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Summary

The ribosome&ompriseghe structure anchechanism for the
translation of nucleic acid gene sequences into proteins in all living creatures.
The large subunitLSU) of the ribosome is reducible ta ancientcatalytic
core peptidyttransferase structu(@®TC)(Agmon, Bashn et al. 200p A
model of hierarchical addition &. coli23S( wher e 6S6 refers to t
Sedimentation CoefficientRNA modular insert$HIM) was proposed
(Bokov and Steinberg 20D@xplaining how inserts led from the PTC to the
full ribosome Basedon this information, a detailed chronology of the
ribosome was developed, including the large and small subunits (SEU) of
coli, including rRNA modules and ribosomal proteingfoteins)using the
Design Structure Matrix (DSMand employing dependensiffom 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
proteinfree assemblyhian a proteirearly model. For the first two proteins
appearing in the chronology, L22c is the b&tf@nd 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 witteary 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. Sectbéekcouldhave

helpedfix the earliest portion of the genetic code. While there is no L32 in the



archaea, part of the space occupied by L32 was found filled with a structure
arising from a sequencesert into archaeal L2thatmay have displaced L32
from the archaeal ribosomBecomposition 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 theiestrproteSSU and

its structure validated by a new reduced mitochondrial SSU sequence.
banded DSM chronology shows how the SSU may have evolved in stages
from these two core structurdhe interface between the LSU and SSU
together with the 5S fragmeand allr-proteins were combined together into a
final DSM of the entirde. coliribosome, which was iteratively refined for
model consistency by constructing full animatiofshe chronologyn the

Maya software package. Docking supports a potential functional form of the
earliest proteribosome comprising the PTC and r29, which fit together
surprisingly well, suggesting that the SSU and LStéeolved from the start.
The chronology supportstransition from mirtRNA 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 befspétthe
of archaea and bacterl/ith the 2D and 3D illusations 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 Matrixnolecular animation, rRNA, protein

synthesis, translation
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Chapter lintroduction

The ibosomeserves as the protein production machirdrghe cell
carrying outthe process of translating nucleotide sequences into nascent
proteins with remarkable speed amdw@racy in all living creature#t. has
attracted the attention of researchers since thetw@dtieth centuryMoore
2009. The ribosome is composed of two subunits, both comprising RNAs and
proteins. The larger subumiontainsthe functional corethepegidyl-
transferase center (PTC), dnidds to the transfeRNA (tRNA) and the amino
acids The smaller subunitvhichbinds to the messenger RNA (MRNA)
worksas the decoding center in the translational process. Despite the
remarkabe size differences acrodise three domains of lif@acteria, archaea
andeukaryoteit has beenlemonstrate that the decoding center and the PTC,
composed solely of ribosomal RNAs (rRNa&ethe core functional regioof
ribosome andhighly conservedh nucleotide sequence and bound ribosomal
protein sequencg8elousoff, Davidovich et al. 20100wing to the
fundamental importance of protein synthesis for all living creatitriss,
generally accepted that thecumulated ribosomal complexa molecular
witness to the origin of lifeA variety of evidencsuggests thahe earliest
origin of the ribosome is likely to lie ianRNA world and thecommon
components of the ribosome complex were present dpargd of the last
universal common ancest@abb 1983 The majority of genes common to
the LUCA modelare associated with translatiffox 2010. The path of

ribosome through evolutionary time has left it with sequence varjatioich



offersgreat utility in the reconstruction of phylogenetic relationsMisese,
Kandler et al. 1990 However, few geological clues exist that daaek 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 regiovithin the rRNAscan be
consideredas markers of evolutionatyming evens. 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, vifieimbeddeeh
the center of th&SU, 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 ribosor8&8IUrRNA is closer to the ancestral version
(Woese, Gutell et al. 1983The debatever which subunit came first has been
ongoing, and there has been a continued isttén¢he evolutionary history of
the ribosome$or decades. Numerous analybese tred 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 crystafibgra
studies(Yusupov, Yusupova et al. 200omparative sequence and structure
analysis(Cannone, Subramanian et al. 2)@hdamino acid usage biases
identification(Fournier and Gogarten 2010 he result of this interest is
substantial, anchere now exist aide range of sequence alignmzand
high-resolution3D structura of functional molecules relating to translation
andof the entire ribosome itselHowever, there is not amyearevidence of
thechronological path that led from the beginning structure to the modern

ribosome, and there continues to be ongdieigateabout this project



Therefore, tiis imperative to find convincingndcredible technique®
reconstruct thevolutionaryrRNA gene adtheribosomal protein
accumulation process) order to expose the most plausibi®lutionary

origin andto present a defensibb&ronology process of thidbosomeas it
emerged from the RNA world thhe LUCA andfurtherinto the three domains
of life.

It is noteworthy that the steadgvelopment of thbiochemichand
biophysicaltechniques has trigger@dmore detailedtudyinto theribosomal
evolution,supplementingRNA andribosomal protein sequences witigh-
resolution threelimensional structes, andhefunctional interactionsf the
ribosomal complex with external molecul&vidence relating to the
ribosomal evolution and its essential role in the translation and other cellular
processes contims toemergewhich further simlates the establishment of
detailedribosomal phylogenetic trees and chronology models among the three
domains of life.

This thesis presentie application of an analysis tool commonly used
in the field of engineeringcalledthe Design Structure MatrixDSM), to
construct a plausible and detaikeeblutional chronology of th&D structure
of theE. coli ribosome, togethewith a detailecconsideration of the
environmental factors that mayplain how protein synthesis emerdges$ed
on the numerous cluesnbedledin the ribosomal structuresheDSM 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 patieyng canbe used to

decompose a complex system based on its topology and connectivity into a



stepwise assembly process. It uasguare matrixof dependencies and has
been adapted to numerous engineering applications. DSMs can be built from
lists oftasksor frominformation based on interfaces between software
componentsi.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 sshaduldor pat or component
design tasksor assembly instructions, or as a means to simplify software
developmentVery often DSMs are incomplete and expose a series of
equivalent sulmptimal schedules, any which may be equally considered.
Despite not having a singlsique solution, the number of possible schedules
can be dramatically reduced and DSMs shed some light oalternative
solutions.

The DSM has been widely usedawer a thousand papers in
engineeringesearch and industry for solving complex problemd
managing complex structures such as aircraft design p(cessong et al.
2011), systems evolving predictidqdosko 201pand prodiction line
developmer(Maki 2012. There are many exampl es
application to resolving the optimal order of assembly events from
dependencies based on object connecti@tyen the depth of this existing

DSM literature (as listed onww.dsmweb.oryjthe approach has been

extremely well validated with mamade objects with physical, electrical or
software complexity. Howeverh¢ DSM approach has not been used

previously to study any biological systems, but as this thedisl@monstrate,
affords a remarkable view on the chronology of the ribosome. The DSM

methodology should prove useful and provide information abaide

of

t


http://www.dsmweb.org/

number of other evolutionagroblems outside of the ribosome where
currently phylogenetic trees are the oalsailablechronological view.

In order tounderstand the evidence and dependencies used in the DSM
analysis and the resulting chronology of ribosawelution, subsequent
sedionsof this chapteprovide an overview of the research histofyhe
ribosome and the factors influencing the studies of the ribosomal evoagio
well as the origin of lifeThisis followed byadiscussion of the research aims
andanoverview of theproposed solution®\ detailed description of the
methodology and researeforkflow used in this study iprovidedin Chapter

2.

1.1Background and Significance

It is generally accepted that the ribosome emerged in thelksol
ORNA wor |l do didnatexistpnd the @imardsal chemical
reactions of life were catalyzed bgme prebiotic chemistry forming
nucleotides and RNAThe ribosome is a molecular witness toehdpoint of
t he O RN periodasiit todhgrises the conserved mechanism for th
translation of nucleic acid gene sequences into proteins in all living creatures.
It may also be possible that the early ribosome, called the-pbatsome, was
present and influential in the early stages of the RNA world according to the
Ahel i cabBeshypot hat pomseparingif RNAt t he necess
strands in the RNA world required enzymatic separation and that a proto
ribosone 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 ofigof life and a great deal has been recently
learned about their structure and unique chemical environmesgaRchers
have provided evideecdrom underwater scenes wgtunning viewg of the
giant white carbonate chimneys of submarine hydrothermalfiedafs. It is
believed that the serpentinit®sted ecosystem within these vents, in which
geological, chemical, and biological processes are intimately interlinked, can
leadto fascinating insightaboutthe nature oéarlylife on earth

Next in this clapter, a brief introduction of the ribosomal structure and
function is provided in Chapter 1.1.1, as welbdsll discussion othe
concepooftheA RNA wor | do an dvasoussrigimmofilfer y of t he
hypothess in Chapter 1.1.2. The discovery of thaltothermal vent system
and their implications on the environmental location of the prebiotic and early
biotic chemistryis discussed in Chapter 1.1.3, which is followed by the

description of tk research history of ribosome in Chapter 1.1.4

1.1.1Ribosamal structure and function

The ribosome is a large complex molecule made filomcovalently
boundRNAs and proteins, responsible for decoding genetic information
encoded in messenger RNAs (MRNA) and catalyzing the peptide bond
formation into proteins in all living celi@orostelev 2011 In this section,

both the structure information and correlated function are discussed.

