is apparently far 

from the site of mRNA interaction in modern ribosome. A possible 

explanation on how S20 takes the responsibility in the initiation of protein 
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synthesis is the correct positioning of helix 44 by S20, which is the main 

component stretching from the A- and P-site of 16S rRNA. Therefore, the 

appearance of S20 would be accompanied with rRNA module r14 in our 

chronological model, which refers to the helix 44 in SSU. Although we mainly 

discussed the protein S20 because of its position in the auto-sorted DSM, other 

r-proteins are also examined in our study. Due to the function of the protein 

S20 as well as the protein origin theory of L32 and L22c we mentioned in the 

hybrid-model, it is instructive to adjust the emergence of the r-proteins in a 

later time period in the joint chronology. 

In the joint DSM, one fascinating result focuses on the inter-subunit 

interface formation period. Within the 13 dependencies, 9 out of 12 inter-

subunit bridges are included except for B1a, B7b and B8 bridges 

(Supplementary Table 2), which consist of protein-rRNA interactions. Among 

the 3 inter-subunit bridges, proteins S19, L2, L5 and L14 are seen to be 

involved specifically. According to the dynamic studies of the ribosome 

during translation, the small and large subunits undergo a relative ratchet-like 

motion, coupled with translocation of tRNA and mRNA. The behavior of the 

bridges subjected to the dynamic movement can be separated into two types, 

stable and dynamic. All the RNA-RNA bridges remain stable and only small 

local rearrangement as the large scale ratchet-like movement between SSU 

and LSU; however, those bridges involving proteins perform quite different, 

especially B1b bridge which formed by S13 and L5. Large scale protein-

protein inter-subunit movement is observed, likely playing the essential role of 

regulating the ribosome during translocation (Rodnina, Daviter et al. 2002). 

Experiments have proved the underlying mechanism lies in the mRNA-tRNA-
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ribosome complex structural dynamic rather than GTP hydrolysis (Horan and 

Noller 2007). Implicit in this mechanism was the suggestions of the returning 

forces from the central bridges consist of RNA framework, which can 

maintain the stability of the 70S ribosomal structure. The importance of the 

RNA-RNA bridges has been addressed, which predict a preferential status in 

the evolutionary timeline predate the emergence of r-proteins and even before 

the completion of the translational function core in the ribosome. Interestingly, 

previous comparisons between E. coli and T. thermophilus discovered a 

difference in the connections between S13 and L5, where a distinct B1c bridge 

was proposed in E. coli, but absent in T. thermophilus (Gao, Sengupta et al. 

2003). 

Another exciting hypothesis arises from this picture of the origin of the 

ribosome. Rather than the normal debate between the priority of SSU and LSU, 

a concomitant origin is supported by these results. Although the evolutionary 

order is presented in the joint chronology with rRNA modules from SSU and 

LSU inserted in an alternating manner, and the animation results show the 

globular form of the ribosome is consistent at each stage with a concomitant 

process.  
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 Animation of the ribosomal evolution Chapter 6

While the origin of life is a broad interest topic to the public, biologists, 

and biochemists always seem constrained with methods to explain biological 

processes, such as the molecular behaviour of proteins and nucleic acids in 

time and space. In publications and presentations, blockish and simplistic 

representations of molecular interactions are most often used, which not only 

lack structure accuracy and details, but also lack the visualization of the 

dynamic nature of the system. Molecular animation is a method that can 

challenge these simplistic repetitions being simulated, providing plenty of 

information about the shapes, the scales as well as the roles they play within 

the biological system.  

6.1 Visualization of the joint chronology model   

After collecting the modules 

and proteins insertion order from 

the final ribosomal Joint 

chronology DSM, animations are 

made of each rRNA modules and r-

proteins, showing the 

reconstruction process following 

the order we get from the DSM 

results. While this cannot be 

considered an accurate animation of 

ribosomal evolution, it is a time-compressed yet dynamic view that allows us 

to see how the proto-ribosome shape changes over time from the beginning to 

Figure 6.1 Top view of the 3D ribosomal 

surface structure using Autodesk Maya. 

Modules are labeled with different colors 

according to the Joint Chronology. 
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the end of the chronology. The animation of the ribosomal evolution, the 

assembly process of the ribosome can also be superimposed along the thermal 

and electrochemical gradients in a dissipative environment in the 

hydrothermal vent pores. Thermal cycling and convection currents in the pores 

may provide key thermodynamic escape mechanisms from RNA structure 

trapped at a single temperature. 

