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@ A genetic tree of life’s diversity...

EUKARYA Encephalitozoon
The Eukarya, meaning cells
with a nucleus, include all _
plants and animals, Hexamita
including people Valrimorpha

Giardia

Trichomonas

Physarum

Trypanosoma g.

Euglena

Naegleria qge.

Entameba

Dictyostelium__

BACTERIA

Bacteria are single-celled organisms
with no nucleus.

Chlorobium CY'oPhaga

Agro-
bacterium

Epulopiscium

Bacillus

chloroplast
mitochondria Synechococcus

E.coli
Thermus

Riftia Thermomicrobium
Thermotoga
Aquifex

EM 17

Chromatium

Haloferax ARCHAEA
Methano-
. iy The Archaea look like
Methanobacterium spirillum bacteria but have
Methanococcus different genes for
¥ managing and reading
Thermococcus Merf?ano out their DNA.
Methanopyros sarciha
Sulfolobus
Thermoproteus
Thermofilum
pSL 50
pSL 4
pSL 22
SL 12
pJP 78 P
pJP 27

Adapted from Carl Woese and Norman R. Pace, New York Times, April 14, 1898
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In all organisms, all of the time, biological information is being transformed
from genotype (information) into phenotype (living, breathing organisms)

> Phenotype

<g; organism

g =

/'\fg.\/&;

Protein

metabolism




transcription translation .
Protein

- the double helix of is transcribed into (chemical sister
language) RNA, and the resulting messenger RNA's are then
translated into Protein




Adenosine Thymidi
m_ ymil 1ne/--\+
R | T R |

Guanosine Cytidine

The 20 amino acids of the protein alphabet

-

Key

carbon
Lysine Histidine Arginine Tyrosine Glutamine Asparagine Valine Cysteine Alanine Glycine
(Lys) (His) (Arg) (Tyz) (Asn) {Asn) (Val) (Cys) (Ala) {Gly) oxygen
benzyl
Q Varying ring
Side :
Chain nifrogen
Constant sulphur

backbone

Aspartate Glutamate Tryptophan Serine Threonine Phenylalanine Methionine Proline  Leucine  Isoleucine hydrogen
(Asp) (Glu) (Trp) (Ser) (Thr) {Phe) (Met) {Pro) (Leu) Ile)




Nucleotides of mMRNA are
read in triplets by tRNA's
(adaptor molecules) that
translate this codon into a
corresponding amino acid

amingacid

a 9N

Protein



Codon CAU is decoded into Histidine

Protein



The central paradox of early evolution...




The central paradox of early evolution...

Protein

Ribonucleotide
monomers .

Deoxyribonucleotide
monomers




The central paradox of early evolution...

So when/how/why did |
this evolutionary event | potein

happen? | jw

Deoxyribonucleotide
monomers Ribonucleotide
monomers .




4 lectures...

() A History of Life on earth
(i) The Evolution of the Genetic Code

(iii) The Evolution of the Amino Acid “Alphabet”

(iv) The origin of life —here and elsewhere?
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“normal” methods for reconstructing evolution

1. Collect and organize as much information as possible about their characteristics



“normal” methods for reconstructing evolution

common
ancestor

1. Collect and organize as much information as possible about their characteristics
2. Construct an evolutionary tree, assuming most similarities = closest relatives



“normal” methods for reconstructing evolution

Key
— Aquatic animal

— Land animal

common

ancestor
1. Collect and organize as much information as possible about their characteristics

2. Construct an evolutionary tree, assuming most similarities = closest relatives
3. Infer the order in which characteristics evolved



(It is increasingly common to use molecular data)

Key
— Aquatic animal

—— Land animal

common

ancestor
1. Collect and organize as much information as possible about their characteristics

2. Construct an evolutionary tree, assuming most similarities = closest relatives
3. Infer the order in which characteristics evolved



(It is increasingly common to use molecular data)

vhltgeeks gltalwakvn veeiggealg rllvvypwtg rffehfgdls tadavmknpk vkkhggkvla

Human p-hemoglobin

mvhltpeeks avtalwgkvn vdevggealg rllvvypwtqg rffesfgdls tpdavmgnpk vkahgkkvlg

Rat 3-hemoglobin

mvhltdaeka avnglwgkvn pddvggealg rllvvypwtqg ryfdsfgdls sasaimgnpk vkahgkkvin




(It is increasingly common to use molecular data)

EUKARYA

Encephalitozoon

The Eukarya, meaning cells
with a nucleus, include all

BACTERIA

Bacteria are single-celled organisms
with ne nucleus.

plants and animals, Hexmita
including people Valrimorpha
h
[ Chlorobium Cytophaga
N Agro-
G/ara | bacterium Epulopiscium
Trichomonas Bacillus

Physarum

Trypanosoma g,
Ja

Euglena G

Naegleria g
e

[
[

Entamoeba
=== BT

Dictyostelium e
tyostelium __ e

S y. ORGANISMS VISIBLE
Paramecium & TO HUMAN EYE

‘AN
Fungi - Plants
Animals

chloroplast

mitochondria ® Synechococcus

E.coli
¢ Thermus

Bl Thermomicrobium
Riftia /

Thermotoga

® Aquifex

EM 17

Chromatium

Haloferax ARCHAEA

Methano-

spirillum The Archaea look like

bacteria but have
different genes for
managing and reading
out their DNA.