1.1.1.1 Highresolution ribosomal structures
In view of the development of the molecular biological research, the
discovery of the ribosome and the successful eltiowaf its role in protein

synthesis and gene expression was one of the biggest achievements in 1950s



and (Méofksnd Steitz 2002The iibosone was first observed in the
mid-1950sby George Emil Palade using alectron microscope and the term
Ari bosomedo was proposed by Richard
structure and function of the ribosomes @saonstituenmolecules hee
been very active field of study. In the earlgxperimentstesultsdemonstrated
that ribosomes typically contain 50 to 60 percent RNAller 1984 in the
integral structures, which surprised nearly everyone as ribosomes work as
enzymes, catalyzing protein synthesis. It is intriguingrtderstand the
contribution thaRNA makego the ribosomal function and by the 14@80s;
the discovery ohumerougibozymes further simulated the interest in RNA
based catalysis the biochemical and molecular biology field. However, the
shortage ohccurate 3Btructural informationieft much uncertaintin the
ribosome fieldMoore 2009. Ribosome reconstitution experiments
demonstrated how the constituent partshefribosome assembled together
(Kurland 1977, and the conserved operon structure of the bacterial and
archaeal ribosomal structures was elucidéltteth, Takemoto et al. 199@nd
demonstrated to be connected to the temporal order of ribosome assembly
By 1988, xray crystallgraphy and electron microscopy wehe two
promising approaches faolvingthe ribosomal structurélobel Prizewinner
Ada Yonath was the first to crystallize intact ribosomes iM1B8wever, he
crystalquality obtained from ribosomes and ribosomal subunits and the
resolutions of the diffraction pattermsuld be the limiting factoin obtaining
threedimensional datéor another decad®y interpreting theX-ray
diffraction patterns determined tiye experiments, the electratistribution of

the atoms can be used to compute the crystal structures, which are the three

Rob



dimensional models of molecules. However, the crystallograptgrgflarge
macromoleculs, like theribosome depends on both having a gbdiffraction
pattern and on having phase data from heavy atom substiftkierphase
problem for the ribosome remained a challewga@ch was much more of a
limiting problem than crystal qualityor almost ten years untél CrycEM
reconstruction of thebosome was used to phase the diffraction pattern by
using molecular replacemefthis led to the firs® A resolution density map
of the ribosomal large suburfiloore 2002 and thereafterjbosome
crystallography advanced rapidlyloore 2009 leading to the higiguality
structures we have today.

The ribosomal structurdsecame cleaitin 2000,with the first complete
atomic structure of the large ribosomal subunit fieatoarcula marismtui at
2.4 A resolution(Ban, Nissen et al. 20p@nd the small subunit Ghermus
thermophllugBrimacombe 2000Harms, Schluenzen et al. 2Q0This was
thefirst breakhroughin the understanding of thelationship between
ribosomal structures and functions. Since 2000, multiple-tagblution,
threedimensional structures froarcheeal and bacterial specibave been
obtained, which has dramatically advanced our understanding of the ribosome.
Among thesatomic resolution ribosomal structures, three structures appeared
to be the foundestructureshat are defined ake first atomiaesolution
structure from particular ribosomerystak achievedn a particular laboratory
(Moore 2009. First, ahigh-resolutionstructure of the large ribosomal subunit
from the bacteriunbDeinococcusadioduranswasreported by Yaoath group
(Harms, Schluenzen et al. 2Q00$econd, the 70S ribosome structurethef

archaeormhermughermophilughat were determined up to 538by two



independently groups, Nol | d€¥Yugugov,gr oup

Yusupova et al. 200Korostelev, Trakhanov et al. 2006elmer, Dunham et
al. 2006 and third, a structure of the 70S ribosome at’3¥®m Escherichia
coli. (Schuwirth, Borovinskaya et al. 200Besides theefounder structures,
there are numerousystal structures of ribosomes are in complexes with
various substrates, substrates analogs and fgtdoe 2009. The 2009
Nobel Prize in Chemistry wasvarded to/enkatraman Ramakrishnan,
Thomas A. Steitz and Ada E. Yonditr their role in elucidating the crystal
structure of the ribosome and its role in the developmentuaderstanding of
the mechanismef bacterial ribosoméinding natural productraibiotics.
Although ribosomes from bacteria, archaea and eukaryotes are
responsible for protein synthesis, several significant differences in the
structures and RNA sequences betwegcterial and archaeal ribosomes, and
even more differences are sdmween these and the largekaryotic
ribosomesMitochondrial 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
substituentsBy using Crp-EM, the structural information has also been
investigated among various functional complef@esylor, Nisson et al. 20Q7
Becker, Bhushan et al. 2009 hese studies have supplied important
information for the understanding of ribosomal structures and functions.
Recently, the published crystal structure of Teerahymena thermophik0S
ribosomal subunitRabl, Leibundgut et al. 201and 3.0 A higkresolution
structure of the 80S ribosome from the ye&Zmtcharomyces cerevisiégen

Shem, Garreau de Loubresse et al. 20l pave the way for the further

and



genetic, structural and functional studies as well asiibre recent structural
compaison between the prokaryotes and eukary({éage, Voigts

Hoffmann et al. 201R

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 ireased.

Table 1.1 Ribosomal composition

Prokaryotes(70S) Eukaryoteg80S)
50S LSU/30S SSU 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 twosubunitseach comprisdof RNA and proteingTable 11).
In bacteriathe large subunit (LSU) is called t&8S 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 11). The nterface between the two subunits mainly coasistRNA.
The smaller subunit binds to the mRNA thr
and 6bodyd, while the | arger subunit bind
There are three tRNA binding siteBhe A site binds to the aminoactiRNA,

theP site holds the peptidyRNA with the nascent polypeptide chain, while
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the deacylated-Bite tRNA ejected througthe E site after peptidbéond
formation(Schmeing and Ramakrishnan 2D0&hena 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
function® 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 annotatidmght blue: 16S rRNA; dark
blue: 30S proteins; grey: 23S rRNA; magenta: 50S proteins; L1: protein L1/rRNA
arm; ASF: Asite finger; CP: central protuberance; L11: protein L11/rRNA arm; E:
free tRNA exit site; P: peptidfRNA binding site; A: aminoacyiRNA binding site.
(Schuwirth, Borovinskaya et al. 200@Reprinted with permission from AAAS.)

Compared tdvacterial and archaeabosomes, eukaryotic ribosomes
are approximately 30% larger than the bacterial counterfidntge, Voigts
Hoffmann et al. 2012(Figurel.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 hyvianema and
Tollervey 1999. Although the core architectures of the prokaryotic and
eukaryotic ribosomes are conserved, several additional praigisew
rRNA elements appean the eukaryotic ribosomes, wittmnportant changes in

thetwo subunitsEukaryotic ribosome synthesis largely takes place both in the
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cell cytoplasm and a specialized nuclear compartment, the nucleolus. The
transcriptionof rRNA from rDNA genesind mosbf thematurationprocess,
including base modification, happsin the nucleolus. This
compartmentalizatiors quite different from bacterial celiwheresynthess

takesplace in the cytoplasm.

Figure 1.2 Ribosome architecture in prokaryotes and eukaryotes

(a, b) Top views of the heads frorhermus thermophilud0S subunit (PDB code
2j00) (Selmer, Dunham et al. 200énd Tetrahymena thermophik0S subunit (PDB
code 2xzm)Rabl, Leibundgut et al. 201{c, d) Architectures of th&. thermophilus
50S subunit (PDB code 2j0{$elmer, Dunham et al. 200&ndT. thermophila60S
subunit (PDB codes 4A17 and 4A1®)linge, VoigtsHoffmann et al. 2011
Conserved proteins have the samiei(Klinge, VoigtsHoffmannet al. 2012
(Copyright 2011, 2012 Permissionfrom Elsevier)

1.1.1.3 Ribosomal functions
Since the publishing of the higlesolution structures of ribosomal
subunits in 2000srystallography 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 translatidheribosome decodes the

information carried by mRNA and then producepac#fic amino acid chain,

which subsequently folds into an active protdihis sectiommainly focugs

on the translational mechanisshthe bacterial ribosomes, which happens

t he cel
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cytopl asm.

Gener al | ree

phases, initiation, elongation and termination (Figugg.

Initiation

30S @ Initiation factors, J '5

A tRNA bnndlng

¥ i
IF3 ‘
TR e @ IF1
IFZs

IF3 binding
mRNA tRNA
d ssoclatlon

Deacyl
mRNA} tRNA

Recycllng

‘ Initiator
tRNA

i
I

Subunit
joining

_ ': :

I

RRF EF-G
GTP hydrolysis
Subunit dissociation

EF-G, RRF

IF dissociation

Hydrolysis

New QP
\p\mfn

Nacent peptide

P release
s E”.\E

% /\ RF3

Release

RF3
4 Binding

Figure 1.3 Overview of thebacterial translation.

aatRNA, aminoacytRNA; EF elongation factor; IF, initiation factor; RF, release

F Ternary -
C - ® Codon recognmon
\<‘ EF-Tu
GTP hydrolysis aa- tRNA

GTP hydrolysis
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EF Tu
1( Deacyl-tRNA

Elongation l

GTP hydrolysis
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factor.(Schmeing and Ramakrishnan 2D(Reprinted by permission from
Macmillan Publishers Ltd: Nature, copyright (2009)

Initiation of translatiorrequires the selection of an initiation site

(usually AUG) of mRNA, where thgpecializednitiator tRNA, fMet-

tRNAMe i s

posi

tioned. By

base pairi

the complementary sequence upstream the mRNAcstdan (Shine

Dalgarno sequengethe initiation complex formwith the help of three

bacteri a

Hybrid states
formation

ng bet wee

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 chaimntil they reacha stop codon othemRNA. During
decoding, the new aminoaef®NA is delivered with the help of elongation
factorTu (ERTu) to the A site, where correct aminoatigNA is selectedia
GTP hydrolysisAfter the correcbinding of the newminoacyHRNA,
peptide bond formation, the central chemicalr¢we protein synthesis, takes
place. Thigs catalyzed by region 0f23S rRNA of the ribosomal large
subunit,locatedat the bottom of a large clgftlissen, Hansen et al. 2000
After peptide bond formation, the growing polypeptide is attached to the new
amino acid fronthe A-site tRNA leaving a deacylated-$tte tRNA. Following
thebindingof the GTPase elongation factor G (Eff, 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 Bosite(Joseph 2003

When an mRNA stop codon moves into the A site, termination occurs.
The terminal signak recognized by the class | release factors (®RFRF2),
which cleavsthe nascent polypeptide chain and relsése newly
synthesized protein from the ribosome. After that, the class Il releasesfactor
(RF3) trigges the dissociation of class | factors, leaving mRNA and a
deacylated tRNA in the P sitdext, ribosome recycling factor (RRF) carries
out the recycling of ribosome together with-BF The ribosome is split into
subunits, preparing for anotheund of progin synthesis.