The atomic structures of numerous molecules in the ribosome of E. 

coli, both LSU (PDB: 2AW4) and SSU (PDB: 2AVY), have been solved and 

are freely available for download from the Protein Data Bank (PDB), which is 

a publicly accessible database. The molecules are then easily viewed and the 

surface structures are imported into MAYA by using UCSF Chimera, which is 

one of the freely available PDB viewers. By coloring with different colors 

according to the color schemes shown in Figure 3.5 and 4.5, each modules and 

proteins can be easily differentiated and manipulated (Figure 6.1). Four 

separate animations were developed over the course of the project depicting 

first the initial LSU DSM for the “proteins-earliest” model, and then the 

chronology from the LSU Hybrid-DSM, then the auto sorted joint chronology, 

and finally the manually adjusted joint chronology. Each of these provided 

critical views of the process, transforming the symbolic representation of the 

DSM into three-dimensional shape. The latter animation is presented in this 

section, and is available at ftp://ftp.blueprint.org/pub/ribosome. 

When creating the animation for illustrating the evolutionary steps of 

forming the E. coli ribosome and reconstructing the chronology in 3D; it is 

often difficult to balance scientific accuracy, illustration clarity and aesthetic 

judgment. In order to depict the dynamic start order, firstly, we should strictly 
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design the insertion sequence of rRNA modules as well as the appearance of 

the r-proteins according to the experimental results from the validated joint 

chronology DSM (Figure 5.3). Secondly, to aid in visualization, the 

presentation of modules and their incoming moving path in space and time is 

important, and was carefully refined so that individual module events could be 

visualized for all stages (Figure 6.2).  

In Figure 6.2, 8 captures from the animation of the evolutionary 

insertion of the ribosome are recorded, where gradient colors from red to blue 

represents the corresponding rRNA modules from LSU and SSU, other colors 

like green and yellow are labeled for r-proteins. In Maya, we set the real time 

play speed into 24 frames per second and 50 frames from the emergence to the 

correct binding position for each unit. The entire structure is rotated 360 

degree every 50 frames. Several key events along the evolutionary timeline are 

shown in these still frames. The first and the second frames represent the 

three-core system theory for the origin of the ribosome, in which, PTC (white), 

r29 and r23 (red) exist independently, followed by the first RNA-RNA 

interaction between PTC and r29 as developed in the proto-ribosome docking 

model described in the following section. This docking bridges the distance 

between these modules from their original positions in the crystal structures 

and prepares the binding platform for the appearance of the proto-mini-tRNA 

and mRNA, which are not shown in the animation, but are illustrated in the 

next section. Along with the insertion of rRNA modules, modules from r23 

branches add to the core structure, preparing for the insertion of module r14, 

which contains the longest helix 44 (Figure 6.2).   
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The next milestone is one of the most important stages in the 

evolutionary path: the separation of the modules evolved from PTC branch 

and r29 branch that occurs as a result of the early build-up of the subunit 

interface. In order to show the separation of the two branches (r29 and PTC) 

of rRNA modules clearly, all the existence units are set to transparent along 

the time period when it happens to separate to form the inter-subunit interface. 

After the rRNA modules fix in place, the number of r-proteins added 

increases dramatically matching the pace of insertions of rRNA modules. This 

process continues until all the rRNA modules and r-proteins that exist in the 

crystal structure of the modern E. coli ribosome, have settled into their 

positions. In the last two frames, the completed ribosomal structures are 

shown in two different angles with the standard L1 protrusion in yellow. The 

white arrow points to the location of the nascent polypeptide exit tunnel. In 

order to perfect our animation, we also consider the biological background for 

the evolution, the hydrothermal vent fields and their pore channel systems, 

which we have discussed before.   
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Figure 6.2 Animation frames of insertion steps and chronological milestones.  

