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All has been said already, but not yet by everyone.
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J. Mol. Biol. (1968) 38, 367-379

The Origin of the Genetic Code

F. H. C. Cricx

Medical Research Council
Laboratory of Molecular Biology
Hills Road, Cambridge, England

(Received 21 August 1968)

The general features of the genetio code are desenibed. It is considered that
originally only a few amino acids were coded, but that most of the possible codons
were fairly soon brought into use, In subsequent steps additional amino acids
wore subsatituted when they were able to confer a selective advantage, until even-
tually the code became frozen in its prosent form,

J. Mol. Biol, (1068) 38, 381-303

Evolution of the Genetic Apparatus

L. E. OrceL

The Salk Institute for Biological Studies
San Diego, California 92112, U.8.A.

(Received 21 August 1968)

It is argued that the evolution of the genetic apparatus must have required the
abiotie formation of macromolecules eapable of residue.by.residue replication.
This suggests that polynuclectides were present even in the most primitive an-
costors of contemporary organisms. Models which explain the evolution of the
association between polynucleotide and polypeptide soquences are discussed.
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Central Dogma of Molecular Biology
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nucleotides could only define 16 amino acds. Since there are hout
20 major nvino acid, i believed that a leas three mucleotdes e
needed in {his process. Recent genetic experiments by Crick and his
collaborators (1961) strongly sugbest that the coding ratio is three,
However, it is duite likely that the raio will be determined i the
very near future using systems such as those described above with
synthetie Messenger RNA. In this regard it should e pointed out
that although it is commonly assumed that the ¢oding ratio is the
same for ll amino aids,thisis not ecessary,since Nature may have
developed & system in which amino acids fal inko different elasses
utiising & different mumber of nuceotides for coding the different
classes. However, this probably is unlikely in view of the genetie
experimens cited above (Crick e al, 1061)
A We have mentioned the possbilty that Messenger RNA may
}'\Sé‘se“ﬂ bemadeinvivoasoomplemenhryoopimofoneorbothstmndsol
o DNA. I ot strands are acive, then the DNA would produce o
( R’ﬂ‘( BHA_Mwhiehmmplunenhrytomhother.Onlyomof
" A dese might be actve in pofein synchesis, and {he ier stupd
W ﬂ” might be g companent of &ewaMMHaww,
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which may prove of utlity in understanding and interpreting the
resls

We have a considerable body of information about macroseopic
evolution in terms of the changes, with time, o organisms and the
evelopment of new species. From this we see that the méchanism
of evolution is such that slow refinements are usually made within
a given organism in relation to ifs environment which lead toward
increased efficiency of reproduction. Oecasionally there are diseon-
tinuities which are opporfunistically utilized in he exploitation of
a new eavironment o of an altered physiological function, In gen-
eral, the trend in macroseopic organic evolution is toward increased
complexity. We can trace the development of increasingly subtle
physiological functions and greater control leading to  progressive
extension of the organism's ability to utilize the environment and
maximize reproductive ability.
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Figure 2 The IDA in context; the origin of life, (A) Activated mucleotides and compatible molecules oligomerize
arbitrarily. (B) Replicators necessanily become abundant, by templating with minimal catalysis, (C) 55" replicators
with reactive nuckeotides are selected to participate in metabolism. (D) 5°-5 RNA replicase creates an RNAworld,
+ 5.5 cofactor initiation and reactivity. (£) RNAsdevise translation; 5'-5 cofactors are adopted by peptide catalysts
(ribbon). The pathway is initiated by its most complex event, geochemical creation of several ctivated nudeotide-
like materials, Thus, while "umple” is a debutable evolutionary characierization, progress might be reatively ssimple
once begun, After pane (8), all crucial ransitions depend on somewhat similar selections for enhanced chemical
proficiency.