Althoughthesemain 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 structurdkevel. The mechanisms embdetin the entire translational

14



process are still not clear, such as the first step in initiation, peptidyl
transfeasereaction, movement of tRNAs and mRNA and so on. As the- high
resolution structures are reporfedter usingCryo-EM, anincreasing number
of functional states structuresntinues to shekight on thedetail of
translation of the ribosome involving GTPase factors and other factors
(Schmeing and Ramakrishnan 2D09

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 sequwamiagion
with great utility in the reconstruction of phylogenetic relationgnifisese,
Kandler et al. 1990 However, therare very few studies coverirtige origin
of ribosomal protein synthesspanning billions ofears ago, whicfs the

main objective of thistudy.

1.1.2The 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 proverbiathicken andegg problem arises when we think
about the origin ofhefirst 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 pret&zymes, strong evidence
points to the conclusion that DNANnd proteirbased life was preceded by a
simple life form based on RNA. That is to sajither the chicken nor the egg
but what is in the middI€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 heedity, 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 acid&dniph Strecker
(Strecker 185p However this did not explain how polymers arose and how
the fidelity of replication emerged. A more detailedthematicatheory of
selfreplicationsystem was developed bygén and coworkers in the 1950
(Eigen 1971 In that primitive selreplicating system, proteins were not
engaged in biochemical reactions and RNA carried out both the informat
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 198ruger, Grabowski et al. 1982 RNA
molecules capable of catalysis were called ribozymesalbsequentlynore
discoverie®f ribozymedollowed. In 1983, Altman andoworkers first
demonstrated that RNase P is a ribozy@eerrierTakada, Gardiner et al.
1983. As the discovery of the ribozymksd tospeculation that there might be
RNA forms capable of selfatalysis at the origin of lifé, he t er m 6 RNA Wor |
was coined by Gilbert on 1986. The premgsaccepted that on the early
stages of | ifeds evolutionterbd®dN&ndcoul d <cl e
work as a biosynthetic catalyst and a-sefilicating templateThe
observation thain the reaction of the peptidyl transferase center of a bacterial
ribosomal largesubunit, proteins do not directly participate, further buteess

the hypothesi (Wolf and Koonin 200Y. In further support of the RNA world,

16



Koonin reported that protein structure families of RNiAding enzymes are
much more highly conserved between bacteria and archaea thaiiDtiAg
enzymegAravind 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 waohiose RNA
protein interactionslearly evolved well before DNAroteininteractionslt is
noteworthy that thetbozymeresearch and more recent work on nucleotide
aptamerdas convincingly demonstrated the binding and catalytic capabilities
of RNA moleculesandthese systems provide strong conceptual support to the
possibilty that life emerged from arimeval RNA world(Joyce 200%

The RNA world hypothesis is strongly supported by the diveasity
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, RNAvased peptide borahtalysis is the key process in the
protein synthesis in extaorganisms, which is the most persuasive argument
for the conclusion that ribosome must have existed in the Last Universal
Common AncestofBabl). Because of the multiple performande#illin g the
current rolesas both DNA and enzymes, RNA is believedéxapableof
supporting independent life forni&esteland, Cech et al. 2006

Another interestingnypothesis is t existence gbreRNA, which is a
different type of nucleic acid, including the PNA (peptide nucleic acid), TNA
(Threose nucleic acid) or GNA (Glycerol nucleicacdyi PNAO0 wor | d
proposed by Miller and Orgel, 197@ro, Miller et al. 1999 whichis defined
asthe first prebioticsystem capable seléplication(Gesteland, Cech et al.

2006. However, PNA have not been explored extensively as there is no
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remnant evidence availablerfeuchpre-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 formin a 2011 revew, Thomas R. Cech also suggestet

the terml @&NAr wposed bgyrep@sentddeothe ( 1986) wa
primordial RNA world, in which, RNA served as both information and

function, genotype and phenotyff@ech 201} However, multiple self

replicating molecular systems may precede RNA, while amino acids and short
peptides may be present in earlier mixtuhdstably early appearingmino

acids are effectiverpcursors for nucleotide biosynthegBerg JM 2002 and
arguably, aly after RNA is ale to catayze peptide ligation can proteins exist.

In the Rgure 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.

Formation Stable Prebiotic Pre-RNA RNA First DNA/ Diversification
of Earth hydrosphere chemistry world world protein life of life
T T T T T T T
45 4.2 4.2-40 ~4.0 ~3.8 ~3.6 3.6-present

Figure 1.4 Timeline of evolution.

Timeline of the early history of life on Earth billions of years &myce 2002
(Reprinted by permission from Macmillan Publishers Ltd: Nature

, copyright (2002)

1.1.2.2 Life originhypotheses

The evolution of liferemains arenigma 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 ®gaitiometric

dating,phylogenetic@analysisand 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 thories of therigin of life is providedtogether with what may
be considered ahkeir mainlimitations

Abiogenesisthe formation of biomolecules from simple chemicals,
becamegenerally accepted when the Millgirey experiment was successful
in 1952. In their experiment, amino acids and o#meall organic compounds
werecreated in a reducing atmosphere, a mixture of water, hydrogen, methane
and ammonia. The discovery furtherppor t ed t he i deas of fAspc
generationo and Apri me\(HaldaresiU9gnd pr oposed
Oparin(Miller and Orgel 197%as early as 1929. Although it seems that basic
organic monomers like amino acids can be formed spontaneougpyesi
molecules are ironically fdrom a fully functional sefreplicating life.A
central problem with abiogesis is simple diffusion and dilution. Fragile
prebiotic chemistries capable of sedplication require a concentrating
environment for these small molecules #émely requirgorotection from UV
irradiation. The only geological location with thgeeperties remaiover
long periods of time arthe submarine hydrothermal vent, as described later in
this chapter.

Protocell theoryexpressethe idea of théirst emergence of cellular
compartments c al | e d, whiphwerd expeateld tomsistof lipids.
This idea comprises liposomes, emerging spontaneously, and accumulating
chemicalprecursorsandbiopolymers Protocells are widely citetd describe
the possible environment for the fiRNA-world organism Reconstruction of

simple protocellsvithin lipid envéopes has been achieved to demonstrate
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replication of simple nucleic acilike polymers whichcan divideinto

daughter protocells with newly replicated nucleic a¢@isch 201). This kind
of encapsulation can not ontyssiblyprotect the genome from degradation,
but it could also maintain higtoncentréions of small molecules for the cell
and also provide the possibilities of ensuring the spontaneous Darwinian
evolution in the organism from natural select{®chrum, Zhu et al. 20}0

The key problems with the notion of starting life from lipid protocells in
prebiotic chemistries are the current protein enzyme dependencies of lipid
biochemistry, ad again,the requirement for a concentrating environment
where precursors can gather under stable conditionarabtbcked from UV
light. One still cannot deduce how replicative nucleic acid systems emerged
from the protocell hypothesis alone, howeiwgemains a strong contender to
explain how cellular structures emerged.

Panspermia is an alternative theory to
that the primitive lifedbegan somewhere other than our planet and were
delivered across galaxies and protecteddrrets from ultraviolet radiation.

The idea of panspermigindirectly supported by the extraordinary capability
of some extremophiles and bacterial spores, surviving ultraviolet exposure in
satellite experiment@vileikowsky 200Q. ExtremophilegMadigan and Marrs
1997 and thermophileéBrock 1978 can survive in the extremely

environment on the planet, which are believed to be among the first
homesteaders billions years agjbe central problem of papermia is that

there is no direct evidence for it, thiepushes the origin of life by assumption
to another planetary location, and does not address the actual origin of

biopolymers and selfeplication from prebiotic chemistry. We therefore do
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not corsider it to adequately address the problem of the origin of self
replicating life and its founding molecules.

The #Huddmr worl do theory hypothesizes
common ancest@merged in submarine hydrothermal vents, for example
within the black smokeor white hydrothermal chimnesructures found
deep in theceanpoth of which are geologicabnditiors thatfit with the hot
beginnings of th@lanet of eartlfWachtershauser 20P0n this theory, the
evolution of chemical pathway plays thendamental roles for the evolution
of life. Hydrothermal circulatiowia convection currents and concentrating
effects of thermophoresis, the diversity of possible chemical reactions via
chemical and thermal gradients, constant {targh geothermaénery supply
and the microscopic compartmentgurally formed by vent structures, all
provides the most persuasive argument for an abiogenic hatchery fohkfe.
chemistry of such an environment, under very high pressures and with a wide
range ofchemical pecursors, igxtremelydifficult to replicate in the
laboratory and requires deep undersea expeditions to characterize.

TheRNA world and preRNA world is the most popular contender
among the various theories of the early stages of evolution of lifetAdosy
has been discussed in the previous section, howesezral problemarestill
inherent in the hypothesis. It is notable that RNA is chemically fragilee
presence of protein enzymasdunstable when exposed to ultraviolet ligint.

a preprotein world, RNA may have been more stable owing to a lack of stable
enzymes that might otherwise degrade it, as happens Daaynost
important problem is whether RNA comprised the first-sgflicating

mechanism or was derived from an earlier sy$t@esteland, 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 thergplicating systems
are the most attractive featuresadirst living RNA-basedrganismHowever,
it is doubtful whether the RNAased life form could survive, because such an
organism needs to maintain the RNA sequencesttine the ability of its
remaining compsition and would need a comprehensive supply of energy and
nutrients in the environmenthe discovery of londjved and stable
submarine hydrothermal vents helps the Riérld hypothesis in providing
an environment in which a fragile RNA based selfflicatinglife may begin
from prebiotic chemistry in a concentrative and stable environment with UV

irradiation protection.