Insertion steps of rRNA modules and r-proteins through the ribosomal evolution as 

represented in the Final Joint DSM chronology. 
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6.2 Hydrothermal Vent system background 

The model of the hydrothermal vent shape has been made using a scale 

models approach rather than building a digital model. In addition one cross-

section model was constructed to show the elongated hydrothermal pore 

systems (Figure 6.3) for the conceptual background environment for the 

ribosomal build-up animation. Green color as a chroma-key has been painted 

in each gracile tube in the section model for further video editing, with which, 

it would be easier to remove the color from the video clip, and fills in the 

empty space with the digital animation produced by the Maya rendering of the 

ribosome build-up animation. The hydrothermal pore systems are depicted for 

reasons explained in the first section of the thesis, as they provide for 

encapsulation and an extreme accumulation of molecules of a high 

concentration of nucleotides suitable for the process of natural selection in the 

build-up model. This vent pore environment is provided as context describing 

Figure 6.3 Hydrothermal vent model.  

(A) Graceful, 10-m-tall, actively venting carbonate chimney growing directly out of a 

serpentinite cliff on the eastern side of the field. (Kelley, Karson et al. 2005)(B) The 

hydrothermal vent model we have made. (C) Actual section sample of the vent. (ibid) (D) 

Model of a close-up section shows in (A), highlighting the chroma-key green 

hydrothermal vent pore systems (A,C,Reprinted with permission from AAAS) 
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a realistic potential environment in which this transformation from proto-

ribosome to LUCA ribosome may have occurred.  

6.3 Animation of the joint chronology of the ribosome  

In addition to the draft animation for the E. coli ribosome based on the 

chronology exported from joint 

chronology DSM, we record two 

pieces of video for the hydrothermal 

vent architecture. The first one 

captures the entire structure of the 

hydrothermal vent in a 360˚ 

recording with a green-Chroma key 

backdrop. Another piece of video is 

recorded with a camera for the channel system in detail, especially focusing on 

the close-up of one standard channel. The Maya animation draft and the 

hydrothermal vent videos of the scale models are superimposed using Final 

Cut Pro post-production video editing software to provide the aesthetic 

qualities of a realistic scale background environment setting. In addition to our 

own validation of chronological processes as proposed by various DSM 

constructs, these molecular animations allow us to  share an image of our joint 

chronology of the ribosome within the  environment for the origin of life that 

we and others before us have proposed.  

6.4 Discussion of the Animation Process 

When creating the chronology animation of the ribosome build up, it 

was difficult to balance the molecular structural accuracy, the evolutionary 

Figure 6.4 Movie capture. 

One capture from the animation of the 

ribosomal evolution. 
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process clarity and the scale of the time period. The most challenging issues 

were in the presentation and dynamically motion of the large number of rRNA 

modules and r-proteins in each step in the chronology. The animations 

therefore only depict the build-up process without indicating the proto-genome 

or the protein or RNA replication processes that would be necessarily present 

in a true simulation of the process.  

The early challenge in animating the ribosome build up was in 

obtaining Maya surfaces representing the correct 3D structures of all the 

rRNA modules and protein. In addition, each structural unit had to be 

presented in a manner that it could be clearly seen upon insertion while the 

ribosome 3D structure is moving and rotating. This led to a complex path 

equation system that was developed to present insertion units alternation from 

the left and right sides of the frame. Each unit needs to rotate and transform 

laterally to dock onto the assembled ribosome substructure. The surface 

structures were chosen, rather than ribbon or atom structures for each 

molecule in order to get succinct and clear frames, and to allow for efficient 

rendering of the complex scene. Each surface structure can rotate to depict a 

sense of the movement within the rotating convection currents present in the 

hydrothermal vent pore.  

Another difficulty lies in the accurately depicting of the units’ scales 

both in space and time. Considering the size of the hydrothermal vent channel, 

the radius is around10
-7

 to 10
-3

 meters, the length of the pore is 0.005 meter in 

average and the volume of each pore would be around 10
-15

 to 10
-9

 cubic meter. 

Comparing to the atoms on an Angstrom (10
-10

 meter) scale and ribosomes on 

a nanometer (20 x 10
-9

 meters) scale, the use of the zoom in animation while 
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keeping some edges of the pore channel as reference seems to be an effective 

way  to represent deal with the scale differences at the pore and molecular 

level. In addition, a numbers of small bubbles were placed in the animation to 

allow the viewer to get a sense of the thermal convection cycle stream inside 

the channel. A larger number of bubbles appear in the higher temperature half 

and small number of bubbles in the lower temperature range. In our joint 

chronology DSM, we did not include any calibration of time for the entire 

process, but the animation may depict as much as 1 billion years of 

evolutionary time up to the formation of the E. coli ribosome. The transition 

from hydrothermal vent to E. coli is not indicated in the animation. As such, 

the interval time period between the appearances of each unit has no exact 

correspondence to geological time; it merely displays the chronology order in 

the evolutionary path. The question of matching this chronology to an 

evolutionary time scale is currently being addressed by Dr. Hogue and is 

beyond the scope of this thesis.  