Cite 2 Cold Speing Harb Revspect Biof 2011;3:20035590 Michael Yarus

IDA = Initial Darwinian Ancestor
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Figure 2. Structures of prebiotically plausible single chain amphiphdes and a commonly used buffer. (A) macelle;
(B) vesidle; (C) myristoleic acid; (D) bicing (E) geranylgeranyl phosphoric agds (F) nm-decylphasphonic acid.



LP. Schrum, T.F, Zhu, and |.\W, Szostak

Figure 1. A simple protocell model based on a replicating vesicle for compartmentalization, and a replicating
genome to encode heritable information. A complex environment provides lipids, mucleotides capable of
oquilibrating across the membrane bilayer, and sources of energy (kefr), which leads 10 subsequent rephication
of the genetic material and growth of the protocell (maddie), and finally protocelivlar division
physical and chemical processes (right), (Reproduced from Mansy et al. 2008 and reprinted with permission
from Nature Publishing 1°2008.)
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PRIMITIVE MEMBRANES, SELF-ASSEMBLY

Stability of Model Membranes in Extreme Environments

Trishool Namani « David W. Deamer

Ong Life Evol Biosph (2008) 38:57-74
DOL 10.1007511084-007-9113-2

Lipid-assisted Synthesis of RNA-like Polymers
from Mononucleotides

Sudha Rajamani » Alexander Viassov « Seico Benner «
Amy Coombs « Felix Olasagasti « David Deamer

Vol 454[3 July 2008 nature

NEWS & VIEWS

ORIGINS OF LIFE

How leaky were primitive cells?

David W. Deamer

If the first cells were simple vesicles, how did nutrients cross their membranes without help from transport
proteins? A model of a primitive cell suggests that early membranes were surprisingly permeable.
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figure ). Schematic diagram of coupled vesicle growth and division. { Reproduced from Zhu and Szostak 2009
and reprinted with permission from the Journal of the American Chemical Society §°2009.)












The Beginning of Life?

When - by chance - one of the [possibly]
RNA polymers became able to replicate
itself and later other RNA molecules.
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What Evolution Is

e Conflict
* modification (C()mp etiti()n)

e selection

e transitions
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Competition Cooperation

Mutation bad Mutation good

RT litters genome RT provides raw material
Sloppy T, wasted RNA Sloppy T, provides raw mat.
Sloppy splicing, mRNA novel splice variants evolve

defective
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Competition between model protocells driven by

an encapsulated catalyst
Katarzyna Adamala™ and Jack W. Szostak™

The advent of Darwinian evolution required the emergence of molecular mechanisms for the heritable variation of fitness,
One model for such a system involves competing protocell popadations, each consisting of a replicating genetic polymer
within a replcating vesicle, In this model, eaxch genetic polymer imparts a selective advastage o its protocell by, for
wample, coding for a catalyst that generates a useful metabolite, Here, we report a partial model of suxh nmcent
evolutionary traits in a system that consists of fatty-add vesides comtaining a dipeptide catalyst, which catalyses the
fermation of a second dipeptide. The newly formed dipeptide binds to vesicle moembrames, which imparts enhanced affinity
for fatty aclds and thus promotes vesicle growth. The catalysed dipeptide symthesls procoeds with higher effidency in
vesicles than in free solution, which further enhances fitness. Owr observations suggest that, in a replicating protocell with
m RNA genome, riboryme-catalysed peptide synthesis might have beon sufficient to initiste Darwinian evelution,
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ABSTRACTY