1.1.3Hydrothermal vents

T h e 6 RN Ahadtee hdstdsd@pporting evidence fordife
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 presenttomancient Earth environment,
wherethe most suitable plaavould be for this concentration of precursors to
emerge and for the slow emergence of biotic polymers and chemistry.
Laboratory protocelleave been recently reconstituted with protein synthesis
systenfSchrum, Zhu et al. 20)0whichmay reflect the earliest cdlke
structuredor the origin of life on earthJusthow this spontaneous formation
of the lipid membranewith relatively pure chemical compositions in a world
with a myriad of different chemistries and massively dilutive oceans of water
would happen billion years agemains a mystery.te discovery of thdeg-
sea alkaline ventand other kinds of submarine hydrothermal vents provides
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an important geological background for the origiife hypothesis. These
environments are the only ones with demonstrated abilities to concentrate
small molecules, providengterm and consistent thermal and chemical
gradients, and protect from UV irradiatiofhus,the next sectioprovides a
detail description of the vesystemsas they may well have been the host
environments for the RNA world, LUCA and primitive aagta 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 dndves inextremeenvironmens 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, whicharethe hydrothermal vent located under the deessritar
structures on or near land
The first discovery of hydrothermal chimneys and black smoker vents
astonished the world in 1978piess, Macdonald et al. 198t 1982,
Edmond and cevorkmates discovered the hydrothermal activities at
submarine ridge cres(Edmond, Von Damm et al. 1985ince thatliscovery
hundreds of vent fiekhave been doecuented around the ocean ridges, and
they in fact circle the entire planet around submaiaodt fines.With an
appreciatiorof the thermal circulation in thelement balance of the ocean,
these structuresirther stimulatehe advances in the establishment of the
hydrothermalvent originof-life theory(Miller and Bada 1988 The discovery
of a submarine hydrothermal vent field called Lost City in December 2000

providesone of the most convaing geologicalsites similar to wherdife may
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haveoriginatel. Although the Lost City v field is a youthful 30,000 years

old (Kelley, Karson et al. 20Q5Lost Citytype systems might be able to
persist hundreds of thousands, possibly millions, of years because of the
location on the 1 nillion-yearold rocks. In the previous section, | have
mentioned the abiogentmmpartnentalized environment for the spontaneous
formation ofthemembranes. A highly elaborative system of membranes is
served to maintain an integrity environment of the cell, in which, high
concentration is one of the prerequisiter the signs of life imoderncells.

On the other hand, communications betweenrttracellularand extracellular
space are maintained via transport and signaling systems.iiflouger to
finalize prebidic reactiondor the minimal complex protbfe forms, an

effective abiogetic compartmentis anessentialependency fothe
primordialenvironment Russell and coworke(Miller and Badal988

Michael J. Russell 1) have
developed one scenario, under which
networks of inorganic congutments
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

hot cold

Figure 1.5 RNA reactor from a
hydrothermal vent pore network.
Evolution of an RNA population in a

which, early biochemistry and self

network of inorganic compartments. replicatng molecules can rise and
(Koonin 2007 (Copyright National
Academy of Sciences, U.S.A. may further undergo Darwinian
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natural selections.

It is proposed that theUCA existedin the hydrothermal
compartmentssa norcellular entity(Koonin and Martin 2006 Besides the
compatments, alissipativeand molecular sortingnvironmentin the form of
thermal and electrochemical gradients and versatile inorganic catalysts are
alsoprovided by these geological abiotic structur&svo concomitant
hydrodynamic processes, thermahvection and thermophoresise active
along the temperature gradieatcurringwithin the pores of Lost City style
vents,and remarkablgapable of concentrating and sorting nucleotides. This
has been confined by laboratorgxperimentgBaaske, Weinert et al. 2007
and furthermore these conditions have been shown to encapsulate nucleotides
within liposomes. The close packing of inorganic pores in these vants
increase the size and dramaticalbcumulate the amount of molecules inside
such as aminacids and other essential organic compoyRragirel.5). The
long, narrow, vertical concatenation of pores may lead to a dramatic increase
in the size of molecules and the cortcation would probaly reach those
necessary for the abiotiormation ofrandom polymers dRNA. Thus, the
environment inside hydrothermal vents can provide the exmessary
substrate for the emergence of ribozymasedRNA replicaion, and
eventuallythe ribosomeall the way throughhe conversion from these preto
life forms intofree lipid encapsulating cells. The natural formation of
submarine hydrothermal vents occutsen hot hydrothermal watejecs
upwardinto coolseawater, carrying a myriad chemistries with it. While
these chemistries are still being explored,finelecular reactarphenomenon

inside the hydrothermal vents makes the RNA synthesis as well as the origin

25



of life possibleln order tofurthertest and confirm the idea thatdrgthermal
vent system possesses the suitable environment for the life ortgegratical
calculation of the probabilitgf conversion from prebiotic to biotic chemistry

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

1.14 Current researchon 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 permittedldbnstruction of detailed
evolutionary models and phylogenetic trees representing the evolutionary
relationships of ribosomes among bacteria, archaea and eukarya. As no
ribosomal gen@ppears as a textbook case for representing the universal
phylogeny ancekvolutionary 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 belrected to understanding the
characteristics of the molecules in the translation process, as well as multiple

computationabnalysegrom different species.

1.1.4.1 Previous research on the origin of translation

Ribosomes are highly comved molecules that workith related
functional molecules like tRNASMRNAs and additional protein factors as
translationabpparatus. In order to synthesprotein chains, first, the twenty
specific amino acids specifically attach to the transfer RIRAA) molecules

via covalent linkage with the help of aminoatiRINA synthetases (aaRSs),
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the catalyst of the aminoacylation reaction. Thearibosome provides the
platform, where the tRNA anticodon binds to a messenger RNA (mMRNA)
codon and delivers ¢hmatched 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 fact@@sDonoghue and Luthey
Schulten 2003Berk 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 RNAstRNAsand further translational system
comprisethe most esseial problensin the study of life originSince 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 infotima 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 systemna help resolve and refine the elucidatiorhef

ribosomal chronology

Evolution of AminoacyHRNA 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, oneyerezspedic for one standard
amino acidare in most casesised to charge an amino acid to its cognate
tRNA via aminoacylation reactions as the minimum set for protein
biosynthesigNagel and Doolittle 1991 The aaRSs are mulfiomain proteins,

in which only one domain works as the catalytiondin, the others are

27



capable of anticodon binding, aaf#8\A stabilization and tRNAs

deacylation. Among thenthetwo majorcatalyticproteindomainstructuresof
aaRSareconserved across all class members, which maag been protein
structuresvell presentatthe 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 specidied largely conserved different domains

of life.

In order to get m overview of the evolution of aaRSs, comparisons of
both the sequence and structural phylogenies are considered. In the sequence
phylogeny of Woese and aworkers(Woese, Olsen et al. 200@& huge
number of horizontal gene transtrentsmakes 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 c@@RS domaistructure. As the backbone
and theATP binding pocket are highly conservedhey pointtowards 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 GInRS®:Donoghue and Luthegchulten 2008
The evolution of aaRSs, without a doubt, connectedttee evolution of
translationlmportantly, theproteinbasedaaRSgpresenan evolutionary
paradox. The aminagl 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 catayamtd information carriers
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(Klipcan and Safro 2004 The activity of an aaRfke ribozyme was

published in 2000, which could strongly support the hypothesis that translation
system may evolved from simple ribozymes containing the function of acyl
trander function in RNA world(Lee, Bessho et al. 20pGurther studies on
nucleic acidaptamers havadded support to this, which effectively breaks the

paradox provided by proteinased 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 déli Based on the comparison of the
sequences and available structure of the GTPases and @ ERaseé proteins,
an evolutionary classification for these superclass proteins was constructed
(Leipe, Wolf et al. 200 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 thectural and
biochemical information and hageatly contributed to our understanding of
GTPase hydrolysis reactigScheffzek and Ahmadian 2005

This superclassf proteirs 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 TRAFR#{relaes
to translational mechanism. Sualtloserelationshipwith the translation
machinery suggests a-ewolution with the ribosme, especially those
common to archaea anddieria(Hartman and Smith 2010in the

translational process, the initiation factor in bacteria, IF2, and their archaeal
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homologs, the EF1, EF2, aeli-and aelF2 bring the fM¢éRNA 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 cathen initiate the elongation cycle, includitigg PTC
peptide bond formation as well as the translocation of the ribosome. The high
resolution structures of EFG and EFATave been determined, from whitte
mostinteresting observatiois that EFG and EFTappear to bstructural
mimics of each othgiCaldon, Yoong et al. 2001

GTPases can consist solelyadB-domain, which is the invariant core
domain throughout the GTPase superfar(grang 199), or multiple
domains, ike OB-domains. The sequences, structural and functional
similarities of the conserved-@Gomains among these translation factors
annotate their common ancestor, a-Res GTPasdCorbett 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 ancest®&F2/EFG and IF2.
The tRNAmolecule also is evolvingt the same time. As a single OB domain
can mimicthe aniticodon stem loop of an anciemni-tRNA, the later fusion
of OB domain to the Ralske GTPase may lead to the formation ofTeFand
the delivey of the minitRNA to the PTC by interacting with the CCA
minihelices(Hartman and Smith 2010This idea well fis the model proposed
in an earlier paper, in which, the praibosome was a setblding RNA
attached to a membra(®mith, Lee et al. 2008In this proposed modehe
seltfolding RNA is the precursor to the pepti-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
transloc#éion of the ribosome to the membrana RNA-protein interactions
This hypothesisisproposed by Hartman further suppdtis original
hypothesis that PTC domain of the ribosomal LSU is the most ancient part in
the ribosomal evolutionary timelin€he ony difficulty with this proposed
model is the biochemical reality that there are no memHrarmting RNA
structures observed in cellular life and all RIvAembrane interactions are
mediated by proteinsvhich seems to be overlooked in this hypothédie

vent porestructures described above may therefore substitute for the
compartmentalization required of tireembrane bounohodel, and the
chronological model presented in this thesis is proposed in an initially
membrandree environment prior to the emergeraf protein synthesis by the

proto-ribosome.