Although the animation is a draft presentation, there are a number of 

possible tools and data files that have been made that may be useful for 

presenting our scientific results to the public. As one of the aspect towards 

explaining the origin of life, this animation can help address the biological 

problems on how evolution occurs at the level of RNA world and the origin of 

the ribosome. It is also a fundamental concept in understanding the central 

biological process from RNA all the way to proteins. 
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 The Structure of the Simplest Proto-Chapter 7

Ribosome 

After constructing a consensus chronology for the entire E. coli 

ribosome, we noticed that the origin of the ribosome is still a confusing topic 

as regards the starting structure of the LSU and SSU. After identifying r29 as 

the logical core pair of the PTC, we can consider how the proto-ribosome 

structure may have appeared prior to the build-up of the subunit interface. In 

the early time period of the joint chronology, an alternative insertion step is 

proposed, which leads to a possible original theory for the ribosome, called 

three-core system. In this section, a description of this proposed theory is 

presented with a small discussion on it. 

7.1 Three cores  

The idea of the three-core origin theory is coming from the rRNA 

insertion sequence in the early time period of the joint chronology of the E. 

coli ribosome. Three cores refer to the three evolutionary branches staring 

from r29, PTC and r23, which play essential roles in the assembly of the 

ribosome structurally and functionally. 

Among these three rRNA modules, PTC is the major part in the 

domain V of LSU, whereas r29 and r23 belong to SSU. As the PTC is 

composed of only RNA, where peptide bond formation occurs, it is believed 

that PTC appears first from the evolutionary standpoint in many studies. The 

PTC is formed from duplication of an L-shaped RNA unit to a pocket-like 

symmetrical RNA dimer structure and the L-shaped RNA is similar in size to 
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tRNA, which further suggests that proto-tRNA was produced also from 

duplication of the mini-helix-like RNA structures. Such L-shaped structure 

takes responsibilities in the recognition of the protein factors in ribosomal 

cycle. In this sense, it is plausible that the mini-tRNA-like structure is a 

primordial one predating both proto-PTC and proto-tRNA, whereas the PTC is 

the result from the evolution of such proto-tRNA molecules that may have 

been in place in the early evolution of the ribosome. (Tamura 2011) 

On the other hand for the two rRNA modules in the SSU, r29 falls into 

3’ –major domain and r23 contains the central helix in the 5’ domain. From 

this organization, it is obvious that the two modules in the two domains move 

relative to one another when processing the translation from nucleotide chains 

to amino acid sequence in modern ribosomes. In the Banded DSM model of 

the SSU, we have already discussed the roles of the two modules in the 

ribosome, where r29 is known to be highly flexible with the segment that base 

pairs to the Shine Dalgarno sequence of mRNA. The other r23 evolving 

independently of module r29 forms the shoulder that supports the formation of 

many inter-subunit bridges from helix 44. Considering that the majority of the 

SSU functional ‘decoding center’ is located in r29, we propose that r29 is the 

functionally ancient core of the ribosomal structure, whereas r23 in the 5’ 

domain as a relatively independent module may have originated at any time 

before the inter-subunit interface formed. Modules belong to the r23 branch of 

the structure may insert into the core structure later.  

In attempt to deduce the function of the pre-translational process, 

several factors should take into account, as listed by Zenkin: (Zenkin 2012):  



162 
 

1. It should take essential parts in the primordial RNA systems, especially 

at the very early stages, and not to be eliminated in the following 

natural selection. 

2. It must have evolved from a primitive system in small steps and 

distinct selective advantages should be conferred.  

3. The rRNA modules must be acquired for the basic functions in the 

modern translation machinery.  

4. It is conceivable that both of the PTC and r29 were required as core 

subunits of the SSU and LSU in order for the genetic code to become 

fixed, as sub-functionalizations of the two subunits are retained in 

modern translation. 