How 8o design an “evolvable® artificisl systom capabie 10 iecrease m compleaty? Although Durwiny
theory of evelution by ratural selection obvicusly offery & S foundution, lttle hope of sucoess sevms
10 be expected from the explanatory adeguacy of moders evolitionary theary, which does a goad job o
aplaining what has aiready happenced but remans practically belpless at predicting whae will eccur,
However, the stody of the major ransitions in evolution dearly suggests that increases in complexiny
have occurred on those occasions when the conflkting Interests between competing Individuals were
pardy subjugated. This immediately raises the issue about “Sevels of seecion” in evolutionary bislogy.
and the idea that multi-kewel seloction soenunos are reguired for complexity 1o emerge. Afler malyrieg
the dynamicad Dehuviowr of competing repicatons within compurtments, we ihow heve that 2
peoliferation of differcetisted catalysts and/or improvessent of Gtalytic efficiency o ribosymes can
potentally evolve in property designed artificial cells where the strong internal competition between
the dfferont species of replcators & somewhat prevented (Le. by chooing them with equal
peobabilty | Experimental evolstion In these systerms will Akely stand o beagifid examples of actificial
Maptive yystems, and will provide new Inughts 0 uaderstand possibie evolutionary paths to the
ovoltion of metabolk complexty,
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The origin of replicators and reproducers

Eors Szathmary' "

'Cdlqum Budapest (Instinwee for Advanced Study), 2 Srenthdromsag urca, 1014 Budapest, Hungary
"Department of Plams Taxenenty and FEcology, hutitute of Biology, Edeeds Univenaty,
1 Pasmany Peter stany 1117 Budapest, Hungary

Replicators are fundamental to the orign of life and evolvability. Their survival depends on the
accuracy of replication and the efficency of gromth relative o spontancous decay. Infrabiological
systems are built of two coupled autocatalytic systems, in contrast to minimal Iving systems that must
comprise a1 keast 3 metabolic subsystem, a hereditary subsystem and a boundary, serving respective
functions. Some scenarios prefer to unite all these functions into one primordaal system, as iBustrated
in the Epid world scenario, which is considered as a didaciic example i detail. Experimentally
produced chemical replicators grow pamabolically owing w product inhibiton. A selection
comseqquence is survival of everybody. The chromatographized replicator maodel predicts that such
replicators spreading on surfaces can be selected for higher replication rate because double strands
are washed away slower than single strands from the surface. Analysis of real nbozymes suggpests that
the error threshold of replication is Jkss severe by about one order of magnitude than thought
previously, Surface-bound dynamics 1 predicted 1o play a crucsal role also for exponential replcastors:
unlinked genes belonging to the same genome do not displace cach other by competition, and
cfficent and accurate replicases can spread. The most efficient form of such useful population
structure is encapsulation by reproducing vesicles. The stochastic corrector model shows how such a
bag of genes can survive, and what the role of chromoesome formation and mtragensc recombination
could be, Prebiotk and carly evolution cannot be understood withowt the models of dynamics.

Keywords: replicator; onigin of hife; nbozyme; awtocatalyss; compartmentation; error threshold
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Spontaneous network formation among
cooperative RNA replicators

Nilesh Vaidya', Michael L. Manapat®, Irene A, Chen't, Ramon Xulvi- Brunet’, Eric J. Hayden® & Niles Lehman'

The origins of life on Earth required the establishment of self-replicating chemical systems capable of maintaining and
evolving biological information. In an RNA world, single self - replicating RNAs would have faced the extreme challenge of
possessing a mutation rate low enough both to sustain their own information and to compete successfully against molecular
parasites with imited evolvability. Thus theoretical analyses suggest that networks of interacting molecules were more
likely to develop and sustain life-like behaviour. Here we show that mixtures of RNA fragments that self-assembile into
self-replicating ribozymes spontancously form cooperative catalytic cvdes and networks. We find that a specific
three-membered network has highly cooperative growth dynamics. When such cooperative networks are competed
directly against selfish autocatalytic cycles, the former grow faster, indicating an intrinsic ability of RNA populations to
evolve greater complexity through cooperation. We can observe the evolvability of networks through in vitro selection.
Our experiments highlight the advantages of cooperative behaviour even at the molecular stages of nascent life.
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The cooperative gene

The origin of life on Earth remains one of the great unsolved mysteries. A new
study suggests that cooperation among molecules could have contributed to the
transition from inanimate chemistry to biology. SEE ARTICLE P.72