Evolution of tRNA and mRNA

The nextimportant body of researdt thewell-developedheoretical
models of the evolutionary progenitors of tRNA. Otreryears.evidence has
been accumulating pointing to an anciemihi-RNA hairpin structures as the
precursors of theurrent fulllength bentRNA moleculegDi Giulio 2004).
These minitRNA structures are proposedhelpexplain the evolutionary
transitions of protein synthesis. The two domains of tRNA interact with
different subunit®f ribosome. The anticoderontaining domain interacts
with 16S rRNA, whereas the minihelix domain interacts with 23S rRNA.
Similarities between t dugporthécorlosibn 3 6
that tRNA is evolved from the duplication of an RNArpa prior the

contemporary tRNA with divergence of specificit{& Giulio 1995. Di
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Gi ul i o Gssvellmyuppoddd by sequence data pastulates that the
double hairpin structures create the conditions for the evolution of the tRNA
molecule, which might haveslen the intermediate evolutionary stage towards
the cloverleaf secondary structure in the modern tRDiGiulio 2004 Di

Giulio 2006 Branciamore and Di Giulio 20)1(Figure1.6)
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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 (cdm(b)ete
tRNA structures(Di Giulio 2009 (Copyright (2004, with permission from

Elsevier)

The simpe hairpin loop containing the CC&m is supposed to be the
ancient part of tRNA molecules. In fasgveralaminoacyitRNA synthetases
(aaRSs) can recognize an RNA minihelix containing@& arm, which has
been shown to function as part of the primordial protein synthesis machinery.
Sequence analyssuggests t hat -endefnodemtRNasl f ( CCA
hasa coevolutionary relationship with aaRSs and an ancient aégiarate

fromt he bott om h-and{Weiher antd Maizelsdl63Maizets

andWeiner1994 Tamura and Schimmel 20D1igation of RNA haiipins
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wi t h 3 0 C QuAreptokablyrtiarned out by an ancestor of a-splicing
group | or Il intron at the position of tRNA introns, which turns tarbe
well-conserved position in all domains of life tod&wrthermore,he idea of
the duplicatiormodel ismost stronglysupported by the genomic analysis of
Nanoarchaeumequitans i n whi ch the 506 and 36hal ves
on two different genes, wke products join later to forrnécompletetRNA
molecule(Randau, Munch &dl. 2005. Therefore, it is speculated that the
complete tRNA shdd have evolved after the establishment of the main lines
of divergence and the origin of tRNA might have beenmamophyletiqDi
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 constructig8un and Caetara&nolles 2008. Incidentally,
such duplicatiodigation event suggests that it may be a general mechanism
for the origin of omponents in the RNA worlBernhardt and Tate 2010
Based on the duplication model of tRNA presented by Di Giulio,
protomRNA is thought to be the serendipisobinding partners of proto
tRNAs asthe anticodon loops in the hairpins can form complementary base
pairing with protemRNA. The protemRNA would immobilize the two
t RNAs and make sure the 30CCA termini i S
transfer(Bernhardt and Tate 201L0n that case, it is proposed that the first
protomRNA is working as the stabilignhancing binding partners to tRNA.
This extends thearlier hypothesis dfrick and ceworkers, whosuggestd
that same hypothesis that pratdRNA may be the complementary RNA
sequence binding to the fitRNA, which may enter the anded protein

synthesizing machinery early as one structural subgaitek, Brenner et al.
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1976. Another idea iscomingdrm t he #Ai ntrons firsto
MRNA is evolving from notfunctional RNA(Penny 200k Wolf and Koonin

also suggedhat the protamnRNAs was part of the SSU rRNA, and later
becoming discrete entities. Although #sential question of tlegigin of

MRNA has beeronsideredor decadesto datethereis not anywell accepted
consolidated and confirmable conclusi®his challenge highlightthe

importance of convincible techniques and new examinations on not only the
origin of mMRNA, but also the evolution and mechanism of the translational

system.

Emergence of translation (Helicase theory)

The formation of the translath machinery represesthe successful
transition from RNA worlds to RN#orotein world, followed by the modern
DNA-RNA-protein world(Penny 2005Gesteland, Cech et al. 2Q0Blighly
efficientand accuraterotein synthesis is dependemt the maturity of the
translation apparatus. In the above sections, general conclasidns
observations abotihe 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 tRNAgMoore and Steitz 20)1Even for the aaRSs and
GTPases, RNAased precursors have been proposed.

We know thaRNAs facilitate twomain functions of the ribasne
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 transfefNissen, Hansen et al. 200@orresponding to the A and

P sites of the PTC. It has been proposed that the PTC arosénérom t
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duplication of ribozyme, which is capable

CCA terminus of an RNA hairpi(Maizels and Weiner 198 Agmon, Bashan
et al. 200%. Based on the analysis of the tertiary structi@iAor interaction,
it is reasonable that the double helix should have evolved anc¢hsteal
components of LSU rRNA, located at Domair{Bbkov and Steinberg 20D9
Smith and ceworkers(Smith, Lee et al. 20Q0&lso presented a theory that
LSU may appear earlier as no skliding RNA segments embeds in the
decoding site of SSU.

We also know thathe SSU is responsible for the decoding in
contemporary ribosome, whietasproposed to exist prior to LSU in order to
stabilize the binding of prottRNAs according toNolf and Koonin(Wolf and
Koonin 2007, howeverthis paint is controversialAs opposed tthe SSU, the
contactsurface betweetRNA and the LSU is predominant, suggestihat
themRNA-tRNA interaction should beoreancient. Thalignedattachment
of MRNA to the anticodon stenf tRNAs is driven by the Brownian thermal
motion and thesubsequentanslocation steps between mRNA and tRNA are
coordinated by the intrinsic dynamic of thetireribosome. Early in 1996he
Lata group discovered the consistent counteckwise rotabn of the 30S
subunit when joining to 50S subunit, which is a possible example to support
this argumen¢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 200Y. In 1998, Poole and eauthors provided a

description of the ermgence of translation, in whidhey siggested that RNA
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replicases werthe predecessor afiodernribosones based on the idea that
evolutionandsuvival from the process of nature selectof suchan essential
andcomplexstructure must be consisteBecause 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
accuracylt was proposed th&NA replicases, whicBynthesizenew RNA
strands by adding trinucleotides (predecessors of tRNAS) to the growing RNA
molecules on RNA templatpredecessorsf mMRNAS), 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 ribosone, eptide bond formatioappears to havevolved to be
the driving force for the molecular ratchet mot{®woole, Jeffares et al. 1998
Any remnant activities of the intermediate evolutionagchanistidorms are
absnt from modern ribosomes aridhe proteribosome was involved in
RNA synthesisthe movement mechanism may also be driven by RNA
synthesis itself.

Another hypothesis presented bgnkinrecenly seems to be more
convincing(Zenkin 2012. Based on the RNA replicase theaspe musfirst
invoke a necessaRNA basecdhelicase activitywhich would take charge the
work of melting the nascent RNRNA duplex after replicase and providing
singlestranded template in front of replicatewould also be required to melt
out any sablesingle strandedasepairedstructures that formed in early RNA
genesAccording to the RNA helicadeypothesis, thactivity in the modern

ribosomal translation apparatesuld haveevolvedfrom an RNA helicase and
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themodel proposes anitial RNA basedchaperonéielicase, which would
destabilizeRNA duplexesas a direcancestor of the 16S rRNA of modern
ribosome (SSU)In this thesis it is noted that this is indeed the case, there is
a possibility that thisielicasestructure and function igi# present in some

core portion of the 16S rRNA.

It has been already demonstratieatthe SSU ofthe eukaryotic
ribosome is capable of melgrRNA secondary structureshich may
possiblyreflectthe remnant of the chaperehelicasgKozak 1989, but may
still involve proteins. In this modehe pretRNAs base pair with the substrate
RNA, which isrecognizedy the chaperchelicase, via short sequences like
pre-aniticodors which may haverovided enough energy for the annealing.
Followed by the emergence of the {2&S rRNA the concentration of pre
tRNAs may be increased as the second subunit of the chageslicese
could possibly recognize some parts of-fRR&lAs just like the A and P sites
of modern PTC are able to aminoacylate and peptidy@€A ends of
modern tRNAs. Then therescencef the aminoacylation@nds of praRNA
promotes the evolution of the RNA helicase towards A, P and E sites.

While initial aminoacylation of prgRNAs wasmost likelyrandom
and involving only a few amino acidsvolutionary selection would rapidly
select againdtarmfulor unproductiveandom sequenceA.solutionto
random aminoacylatioseems to modify the pitRNAs specificity to
recognizespecific amiiw acidscoinciding withspecific preaniticodons
according to the sequences that were recognized by the helicase. i®nce th
RNA basedeplicatoremergedrom natural selectiowith certain selectively

advantageous protein genspecializedemplates (MRNA) would start to
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emerge thatoded for protein translation and further improving ushig
proteincodinggene could displace prior ribozyme gendsis wouldfurther
allow thehelicasebasedorotoribosometo improveits transcription and
translatiorefficiency and recruit corresponding factors. Above afhllows
thatthe evolution ofan RNA world proteribosomeRNA helicaseasthe
ancestor of the 16S rRNA of the modern S8tlldlead to the emergence of
translationafter encounter wi the protePTC ribosomeand the genetic code
may therefore behaped according to tleeiginal aminoacylatiomibozymes
thatpreceded aaRS enzymes

In view of the prewaus discussion of the evolutionh different
components in the translatiapparats 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
completelyseparateThe following section is focus on the evolu@on
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 structafehe ribosome is likely to appear
within the RNA world occupied by ribozymes andewlved with translation
and the genetic code, following with the addition of the ribosomal proteins (r
protein) which invade the functional niche, the major catalytictional core

grows into complex and efficient translational machir(®#plf and Koonin
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2007). It is postulated that the stepwise emergence of epattein contains

an fAimprinto of the genetic code expansio
In early studies, Fox (2004hd Fournier and Gogart€Rrournier and