Two members of our three cores well fit this idea; the PTC and r29 are 

the clear functional cores in each subunit. It is plausible that the ancient 

peptide bond formation happens in the bare PTC module and the decoding part 

was performed by the bare r29 module, although other RNA factors cannot be 

ruled out. According to the evolutionary process of the PTC, it is obvious that 

the L-shaped structures are essential in the peptidyl bond formation and the 

following peptidyl-transferase. Accordingly, the PTC would bind to the 

acceptor stems of the tRNA and r29 would binds to mRNA via recognition of 

the Shine-Dalgarno sequence and the anticodon hairpins of tRNA. A proto-

ribosome pre-translational system may thus be facilitated by the functional 

core of both PTC in LSU and r29 in SSU. From molecular docking (RNAup) 

using the coordinates of each atom in the two rRNA modules, several possible 

conformations of the PTC and r29 interaction have been produced (Figure 7.1). 

Based on this result, we consider the possibility that the PTC and r29 may in 
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fact form a proto-ribosome complex, bind together and supplying the 

sufficient space for the mRNA and the proto-tRNA. As the proto-tRNA is 

almost half size of the modern tRNA, and it has the anticodon and amino acid 

acceptor bases within a 6-nucleotide segment, their distance is minimal. This 

imposes an important distance constraint on the proto-ribosome that has not 

been identified in the literature: i.e. a much closer distance is required for the 

PTC and anticodon binding active areas in the early mini-tRNA compatible 

proto-ribosome than in a modern full-tRNA compatible ribosome. Importantly 

the docked r29-PTC proto-ribosome structure shown in Fig. 7.1 satisfies a 

mini-tRNA anticodon-acceptor stem proximity constraint, and the chronology 

offers an explanation of the transitional forms from mini-tRNA to full-tRNA 

compatible proto-ribosomes based on sequential addition of rRNA modules. 

Based on the concomitant origin hypothesis of the ribosome presented 

in the final Joint DSM, a hypothetical model for this r29-PTC proto-ribosome 

system is presented (Figure 7.2) as the simplest form that may possibly 

accommodate protein synthesis. Here the r23 core is omitted due to its 

independent evolution path from the other domains in the SSU. This model 

proto-ribosome structure offers further insight when one considers the well-

developed evolutionary implications of a transition from mini-tRNA 

molecules to full length ones(Di Giulio 2004). It is clear from this structure 

that it could accommodate the necessarily short distance between anticodon 

and acceptor stem, which would be in six contiguous nucleotides in the 

ancient mini-tRNA structure proposed by Di Giulio. This distance is much 

wider in the ribosome after the inter-subunit modules appear. 
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When the rRNA modules for the inter-subunit interface insert into the 

core structures as shown by the DSM elucidated chronology, the two subunits 

would   would split apart, providing the extra space required for the further 

formation of the inter-subunit bridges and accommodating the anticodon-

acceptor stem distance of full-length tRNAs. This process is illustrated in the 

Maya animation and appears to be capable of being an event that takes place 

in a single evolutionary transition. Thus the formation of the inter-subunit 

region represents a structural milestone indicating the compatibility of the 

evolving proto-ribosome structure with the binding of full-length tRNAs.    

Figure 7.1 Docking trials of r29 and PTC.   
Light blue: r29; Dark blue: PTC.  (a) r29 with mRNA and tRNA contacting 

nucleotides highlighted. (b) PTC with active site residues highlighted. (c) Maya 

surface model of r29 with active sites in red. (d) Maya surface model of PTC with 

active sites colored yellow and green. (Belousoff, Davidovich et al.) Views of the 

docking of r29 and PTC showing how the active site nucleotides can combine in 

close proximity with spacing that may accommodate mRNA and mini-tRNA 

molecules. 