James Attwater and Philipp Holliger are
at the MRC Laboratory of Molecular Biology,
Cambridge CB2 0QH, UK.

e-mail: phl@mrc-Imb.cam.ac.uk



X

s (uite remarkable that contemporary biochemica] systoms
have W0 nucleie acids, DNA and RNA, which difir ouly by a sys-
- {ematc hydroxy] Eroup and an oceasiona methy| group. Despit
. tbe great chemica] s, the molels neverhees haye
e diferent funcins it g VR acts s the major oy
 of genetic information, while the BOVA molecule i used t copyen
* {hi geneti iformation ingg acttal protein moleeuls, Bocaye of
* theclos chemica smilariis, we are fempteq fy

SCUSS this further e ﬂhOllld llOtQ that the RNA NOIBCHIQ I8
able to carry genefic information, as for example, in the RNA-

ing viruses, Ths, it may be reasonable o speculate that the

14 ALEXANDER RICH

hypotbetical mumMMminﬁly
anRNA-Ibpulymﬂhichmabletowmymticinfmﬁon
tmllasotmimhmim%inmmiﬁcmtomh
pmmmmhwaemmm@um
myummmmmmmm
mmw-mmdhnxmmg
nmdﬁitypemyhnhmhmduhudy.pythn
view, DNA may be regarded a5 8 derivative molecale which has
emlredinsfmmchthtitonlyanhswtmdﬂ!pdmiﬁw
nddcaddfmdionltspedxﬁmdinthemkmhrreplim&zcy-
clethntispmoltbemechmimfomﬂitﬁnggneﬁinfm
tion. DNAismboﬁanyhmiwthmRNA,perhapsbe-
canst of the absente of the hydroay! group on carbon 2. The s
olthisiydmxylpwpmyhmmuieithnposdbhfoﬂhenm
molembtohmmhuitoitthmﬁmuidswhidmudin
pmteinsyMHmu,m&nbkmbcﬁmdmugeny
hederiwdfmthedtvelopmentdtwdiﬂum&udnuckic
uids,omdtbkhhlmadhtmm”udwmh
mlf-replimthlnmnse,thislmdstommthpnmuycqpy
oftbemﬁcinlomﬁonltwillbedmnédmbhinwmo
sy the avaiable imple e forms to ee whether som of thom
myuitiimlymtmdn&iuﬁnﬁuﬁmtmm
usmuhmmmmwu

mmvﬁémww"ﬁw
o sk pimive e fom.



Central Dogma of Molecular Biology Revisited

(protein)

DNA causality

4
l (protein)

RNA mediating
l(RNA)
(protein)

protein cxecution

RNA causality,

y I execufion

(prcitein)/

(RNA)
DNA -
bookkeeping
(protein)
protein
execution



NnpcRNAs
ORFs ~1.5%
UTRs

regulatory regions
CNEs

Retronuons ~43%

anonymous seq. DNATEs ~3%




NnpcRNAs
ORFs ~1.5%
UTRs

regulatory regions
C’N’Es

retronuons

anonymaous Seq.

DNA TEs




Retroposition yields

1) novel protein encoding genes or novel
protein domains
2) reqgulatory elements
(e.g., promoters, enhancers, silencers, poly(A) addition
signals, splice sites — novel protein domains)
3) non-protein coding RNA genes (npcRNAs)
(e.g., BC1 RNA, BC200 RNA, transcribed W-genes)
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Retrostuff is only JUNK!

11980s/90s

Most retronuons are indeed
junk; however, a few
exaptations occur

Most retrotransposons are
FUNCTIONAL!

currently

Drawings by Cila R.B. Brosius




Functional RNAs are FOSSILS from the past.

T

- b il J '1980s/90s '
L
\
‘ Novel RNAs can be generated and
exapted. Many npcRNAs to be
discovered.

currently

Almost every [spurious] transcript, almost
every [degraded] snippet of RNA has a

FUNCTION!