Gogarten 200)7/pointed out that the biases usage of amino acid of the

ribosomes at fixed positions allowed the briefing of the evolutionary

chronology of universatproteins from the independent subunit assembly

maps. A similar code evolutionary model of the aminc#RNA synthetases

was also proposed by Nagel GMagel and Doolittle 199)1 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 B&Mever, 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 chonologiesMore challenging is the problem that this approach

reintroduces the flawed Aontogeny recapit

implies that ribosome evolution matches the current ribosomal assembly. The

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

the earliest part of the LSU, but is amongst thegdass involved in the

experimentaE. coliLSU assembly maps. Another problem we will reveal in

this thesis involves replacement of figgneration ribosomal proteins by

subsequent improvements, which may destroy any signal of ancient amino

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

displacement, elaborated later in this thesis with an example of the steric
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displacement of bacterial ribmsal protein L32 in arcea by essequence
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 chrono(daghardson and
Palmer 200Y. Subsequent comparative analysis experimentpuaiteins
from the three primary domains are reported trying to clarify the HGT and
further genome expansion phenomenon and establish the phylogenetic
distribution, as welas the relationship with the evolution of the ribosomes,
providing deep insights into the emergence of the protein component
(Vysotskaya, Shcherbakov et al. 198%nantharaman, Koonin et al. 2002
Odile Lecompte 2002V oese 2002Mushegian 2006 Some researchers have
partitioned proteirstructural familiesnto fewer and larger components based
on the similarities and complexities from the comparagjgaomics results,
which have provided a glimpse into the evolutionary dynamic process
(Holland, Veretnik et al. 200&aetaneAnolles, Kim et al. 2007 Among
these method®ne significant probla is that the folding of functional
proteins is not only decided by the amino acid sequence, but also influenced
by the compact and stable structur@sother problem is that ribosomal
proteins have large segments of sequence teahahe absence of rRNA,
disordered and unlikely to spawn useful structures or be reused in protein
families upon gene duplication. In particular the methods of Ca#taatles
places nearly all ribosomal proteins as younger than families of folded

domans 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 protéracures are divided into fold, fold
superfamily and fold family levels of protein doma{Murzin, Brenner et al.
1995. Recently, the age and function of fbé&dedr-protein domains in the
timeline, which are highly conserved, have bpsposedy CaetaneAnolles
and colleaguefCaetaneAnolles, Kim et al. 201)L In their study, the most
attractive observation is the suggestion that {peteins associated with the
SSU ofthe ribosome appear to precede thosatkxtin the LSU of the
ribosome. The same group earlier suggested th&3kkepredates LSU from
an analysis ofhe conservation dfinctional substructures in the ribosome
(CaetaneAnolles 2002. The chronological order of treppearance of thao
subunits of the ribosonis a topic with conflicting results between those of
CaetaneAnolles and thosef Fournier and Gogartgifrournier and Gogarten
2007 asmentioned abovélhesecontradictory findingglemonstrate the

challenge thathe ribosomal evolutiostudies 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 andlikédy that the subunits and
components areot equally oldSequence analysis shows clear regions of
conservation across allkihgdoms, whichhelps delineate the most ancient
portions of the ribosome. However the relative emergence of noncontiguous

biopdymers 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 exygartal hypotheses
of different components in the translation apparattesmpt toconstruct a
approximatechronological evolutioary path of the ribosome from the RNA
world towards the modern translational system, which means the functional
ribosomal malsinery should exist in the LUCA of the three domains of life.
As the modern ribosome is far more compleanthe RNA world, the original
rRNAs were likelymuch smaller and some parts of the rRNAs are likely to
have an older age than the other pgCiark 1987. However, ontradictory
conclusions focuseaon the origin of the ribosonteavearisen.Several popular
hypotheses of the evolution among different rRNA components are described
in this section, iran atempt to exfain andestablish a convincingathway 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 aHliving organisms, the discovery of which is associated with the
studies of tRM 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 frof. coliand eukaryotic cellwas
discoveredForget and Weissman 1969 he existence of 5S rRNA in
ribosome further interestiresearchers 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 rRipfotein complexes, such as L15,
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L18 and L25 in Bacteria, L10e, L21e and H7&0p inarchaea an@ukarya
(Gongadze 2011 During the last decade, this idea was suppdiyeitie
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 riboson@®an, Nissen et al. 2008larms,
Schluenzen et al. 200Yusupov, Yusupova et al. 200doseph 20035elmer,
Dunham et al. 2006 As multiple important@nnections to the functional
regions of the ribsome, such as-Aand Rsite, 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
associatiorof ribosomal subunitéSmirnov, Entelis et al. 2009However,
none of theeconclusios is promising enougto 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 dructures as well as a phylogenetic maif@imand Caetano
Anolles 2009. Although numbers of comparative analyses about the
structures and genes of 5S rRNA were appliggtegent, few data can be used
to ansver the origin of this molecule, although it is clear that 5S rRNA
predates the ribosome found in the LUCA &and a t - & -@erminaBh@lix is
the most ancient element, followed by the first domain hairpin and thedseco
domain(Sun and Caetar@nolles 2009. The appearance of 5S rRNA in the
protoribosomemay have beea simple hairpin (first domain), because of the
conservative contactetween 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

T70S T70S

H50S H50S
D50S D50S

resolution crystallographic
structural feature of the PT(®Ban,

Nissen et al. 20QMNissen, Hansen

et al. 2000, it has beeshownthat
the PTC isfound withindomain V
of the 23S rRNA and forem

pocketlike symmetrical RNA

dimer structuré Agmon, Bashan

et al. 2005Agmon 2009. This Figure 1.7 The symmetrial RNA dimer
structures of PTC.

dimeric proteribosome (A) Overlap of the backb@of thePTC. (B)

The location of the symmetrical region in the

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

structure of the symmetrical regidgmon,

. . Bash t al. 200%P ission: fi d
shaped RNA core units, which arc o aneta 9%Permission: confirmed)

components composed of two-L

similar to the tRNAs structures (Figute’). The peptide bond formation and
simple elongation are proposed to be taken placesiPTC, because of its
ability to interact with the CCA ends of two tRI$Avia base pairing. The-L
shape is quite important in modern tRN&wough whichRNAs can be
properly positioned on the modern ribosome. In the previous discussion, |
have mentioned that the formation of prtiRNA is produced by the
duplication of the nmi-helix-like structures. In that sessthe first protePTC
pocketlike symmetrical RNA dimer structure, which is a tRRe molecule,
is formed by the duplication of the RNA mihelices. In this perspective, it is

plausible that both prottRNAs and poto-PTCarisefrom the primordial
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tRNA-like molecules in the RNA worl{Tamura 2011 Inlight 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 gRNA structure loci where modulaRNA inserts
may have been added, was constructed to explain the hierarchical process of
the 23S rRNA modular buitdp of E coli, as well as a chronology of 23S
rRNA growth(Bokov and Steinberg 20Dp9Figure1.8). This is a
groundbreaking result as it affords a viefwibosomal 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 ateirtherg model
is thatvery large numberof alternativeevolutionchronologiesan be
obtainedas pathshrough their hierarchical modeidf magnitude 18, which
makes it impractical to assert a single pathother problems that their
favoredchronological pattjFigure 1.8, derived from the hierarchical model
shows aifferencein thetiming of placement oA-minor rRNArRNA
modulein theinteraction magFigure 1 in the original paper)yhee seems to
be acontradictionas to when th®oman V rRNA module appearbetween
these two figuresln the chronological path they proposedppears late, but
early for their connectiomapwith the younger portions of-finor
interactionsAn evolutionaryanalysis in 20068uggest®omain V containing
the PTC should come earlier, followed by Domain IV containiregsimall
subunit interface, then followed IBomain 11 (Hury, Nagaswamy et al. 2006

The problem of too many paths in the hierarchical insertion modgkadv &
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Steinberg is apparent whengtnotedthat no obvious rationals provided for
their favored path, other than it was the reverse of the order by which they
pruned the ribosome into modular insehtsorder to transform the branching
hierarchicaimodel of rRNA modular growth into a linear chronology, we
decide to use theschedulingnethodology callethe Design Structure Matrix,
which is an engineering method for scheduling dependent tasks that can use
information based on interfaces betweenvgafeé components or machine
parts as dependencifes computing schedules for part or component design
tasks.The detail of this engineering tool is discussed in Chapt&feZnoticed
that the hierarchical insertion model of Bokov and Steinberg was a @edy g
fit for the DSM in that it was based on lists of directed dependencies, either
rRNA inserts, or directed Aninor interactionsAfter adaptiorof this
dependency data into the DSM, the DSM sorting methodology effectively
reanalyzsthe chronological irdrmation hidden within the structure and
topology of the 50S subunit amlcapable ofeporing a parsimonious
solutionsetto theE. coliribosome chronology based on the hierarchical

insertion modelprovided there is sufficient density of the depenuges

v 1l

Figure 1.8 Hierarchical model of the LSU from Bokov and Steinberg
The location of the identified modular insert elements iriheoli 50S rRNA
secondary structure (a) and the network of D1 ahdd&pendencies between them (b)
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Note that each distinct path through (b) is a chronol{Rgprinted by permission
from Macmillan Publishers Ltd: Nature, copyright (2009)

SSU of the ribosome
In addition to understamay theevolutionary steps dheE. coliLSU,
the SSU shouldhotbe ignored. The 16S rRNA &: coli is a 1534nucleotide
long structure and most tdfe16S RNAs may be described as helical or
approximately helical. Interactions between helical elements include vertical
stacking and horizontalbgking(Wimberly, Brodersen et al. 200)@vhich
induce local folding, resulting in helical regions converging at junctions. The
packing of the helical elements strongly determines the overall foleto
domains of 16S rRNA. It generates three compact domaifse 56 domai n,
the central domain, the 30 MmahjeolBdoédomai n,
minor domain each of which forms one or more morphological features
(Figurel9) . The 506 ebwodyafithe snfalbsuborst; thie 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 56 domai n.

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: Reeb 6 D o ma i- @Gentral@onaia, Yellow3 6 Maj or d®bémai n, Bl ue
Minor domain. b, cFront 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 prot@isnberly,
Brodersen et al. 200QReprinted by permission from Macmillan Publishers Ltd:
Nature, copyright (2009)

The 36Major domain forms the head of t
36Minor domain forms the body, which inte
inter-subunit ribosomal interface. Protem®found bound to junctions
between heliceandare often important fanitiating the correct tertiary fold
of RNA. With combinationf globular domains and long extensions
interacting with RNAS, proteins can stabilize the organization of the 16S
rRNA elementgWimberly, Brodersen et al. 20D0

The 3Dstructure of 16S rRNA is also characterized bynfor
interactionghat are observed in the 3D struct(iXmller 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

mechanisn{Nissen, Ippolito et
al. 200). In the 30S structure,
the flippedout A1492 and

A1493 lay in the minor groove of

thecodonranticodon helix,

simultaneously forming

Figure 1.10 Onion-like model. hydrogen bonds to the 2

TheHaloarcula marismortuiLSUs is )

sectionecat 10 A radii increments from the ~ 9roup and a portion of the

PTC, marked PT origir{(Hsiao, Mohan et al.