  



165 
 

 

 

  

Figure 7.2 Model of Proposed r29-PTC Proto-ribosome system. 
Purple: r29; orange: PTC. A model of an mRNA in yellow traps around r29 with three 

proto-tRNA presented in red at scale. This model was created in Maya and is an artistic 

rendering of the system. 
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7.2 Discussion of the Proposed r29-PTC Proto-

ribosome Model 

In this study, we have established a concomitant theory for the origin 

of the proto-ribosome with a model involving a docking of the r29 and PTC 

modules as the originating functional cores of the SSU and LSU. This 

theoretical proto-ribosome structure provides an origin scenario for the 

evolution of the ribosome from the paired combination of r29 and PTC 

functional cores, and the proposed structure is consistent with the distance 

constraints required for an origin of protein synthesis from mini-tRNA 

molecules, half the size of the modern tRNAs with juxtaposed anticodons and 

amino acid acceptor ends. This structure is also compatible with the 

biochemical result showing that anticodon stem-loops of the tRNA can 

specifically connect to the SSU, recognizing the codons on the mRNA. The 

principal idea of this hypothesis is that the proto-ribosome could have 

emerged with some kind of catalytic activities related to or leading towards 

protein synthesis far before the maturity of the ribosome and the emergence of 

full-length tRNA molecules. 

If the ability to melt structures in an RNA molecule is one of the 

important properties in the translational process, this proto-ribosome may have 

possessed a helicase property as it functions on various RNAs with extensive 

secondary or tertiary structures. This idea is supported by the study of Takyar 

and co-workers, in which the helicase activity is shown to involve RNA parts 

of the ribosome independent of translational factors (Takyar, Hickerson et al. 

2005). Because of the decrease of the free energy in the system, synthesis of a 

complementary strand is the thermodynamically favorable process. In order to 
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start a new round of replication, it seems that the hypothetical RNA replicase 

would be accompanied with helicase activity to provide a single-stranded form 

of RNA for further replication. This indicates that an RNA-based helicase was 

a functional requirement in the RNA world and the proto-ribosome structure 

may have, functioned as an RNA helicase or been the structural basis for a 

templating, ratcheting RNA replicase. The requirement to unwind structured 

RNA and replicate RNA may have been a part of the original function of the 

r29 core prior to its mating to the PTC.  

To validate the functions of this model will require some deliberate 

biochemical experimentation, and this could be difficult without replicating 

the physicochemical environment of the vent pore at the laboratory benchtop. 

It is hoped that this model and the three-core origin theory provides a starting 

point for experimental efforts to reconstruct the conditions and biochemistry 

that may have been present at the interface between the RNA world and the 

origin of ribosomal protein synthesis.   

Though many of the sequences, structures and their original functions 

of the rRNA and any accompanying functional mini-tRNAs and early r-

proteins are presumably lost during the course of evolution, it is promising 

that so much early rRNA structures are maintained and conserved in the 

modern ribosome. In addition to experiments, other computational techniques, 

such as Molecular Dynamics and 3D structure prediction, can be applied to 

this proto-ribosome model.  
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 Conclusion and Future Research Chapter 8

This chapter examines the chronological model of the ribosome, and 

the proto-ribosome model presented in this thesis and suggests the possible 

research for future work. The summaries of the respective sub-topics 

discussed in the preceding chapters are integrated to give a plausible 

chronology for the evolution of the ribosome. 

The primary objective of this study was to investigate the possible 

evolutionary path of the ribosome in order to supply a plausible theory for the 

origin of life billions of years ago. The fundamental contribution is that the 

hierarchical model proposed by Bokov and Steinberg (2009) was transformed 

into a more discrete path model that is more readily tested with experiments. 

The engineering methodology used, the Design Structure Matrix, offers a new 

approach to the problem. It allows us to include not only the rRNA 

information but also rRNA-protein interaction maps, providing more 

information integration and providing a clearer representation of the plausible 

chronology.  

The detailed chronological model of the E.coli ribosome was 

sufficiently defined for both the LSU and SSU of the ribosome, including the 

rRNAs and r-proteins simultaneously, for novel observations. The “protein-

earliest” model of the LSU of the E.coli ribosome theoretically supports the 

conclusion that Domain V of the LSU, which contains the PTC, appears early 

as proposed by the inter-domain rRNA contacts and the A-minor 

interactions(Fournier and Gogarten 2007). This result is generally consistent 

with the A-minor interaction maps reported by Bokov & Steinberg (2009), but 



169 
 

in sharp contrast with their hierarchical model, in which PTC appears at last. 