Drawings by Cila R.B. Brosius



The Persistent Contributions of RNA
to Eukaryotic Gen(om)e Architecture
and Cellular Function

Jurgen Brosius
Institute of Experimental Pathology (ZMBE), University of Minster, D-4814% Minster, Germany
Correspondence: RNA worki@uni-muenster.de

Currently, the best scenario for earliest forms of life is based on RNA molecules as they have
the proven ability to catalyze enzymatic reactions and harbor genetic information, Evolu-
tionary principles valid today become apparent in such models already. Furthermore, many
features of eukaryotic genome architecture might have their origins in an RNA or RNA/
protein (RNP) world, including the onset of a further transition, when DNA replaced RNA
as the genetic bookkeeper of the cell. Chromosome maintenance, splicing, and regulatory
function via RNA may be deeply rooted in the RNA/RNP worlds. Mostly in eukaryotes,
conversion from RNA to DNA is still ongoing, which greatly impacts the plasticity of extant
genomes. Raw material for novel genes encoding protein or RNA, or parts of genes including
regulatory elements that selection can act on, continues to enter the evolutionary lottery.

Everything has been said already, but sot yet by every-
one.
~Karl Valentin

Sturgeon's Revelation: Ninety percent of science fiction
is crud, but then, ninety percent of everything is crud.
~Theodose Sturgeca

They think that intelligence is about noticing things
that are relevant (detecting patterns); in a complex
world, intelligence consists in ignoring things that are
irrelevant (avoiding false parterns).

—Nassim Nicholas Taleb (Taleb 2010)

f all extant cellular macromolecules, RNA
is the most ancient, persisting as much as 4
% 10" years in our planet’s life-forms. The abil-
ity to combine genotype with phenotype such
as catalytic activity (Noller and Chaires 1972;

Kruger ct al. 1982; Guerrier-Takada ct al. 1983;
Noller et al. 1992) leveled a major hurdle in
understanding the origin of life. The salient
discoveries diminated the virtually impossible
prerequisite for two to three different dasses of
macromolecules to converge as an evolving unit.
At the same time, RNA provides a required con-
tinuity in the path of evolution (Yarus 2011)
during various genetic takeovers or evolution-
ary transitions (Cairns-Smith 1982; Szathmary
and Smith 1995). In a remarkably insightful ar-
ticle dating back half a century, Alex Rich fore-
saw much of what now is becoming main-
stream, for example, that RNA was ancestral 1o
protein and DNA (Rich 1962). This landmark
publication received little attention over the
years; even early proponents of an RNA world

Editors: Patrick ). Keeling and Eugene V. Koonin
Additional Perspectives on The Origin and Evolution of Eukaryotes available at www.cshperspectives.org

Copyright © 2014 Cold Spring Harbor Laboratory Press; all rights reserved.
Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101 /cshperspect.a016089






" waw 1 v oM ek i
I.---IIIII.. -— L] 2,;‘
Fopis 1B s glebe H g B ot g
In—lll _--ll.llll- - | %
4 A} : I *
mimn I-ll.l I_Il.-l-lllllll-lll 110 1 N !
I Polg s LR E EE ¥ B
(B Ill-l-lllll- l- i mun
HE t i '"Eii P

D ¥YNY 00208 P4 jO g



although occasionally recruitment of extra DNA as novel gene module...