2009 (Reprinted with permission with decoding surface. The pairs of
Oxford University Press)

adenines that recognize minor grooves elsewhere in the 30S structure often
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recruit other RNA residues to complete an interaction surface, stabilizing
contacts between RNA helicéSarter, Clemons et al. 2000

Previous research hagaminedhe decoding site of the SSU and the
PTC of LSU, which shows significant differences in both their RNA and
protein structures and contacts. Thieae beemo single seHlfolding segment
identifiedin the 16S rRNA that encompasses the majority ofldemding site
rRNA, which impliesthat an early SSU precursor would have been a mixture
of peptides and RNAs. The peptides found at the decoding slie 8SU not
only have conserved structures but thaye sufficient sequence identity to be
alignable which is different fornthe peptideshatinteract with the PTC.
Based on the contrast between tkeptgles and structures associatwvith the
SSU decodig site and the 8U PTC, a conclusion has been proposed that the
LSU function appears in an early translational systetpreceded the SSU
function Smith, Lee et al. 2008Thisturns to be &establehypothesiswvith
our methodology, which does not require either sequence or structure
alignment

The samealependency based hierarchical assembly model developed
for theLSU by Bokov and Steinbergan be extended to the SSU of the
prokaryotic ribosome to dermine its evolutionary chronology, however we
are less clear about the starting point as there is no anaolog of the PTC
structure within the SSU. Howeverheerarchical order of rRNA modulesin
be created in the same manner for the SSU as thereated by Bokov and
Steinberg (2009)y 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 remdyalike Bokov and
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Steinberg, and imptantly, the dironology dependencies used in this thesis
haveadditionalribosomalprotein dependencieghich areextracted from 3D
proteinrRNA contactsandareadded into the RNA dependenctedurther
populate théSM. By mappingand integratingheindependent DSM
chronology results of the LSU and SSUkofcoli, it is possible to reconstruct
the ribosome evolutionary stoay the interface of the two subunits, matching
up the separate chronologies, a feat that is possible with a structure and
topologybased DSM, but impossible with standard sequence based
phylogenetic methods

Recently, a significant evolutionary model of the large subunits (LSUS)
of H.marismortuiandT.thermophilu®ased on the structulmsed and
sequencdased comparison has been establighgido, Mohan et al. 200@s
depicted in Figure 1.10, demonstrating that the growth of the ribosome
proceeds from innermost core to outer laykrns noteworthy that it produces
a smilar resultas the model eated by Bokov and Steinbeigdoes not,
however, offer information for a continuous incremental path from PTC to the
full ribosomal structure, nor doescibnsiderthe SSU.

Ribosomes from all organisms contain a substantial core of conserved
structure put at the same time those from organisms widely separated from
each other in evolution show a large number of significant diffesence
(Matadeen, Sergiev et al. 2Q0As several reports have described
crystallographically determined levand mediunresolution partial structures
for theribosomes oE. coli, T. thermophilugandH. marismortuj it provides
anopportunity to construct and compare the chronologgets based on the

structuresThis Onion-like model (Figurel.10) provides a sheby-shell
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comparisoncapturingsignificant information along the evolutionary time line
between the two ancient moléaufossils. With the site of PTC as the-PT
origin, they have sectioned the superimpddedharismortuiandT.
thermophiluLSUs into a series of concemtshells, which allows analysis of
how important characteristics of rRNA and other ribosomal compswany
with distance from the R@rigin. Shelldependent patterns of 23S rRNA
sequence, edormation and interactions correspomell to the time lineand
hierarchical insertion model ancestral RNA addition to the LSU proposed
by Bokov and Steinberg Q®9). The congruence of these two ressligjges
that rRNA is evolutionarily oldest on average near theoRgdin and decreases
in age with distance from the RiFigin. This gives us confidence thize
Design Structure Matrianalysis of the ribosomen offer additional insight
andfurther test the chronologies ancient ribosomal evolution. Tlamalysis

by DSM ofthe structure and topology of the ribosome subuaitsupply a
universal chronological mod#iat reconciles the protadbosome and itsorm

in the LUCA of achaea antacteria.The work isrestricedto thestudyof the
archaea antbacteria, due to the available 3D structures of their ribosames
boundribosomal proteins, and due to the evolutionary information that shows
the ribosome oéukaryotes 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 lifeaboutfour billion years ago. Subsequently, the

research scops outlined.

1.2.1 Objectives and specific aims

In view of the abové&ody ofresarch 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 creaturesThe use of the term chronology in this thesis refers to a step
wise timeline of evestthat start with small partsthe proteribosome and
end with the current bacterial or archaeal ribosome. As we have géent
evolutionary models of ribosomes and related functional molecules have been
proposed using diverse methodibe major cosiderations for this study are as
follows.
1 Comparativesequencanalysis has beemidely adopted in the studies
of constructing evolutional models and phylogenetic trees of the ribosomes
using available sequence and elementary structure databases lndsbengs
and related functional moleculé¥hile 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
representeth thetertiary structureand topologyof the ribosomewhich is
itself a product of the evolutionary build up procddence, higkresolution
structure based methobdave a great potential to shed lightrd@osomal
evolution as has been described in the lgaokind research abave
1 Although numerous models of the ribosomal evolution have been
proposed, contradictory conclusicsisoundfor the emergence of theSU of
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theribosome and in addition, there is an ongoing debate about whether the
SSU or LSU came fitsThereforeany methodology that can shed light on the
stepwise chronology of the entire ribosome has the potential to settle these
disputes

i The Hierarchical Insertion Model (HIM) offers a meansléscribe the
evolutionary buildup of LSU rRNA withowgequence or phylogenetics, and
produces a result that is consistent with the Ofilemodel that shows a
radial decrease in structure similarifhese are very promising advances in
understanding ribosome origitdowever, the chronological order okth
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 adbution to our understanding of the origin
of life.

1 Currently, there are few studies on the evolution of the £8id.study
by TempleSmith (Smith, Lee et al. 20Q&oncluded that there was no core
starting structure, a failure of technique that was attributed tibetkible

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.

1 The evidence of a hyperthermophilic originlife and the

identification ofthe hydrothermal vent system as the possible place for the

origin of the ribosome isf potential importance as a consideration for the
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environmentafactorsand thermal properties of the pratbosome. It is well
known n 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 lighttbe timeline and a transition from
thermophile to mesophile environment.

With these points to consider, thin objective of this study was to
investigate the evolution of the ribosome through a consistent, elyased
chronological model by introdugy an engineering methothe Design
StructureMatrix (DSM), and further explorinthe probability of the origin of
life in the hydrothermal vent systems billiooisyears ago. This objective
requires a ordered researgyath, which is divided into foupgcific aims:

1 Establish a systematical strategy for constructing the chronological
evolutionary models of both the LSU and SSU offheoli ribosome, and
subsequentlyintegrate these separate chronologies into a single chronological
evolutionary model for the entie. coli ribosomethat outlines which gene
segment, rRNA or protein was added to the ribosome in.order

1 Propose the possible structures for the ribosomal eleroeptsto
ribosomeat the beginning of the ribosomal evolutidt 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
exanple, theHIM has far too many paths to be explored and validated

experimentally.
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1 Developa 3D animation strategtp illustrate the chronological buildup
procesdor feedback validation and iteration of the DSM mogdeing
standard animation softwa@reAutodesk Maya and post processing using Final
Cut Pro.lt is noted that the 3@nimation of the chronologyased on the
atomic resolution structures provides an understandable visualization of the
evolving 3Dribosomal structuresyhich helps ensure the 2D afasct
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 mentionedthere are few geological clues going back to the origin
of the ribcsome millions years ag@henew insights into thevolution of the
ribosome may extend our understanding of the mechanism of the translational
procedures in the protein synthesis as well as the evoluafitreories of the
life in the timeline. It ishopal that thedemonstration of the potential of the
DSM methodology will als@pen up new avenues for the systematical
construction okvolutionarytimelines for otheproblems 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 Researctscope

This research fagses on the construction @folutionary modks using
ribosomal structures and tB&SM and the exploration of the origin of life
theorieghat are subsequently informed by new information about the
ribosomal chronologylike previous theoretical or experimental studies on the
evolution of the ribosom 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 domairesjuced chloroplast or mitochondrial
ribosomesas well as other factors that have effen the composition and
function of the ribosome.

To focus on the chronological assembly order of the ribosarnee s
assumptions were made in teisidy. Firstly, the investigations are based on
the RNA world hypothesis, with which the protdirst scenario for the origin
of life is not considered/Vhile this may be a prior assumption, the ribosomal
topology itself excludes this possibility, aoder the course of this
investigation we found thahe spatial dependencies that underlie the structure
canrot be used to construct a protdirst scenarioSecondlythe HIM iskey
to our analysisand we utilizeghe hierarchical process of the modular rRNA
build-up explicitly. In the followingchapter, the engineering meth@tM
will be described in detailDther experimentaand computationdkechniques
in the evoluibnary field are not considered, and this analysis explicitly
excludes information from sequence alignments, yet as you will find, is
remarkably and substantially congru€rtte third assumptiors thespecific
origin of life hypothesis, in which, hydrothermal vent systems provide not
only the compartments but also tlesources and energies for the emergence
if the first nucleic acid based replicatbtencethe other theories of life origin

descibed previouslyare beyond the scope of this study.
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Chapter 2Vaterial and Methods

2.1 Chronology models fork. coliribosome

The rRNA of LSU in theE. coliwas shown to evolve from a
primordial segment via repeated duplications and insertions and the LSU has
been decomposed into potential rRNA insert fragments by Bekal It was
demonstrated that a hierarchical addition of rRNA modules could account for
the transiton from the primordial peptidytransferase core (PTC) to the
contemporary LSU. The process was based on-thm8nsional structure of

the LSU, and forms the starting point for this study.

2.1.1 Preparation for the chronology models

The sam@rocess was used to decompose the LSU from the atomic

structure downloaded from Protein Data Balmkof//www.rcsb.org/pdb). The

crystal structure for the LSUsed is the bacterial ribosome at 3.5e8olution

with PDB ID: 2AW4. Smilar assumptions have been used in our study for
both 23S and 168RNA as cited in Bokov and Steinbefgrst each rRNA

module is considered as an individaalgle stranded structure, with some
secondary fold like &elix or an arrangemenf stacked nucleotiddwidging
intramolecular interactions vid-minor interactionsSecondtheboundaries

of each module ararrangedsuch thatthereia c| ose posi ti on

termini to each othesuch that the insertion of the module can be proposed
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into an rRNA structure that retains the same core fédd the local
pseudoknots, both double helices forming the pseudoknots are included in the
module.