However, the comparison between our “protein-earliest” model and the 

reverse evolution ribosomes highlighted a superior match for the early stages 

of the Bokov & Steinberg model, which indicates that the early large subunit 

chronology model is a better fit by a protein-free assumption. This superiority 

is mainly because the early stage of the protein-free model is chosen on the 

basis of apparent ribosomal rRNA stability, rather than on the presence of 

parsimonious binding crevices. Thus, a “protein-late” chronology, refers to 

hybrid model, was constructed with an 8-stage proto-ribosome and following 

with the appearance of the r-protein--L22, which is highly conserved and 

interacting with 23S rRNA through a beta-paired segment. This hybrid 

chronology opens a window of time for the fixation of the genetic code. 

Based on the idea of the rRNA hierarchical insertion procedures, a 

Banded DSM model was created for the SSU of E.coli ribosome. Eight stages 

are defined; however a small number of paths were still difficult to resolve, 

due to the lack of sufficient dependencies, which makes it impossible to obtain 

one optimal resolved DSM chronology. In interpreting the results, the first 

band of the rRNA modules in the model has a major implication that the 

decoding functional domain encapsulated in r29 should appear earlier than 

other domains. This result is important as it points to functional conservation 

in the ribosome from its origin.  

The entire chronological model resulting from the Final joint 

Chronology DSM was obtained after combining both the hybrid model and 

“band” model of the two subunits. The initial rRNA modules are taken evenly 

from all domains of both SSU and LSU, while the decoding center and the 
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PTC are largely filled out. Subsequently, a period is observed where the 

interaction interface formation appears. This result has shown the possibility 

of the interaction of the two subunits at the very beginning and a mini-tRNA 

based protein synthesis, and later, a separation between the two subunits 

appears in order to form the space required for the larger full length tRNA. 

The first two rRNA modules are r29 of SSU and PTC, but it may be that the 

r29 functionality appeared first in the context of some RNA processing 

function such as transcription or helicase activity in the RNA world. This is 

consistent with the conclusion that SSU predates LSU in the time line 

(Caetano-Anolles 2002). By using the entire chronological model, we can look 

into the very beginning of the origin of the ribosome: both the details of the 

proto-ribosome and the first originated r-protein as well. 

It should be noted that the chronological models presented above have 

some limitations. Firstly, the earlier recognition of the hierarchical process of 

the modular rRNA build-up model based on the modern ribosomal structure is 

the key assumption in our analysis. Taking the first trial using the engineering 

method—DSM, the chronological order only considers the simple hierarchical 

insertions based on the modular rRNA build-up assumption. It does not take 

into account the fact that natural selection like insertion, exchange and loss 

may happen all the time. Consequently, the large number of the suboptimal 

paths in the SSU “band” model, due to the lack of sufficient dependencies, 

must be considered.  Details within individual bands cannot be interpreted as 

modules in each band are likely to appear in the same time period.  

Further research is needed to extend the dependences information for 

the “band” model of the SSU and reduce the possible evolutional paths to 
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obtain better models. A possible strategy to explore is to bring in more 

evolutionary information from other ribosomes among the three domains of 

life as well as the corresponding molecules in the translational process. This 

strategy depends on more high-resolution ribosome structures. Furthermore, 

other experimental assays can also be used to examine these ribosomal 

models, like in-vivo assembly and protein synthesis assays. It is likely that the 

further sequence and computational comparison using: 1) rRNA multiple 

sequence and structure alignments, 2) rRNA bases and proteins interactions, 3) 

protein alignment with domain-specific block structure over the chronology 

models of the different species may possibly provide interesting results. 

Considering the natural structure and strategy embedded inside the DSM 

software, new algorithms that further optimize the automated upper triangular 

matrix are needed to fulfill the evolution and biological problems.  

In summary, we have successfully constructed a consistent chronology 

of the E. coli ribosome using the engineering methodology. Based on the 

significant discoveries embedded in the chronology model, a simple two-

subunit proto-ribosome model is proposed for the origin of the ribosome and 

protein synthesis. 
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Appendices 

Supplementary Table 1: Boundaries of rRNA modules in 

SSU/LSU 

The crystal structure used for LSU (PDB: 2AW4) and SSU (PDB: 2AVY) are 

downloaded from Protein Data Bank (http://www.rcsb.org/pdb). The 

boundaries of the 60 rRNA modules in LSU and 29 rRNA modules in SSU are 

presented here, including 5 ribosomal proteins that are divided into two 

segments. The number of the first and the last nucleotides is provided. 