Transcriptional noise as a driver of gene evolution

Dmitrii Polev®
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ABSTRACT

As nowed genes omerge in the evolution of specses, pre-exiing genes expand ther expression patierms
to dveniy thair functions and the expresdon patterns of groae duplcates dverge 1o purswe functional
specialization. All these processes require genes 10 Be expressed, however, the kevel and specificity of
gene expression at the carly stages of these processes aoe undear. In this study, | peopose that
transcriptional notse is 4 mechanium 10 test genes for sew feactions, and | hypothesize the ‘inservice”
mechanism of gene evolution In aras o other dypotheses that sugges that there are spedalazed
sten for geoe evolution, wch as tumors (Kordow, 2000) o the testn (Karvmann, 2010) this hypothesn
proposes that emerging pmes are expreised nompeciically = marny normal thisues, due 10 tramcrip-
tional none. New genes ace continuoutly Yestnd in vanow cells and under vasious condition, ther cby
Hlowing the genes 10 evalve functions at the sites of their fuure work. The hypothesis of “Inservioe
pone evolution Jlso proposes that pre-cxbting poaes are comminuously tested under extrinsic endi-
tions, due 0 transcriptional noise; ths tespeg Doltates B emeygence of Atermative promoters and
the dversification of the genes” expression patterns and fenctions.

© 2011 Elsevier Lad Al rights reserved
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Waste not, want not - transcript excess
in multicellular eukaryotes

Jurgen Brosius

institute of Experimental Pamhology, ZMBE, University of Munster, Von-£ smarch-Str, 56, Munster, Germany

There is growing evidence that mammakan genomes
produce thousands of transcripts that do not encode
proteins, and this RNA class might even rival the
complexity of mRNAs. There is no doubt that a number
of these non-protein-coding RNAs have important
regulatory functions in the cell. However, do all tran-
scripts have a function or are many of them products of
fortuitous transcription with no function? The second
sconario is mirrored by numerous alternative-splicing
ovents that lsad to truncated proteins, Nevertheless,
analogous to ‘superfluous’ genomic DNA, aberrant
transcripts or processing products embody evolutionary
potential and provide novel RNAs that natural selection
can act on,



Concluding remarks

Once more, economy recapitulates organismic evolution
[40]. Like the music industry, which releases thousands of
singles onto the market each year only a small percentage
of which receive significant air play, the cell continuously
churns out thousands of transcripts assembled from
(parts of) retroposons, existing genes and/or the ever-
changing, randomized genomic mass. Only a minority
ever ‘hit the charts’ of purifying selection.



Darwin already recognized that nature can be wasteful
and yet successful — ‘Nor ought we to marvel if all the
contrivances in nature be not, as far as we can judge,
absolutely perfect; and if some of them be abhorrent to our
ideas of fitness, We need not marvel at... the astonigshing
waste of pollen by our fir trees’ [26). He recognized the
extravagance of nature, which is equally apparent in the
cellular content and genomes of most multicellular
organisms, The aforementioned examples of molecular
waste are consistent with Darwin’s natural selection and

the concept of evolution by tinkering [27], illustrating the
positive aspect of wasting resources.



EYOLUTION AND INFORMATION TRANSFER 13

41e o copies present, An secident of this type may seem o offr
1 selective advantage, Howerer, during the process of mutation,
altemtiominthesebasmmayocwinoneoftbesewpimbutnot
i the seeond one which codeg for the sme protein, This megns
that & mutation which might be lethal for he Organism would o
be lethal in this duplex state, Accordingly ap anomaly of {his type
allows for the development,of variety of new protein molpeyles
which can, in 8 senge explre the environmens, e readily tha
the original organism ith ouly & sngle capy of its genetic inform-
tion Here the huxury of surplus, edundant informatiop appears to
- provide a selective advantage in evolytion, If this process goes gp
‘several fimes, eventually the Organism ends up with many genetie
- 0pies of an origing] Prokotype protein molecule, These Copies Tight
-then evolve along somehat Separate evolutionary Jines ang give
13 o classes of moleyles which, though similar, are in faet, differ.
-0t in many ways, Itispossiblethatthismaybetheoriginofmtain
tases ofrelated profeins gy 88 myoglobin and the - and fchging
‘of bemoglbia, i whic ther are many similarites n both aming
8eid sequence and secondary structure,






The significance of RNA:
always a debate!




BY THE NUMBERS
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