In additionto these formalisms set out by l&w and Steinbergve
also determined thepatial and residubased'RNA-protein interactions in the
crystal structures. The boundaries of the 60 rRNA modules indt8ldhown
in Supplementary Table 1. The number of the first and the last nucleotides is
provided.These protestRNA-module interactions from additional
dependencies are informed in the DSM.

The samananual process used by Boketval.for the modular
decomposition of the LSWas extended to the SSUBf coliribosome (PDB:
2AVY), but with theaid of aPerl script that helped identify and rank putative
modular insertion candidate sit€&milarly, each rRNA modules ithel6S
rRNA formedacontinuous closed polymstructure thaton moduleinsertion
couldmaintain the stability of thenewlssg st ructure. The 506 anc
of insertion points were chosendbould be sufficiently close to each other,
which wereexplored anathecked usinghe RasMol package for structure
visualization. In total, 29 rRNA modulmserts were identifieednd 20 SSU-r
proteins wereused to extract the protefRNA-module interactions for the
SSU In addition to the RNARNA inserts and Aminor interactions, and
RNA-protein interactions, a proteproten interaction map was created. The
SSU has several mopeoteinprotein interactions that the LSU, and in some
cases one protein is on top of another, topologically speakmmadacid
residues from every other protein that were within 3.5 A of the protein chain

were used to build up the protginotein interations for the SSUThe
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boundaries of the 29 rRNA modules in S&t@ shownn Supplementary
Table landtherRNA-protein interaction positions (26oroteins) andhe
SSUproteinprotein interactionare showing Figure 4.6

In the above procedure, all RN#otein and protehprotein distances
were computed using the pem visualization software RasiWMand command

line distancequeries, with results captured into text files for further analysis.

2.1.2The chronology models

According to the study of Bokoat al, the rRNA modules are defined
from themanualanalysis of the tertiary structure of thecoli23S rRNA. The
position and conformation of each rRNA module degamdy on the
presence of the modulésat appeain the preceding generations in their D1
and D2 dependencies network. Hence, any module that is inserted between
two discontinuous subegments of another module is believed to be an
insertion into the existing outer module and is thus dependent oit by
dependencies. In D2 dependencies, a set of publishethér interactions
was obtained, in which, singlaucleotide Aminor interactions were not
consideredThe interactinglouble helical region and the adenosine stack are
separated to avoid tinesimutaneously 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 setmhRNATRNA
interactions in D2 set are included, and arehanged from the model of
Bokov and Steinbergith the exception of a minor label correction of module

13.
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In addition, rprotein interactionnformation wasdeterminedFor each
of the 60 rRNA nodules, any proteiwith at least two amino acigithin 3.5
A of the module was considered to interact with it; a 23S riibAlule
protein interaction map was createdcoincide with the D1 module
definitions To exclude minor binding loci, we discardeteractions that
involved single amino acidas was done with the-Ainor interactionsThis
list of interactions gave us 131 D3 dependenaidsch is a significant
increase over the initial D1 and D2 dependency informatém excluded
proteinrRNA moduk interactions involving single amino acid residue
contacts and theependenciesequire at least a shortdino acid binding
motif. The proteins in these dependencies require a stable rRNA binding site
to be formed before they can be recognized andtbitiae site.

A parsimonious assumption was used to assume that the ribosomal
proteins became fixed in approximately the same dhdetheir binding sites
appeared through our study. The D1, D2 and D3 dependencies were plotted in
a singleDSM with two different software packagéBSM32 and. OOMEQO®).

As there is no protetprotein interactions in thisSU 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 & frotein 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 8@parate smalDSMs werecreated for each
protein binding site, and subsequermlgced into a Domain Mapping Matrix
(DMM). In the DMM, the columnsepresent distinct rRNA insert events.

These DMM columns were aligned based on a parsimonious number of insert
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steps from the PT@ form a consensus chronologf/increasing number of
rRNA modules inserts. This column alignment maintainedifiper
triangular nature of the relatgtbbal DSM containing all of the LSU
dependencieShis DMM approach allows us to resolve much of the
brarching alternatives present in the HIM using parsimony in the stepwise
formation of each-protein binding site, exploiting the additional information
added into the system by the D3 dependencies

Next, the resultingonsensus chronology walotted on th®SM,
where all the dependencies can be viev&d, D2 and D3. Each type of
dependencyD1, D2 or D3- was given an equal weight, with no preference
being given to one type of dependency over another. After that, the
chronologyrepresents a situation whehe protein binding sites are formed in
a particular order, and thehronologycan therbe testecind compared to
other modelsWe note theonsensus DSMhronologyof the LSUdoes
support the antiquity of Domain V as suggested by-dtenain rRNA
contads and the Aminor interactionsvithout any further adjustments

Validation of the chronology could be carried out by reversieg
evolutiorary stepsy tediousexperimens. Yet nature has already provided
reduced forms in mitochondrial and chloroplabbsomes, so that validation
may be considered momparing the overlap of natualeduced3S rRNA
structuremodules present ichloroplast and mitocharial variants with our
model. This comparison can also be carried out for the initial steps in the
Bokov et almodel, which does not take protein binding into consideration.
The modelmay also bevalidatedby examining the radial distance distribution

asthe structure expands, in an Onidte model approach. Of course the best
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validation would be a series of revemmlutionary stepthatc an be Aundoneod

while still maintaining ribosomal functigofut that is beyond the scope of this
work.

For the detenination of SSU rRNA insert modules cut sites, first the
exposeduter modules we excised from the core SSitructure these
invariably corresponded to regions with significant phylogenetic varigfion
the subsequent layerd computational tool in Plevas used to generate
candidate module cut sites based on distance and a score of module exposure.
Thesecandidate sites werexamined manuallgnd crosschecked by other
members of the teams befa@ed cut sites wergeclared, following the
methods usgfor the LSU by Bokov an&teinberg.

FortheSSUD2 dependencies, we mainly used a set of published A
minor interactions in 16S rRNA df.thermophilugNoller 2005. The
conserved Aminor interactions irE. coliwere identifiedand examined
manually Next, the rRNAmModuleprotein interactions were incorporated
using the same strategy as in LSWé&termine th&3 dependencies. In
addition, we added one mdeyel of D4 dependencies, which contaen
proteinprotein interaction map of 16S rRNBirectionality 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. Thigatment was consistent with a topological
criterion, the observation thélded domains were always innermost,

unstructured interacting motifs were always outermost.
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For each protein, amino acid residues from every qttagein that
were within 3.5A 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 directionalttye DSM
There were no interactions directly between falded domaingmongst 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
interadion, as describedA total of 28 rRNA fragment insertion dependencies
(D1) were obtainegwith 17 rRNArRNA A-minor interactions dependencies
(D2), 56 rRNAprotein interfacegMatadeen, Sergiev et al. 2QGind another
10 proteinprotein interaction dependencies (D4). The D1, D2, D3 and D4
dependencies werdgted in a single DSNh the following step.

While we intended to use the exaeitmneDSM and DMMparsimony
methoddor the SSU, wdound 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 determindaé sequential order of 29 rRNA modulésbanded
DSM was obtained from the PSM32 software package thapgndiRNA
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 carriesufficient information from bantb-band to provide a new
view of SSU evolution. As there is no identified SSU core prior to our analysis,
we cannot employ an Onidike 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 DSMsanto
single DSM inLOOMEO to obtain a consensus chronology for the entire
ribosome A set of subunit interface depemdges (D5) was added to the
information,alsoobtained by3D 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 subuhcame first. he two DSMdor the LSU and SSU were
chronologies andere plotted in a Domain Mapping Mattiegether with the
subunit interface dependenci@®m which, aself-organizingvisualization of
theinter- and intrasubunitdependencies betwe#ére two domains was
obtaired Next, all the dependencies from LSU and SSU are plotted in a single
Design Structure MatrixThis matrix was sorted to allow the indgubunit
undirected D5 dpendencies to sefirganize A manual sorting of this joint
DSM then reconstituted an upperangularform of subunits which were
necessarily interwoven based on the placement cfubenit interface
dependencied.he resulting chronology strongly indicates that the LSU and
SSU ceevolved, and further analyses involgiaxamination of Maya
animations of the proposed joint DSMs helped refine the order of assembly in

the final chronology.

2.2 Chronology models forthe E. coliribosome- 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 withidause othis matrix has become
popular. InFigure2.1, 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 sort{pgrtitioning into a
triangular form)in Fig. 2.1d. Here we only show the binaBSMs which
represenbnly the existence of a dependency relatigthout numerical
weights on the strength. There are three typeepéndencyelationships
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 structue 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 ntagtsappear
across the diagonal in the sorted madnixi removinghose stepfom the
matrix © render the matrix upp@rangular. This isa key component of
DSMs asused in engineering practiceitentify and isolatecoupled task#hat
are encounteredearing is used for the intsubunit interactions in the last
phase of our DSM analysis, attigh we do not remove the clustered
undirected dependencies from the chronologsgnding as shown in Fig.2.1d,
is similar tosoring the DSM, in which, the elements constitute the critical
path of the system are collected within the same kevetlgroupd together in
i b a nldstly when the goal is finding subsets of DSM elements that are
mutually exclusive or minimally interacting,clustering algorithntan 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 independef\ton Damm, Lilley et al. 2003Two tasks are

interdepedent (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 analysisThe DSMbanding analysis divides the DSM into different

parts. Thegdacent tasks with the same background c
tasks. 0 These tasks can be swapped without cl
shown is the relationship among the five tagRsovided by Lu YiRRu)

In this study, LOOME® was usd due to its significant benefits in
the handling of the complex projects, processes and the high dynamic
visualization in the presentatiaf the system architectures (Fig2).

To obtain the sequential order of the rRNA modules gmteins
along te evolutionary timeline, the rows and columns of the DSM are
reordered to transform thenary DSM dependency markato the upper
triangular form. Asve consider all thanits in the ribosomal structute be
essential components, we canreghove any capledrelationshipshowever
theserelationshiponly appear in the ribosomal interfate our DSM,
feedbacks marks refer to the interdependent modules angsithe inter

subunit interface, which apdaced in the final DSMtages in an

66




























































































































































































































































































































