According to the criteria used by Bokov and Steinberg, each rRNA module is 

considered as an individual double helix or an arrangement of stacked 

nucleotides according to the A-minor interactions. The boundaries of each 

module is arranged to make a close position of the 5’ and 3’ termini to each 

other. All RNA-protein and protein-protein distances were computed using the 

protein visualization software Rasmol and command line queries, with results 

captured into text files for further analysis. 

Supplementary Table 2: Inter-subunit bridges 

The inter-subunit bridges are listed according to Gao et al, 2003(2003). The 

constituent components of the two subunits from the T. thermophilus ribosome 

are shown. For each bridge, there exists a counterpart in the E. coli structure. 

Corresponding numbers in the E. coli are expanded with the description in the 

study of Gabashvili et al. The locations of each bridge in the two subunits 

from our models are listed as well.  

 

 

http://www.rcsb.org/pdb
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Supplementary Information 3: Manual DSM adjustments 

The following steps are the record of how manual decisions are overlaid on 

the DSM process. 

1. Transferring the hierarchical model of Bokov and Steinberg into a 

plausible chronological DSM (PEM). The original LSU DSM 

dependencies are taken from the work from the Bokov & Steinberg 

model. Similar criteria are used in the construction of the SSU PEM 

with the help of a set of Perl script in deciding the rRNA insertion 

steps and rRNA-protein binding sites.  The automated DSM is 

abandoned as the automated DSM is only upper-triangular matrix and 

there is not any further algorithm embedded in the software can find 

the biological boundary path with proteins earliest. 

2. LSU PEM to HybridDSM  

Adjustment Units Move Left Move Right Reasons 

1 48 After 57  8 modules 

2 45 After 48  8 modules 

3 55 After 45  8 modules 

4 56 After 55  8 modules 

5 53 After 56  8 modules 

6 L22c  After 8 
modules 

The first protein with β-strand pair structure 

7 37, 31  After L22c Binding crevice for L32 

8 L32  After L22c The second protein with α-helix structure 

9 18, 51 After L32  Binding crevice for L22e 

10 L22e After 51  Composite of L22 

11 L3  After L22 After the basic a/b structure and binding 
crevice is formed 

12 L14  After 22 After the basic a/b structure and protein-
rRNA contraint 

Units: include rRNA modules and r-proteins  

3. Joint Chronology 

From the assumption adopted in the Hybrid-LSU DSM and Banded-

SSU DSM models, the same principle of parsimony that the emergence 
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of r-proteins occurs immediately after the forming of the complete 

protein binding crevice through the rRNA modules’ insertion, but 

maintaining the order of rRNA events prior to the first LSU proteins.  

Adjustments Units Positions Reasons 

1 r29, PTC, 
r23 

Beginning Three-core origin 

2 r28, 59, 
r22 

Continual 1st round of rRNA modules for the three cores 

3 r25, 58, 
r17 

 2nd round of rRNA modules for the three cores 

4 r27, 57  The binding of the r29 and r23 core; 3rd round of rRNA 
modules for the two subunits 

 …   

5 r4, 54, r6  8th round of rRNA modules for the two subunits and 
the end of band 2 in BandedDSM 

6 L22c  The first protein with β-strand structure 

7 37, 31, 
L32 

Interface 
formation start 

The binding crevices for the second protein with a-helix 
structure; 

8 18...L22e Till interface 
formation end 

Interface between the two subunits, 9 interface 
bridges formed following the auto-sorted DSM 

9 r10, r13, 
S7, S13 

After L22e The left units within the 3rd band of the BandedDSM 

10 r26, r3, 
r2, S19 

Continual The left units within the 4th band of the BandedDSM 

11 5S After S16 L5, L18, L25 appeared 

12 r11, r9, 
r12 

 rRNA modules within the 5th band of the BandedDSM 

13 Units of 
LSU 

 rRNA modules and r-proteins of LSU following 
HybridDSM 

14 Units of 
SSU 

 Follow BandedDSM and evenly spread and interleaved 
in the LSU stages, with feedback from 
animation/visualization. 

 

Supplementary 4: DVD 

1. The movie represents the rRNA modules and r-proteins insertion steps 

along the ribosomal evolution, following the Joint Chronology DSM 

result.  

Format: .m4v  

Software to open the movie: QuickTime 