Methanobacterium
Methanococcus

Thermococcus Methano-
sarcina
Sulfolobus

Thermoproteus
Thermofilum

Methanopyros

pSL 50
pSL 4
pSL 22

pJP 78 pstids

pJP 27

Adapted from Carl Woese and Norman R. Pace, New York Times, April 14, 1898

Marine group 1

e.qg. all species have their own ribosomes, so by comparing the DNA sequences of these

ribosomes, we may construct a “tree of life”




But before the last universal common ancestor (LUCA)...

EUKARYA

Encephalitozoon

The Eukarya, meaning cells
with a nucleus, include all
plants and animals,
including people

Hexamita

Va/rmorpha

Giardia |
i Trichomonas

Physarum

Trypanosoma Q.

Euglena g,

Naegleria gg__

Entamoeba

Dictyostelium

Porphyra & &3
P 4
: f’ ORGANISMS VISIBLE
Paramecium | TO HUMAN EYE
Fungi Plants

Animals

Adapted from Carl Woese and Norman R. Pace, New York Times, April 14, 1998 /

N\

BACTERIA

Bacteria are single-celled organisms
with no nucleus.

Chlorobium Cytophaga
Agro- o
bacterium Epulopiscium

Bacillus

> chloroplast
mitochondria Synechococcus
E.coli

Thermus
o / ? Thermormicrobium

Riftia ;
Chromatium Thermotoga
‘ » Aquifex

EM 17

Haloferax ARCHAEA
Methano-
. iy The Archaea look like
Methanobacterium spirillum bacteria but have
Methanococcus different genes for

managing and reading

Thermococcus out their DNA.

Methano-
sarcina
Sulfolobus

Thermoproteus
Thermofilum

\6% / Methanopyros
E Y
!
: ’?

pSL 50
pSL 4
pSL 22

pJP 78 pStas

pJP 27

Marine group 1

.most fundamental biochemistry was already fixed — including the Central Dogma




When did the standard
genetic code evolve?

Divergence of eukaryotes
~ 2.7-1.5 billion years ago

Origin of life (Martin and Russell, 2002)
~3.8 billion years ago
(e.g. Nisbet and Sleep, 2001) § Now
>
Ilzormation Biogenic stromatolites

of earth 3.42 b|II|on years ago (AIIwood et al., 2006)

~4.6 billion
years ago




EUKARYA Encephalitozoon BACTERIA

The Eukarya, meaning cells
with a nucleus, include all
plants and animals,
including people

Bacteria are single-celled organisms
i with no nucleus.
Hexamita

Valrimorpha
Chiorobium ©YtoPhaga
Agro-

bacterium

Giardia Epulopiscium
Trichomonas Bacillus
chloroplast

mitochondria Synechococcus
Physarum ol

. Thermus
Trypanosoma Thermomicrobium
o Riftia miere
Thermotoga
Aquitex

EM17

Chromatium
Euglena

Naegleria

Entamoeba

Dictyosteliurn Haloferax ARCHAEA

Methano-
spirillum

The Archaea look like
bacteria but have
different genes for
managing and reading
out their DNA.

Methanobacterium
Methanococcus
Thermococcus
Methanopyros

Porphyra

ORGANISMS VISIBLE

TO HUMAN EYE

gi Plants
Animals

Methano-
sarcina
Sulfolobus
Thermoproteus
Thermofilum

Paramecium

Fun,

© 2000 Don Dixon / graphica,com

pSL 50
pSL4
pSL 22
pSL 12

Origin of life
~3.8 billion years ago

Adapted from Carl Woese and Norman R. Pace, New York Times, April 14, 1888
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The Standard Genetic Code

A

Formation Biogenic{
of earth 3.42 billio
~4.6 billion
years ago

(@) 05 @)= @0 @ S @ 20 E @ 1= QS

(e.g. Nisbet and Slee, low
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There are 4 ‘letters’ (nucleotides)

(d)cytidine

Purines Pyrimidines



There are 4 ‘letters’ (nucleotides)

U
uracil

guanosine cytidine

Purines Pyrimidines



Anatomy of a nucleotide

Base

Phosphate

Ribose
nucleotide



If this OH is reduced to

then ribose (used in RNA)
becomes deoxyribose (used
in ); this is the source of
DNA’s increased stability,
relative to RNA

OH OH

Ribose
(deoxynucleotide
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...It would be parsimonious to assume that thymine had evolved before the
machinery for transforming it into uracil!

Thymine




Phosphate

Uy




RINA evolved before DNA

1. DNA is derived from RNA (Uracil is derived from Thymine;

DeoxyRibose is derived from Ribose)
A. Lazcano, R. Guerrero, L. Margulis, ]. Oro, ]. Mol. Evol. 27, 283-290 (1988).



tRNA — the “adaptor
molecule” — is a
folded-up RNA
transcript

The ribosome,
“supervisor” of
translation, is a giant
RNA catalytic
molecule

RNA can also fold into a complex shapes with non-informational
(e.g. catalytic) properties...



Metabolic RNA as "molecular fossils”

‘natural metabolic RNA’ can be elegantly explained as molecular fossils

of a truly ancient time when RNA performed both genetic and catalytic
roles...

RNA co-factors

tRNA
rRNA

Editing

DNA Protein

Deoxyribonucleotide
monomers

Ribonucleotide
monomers
<




RINA evolved before DNA or proteins

1. DNA is derived from RNA (Uracil is derived from Thymine;
DeoxyRibose is derived from Ribose)
A. Lazcano, R. Guerrero, L. Margulis, ]. Oro, ]. Mol. Evol. 27, 283-290 (1988).

2. “Metabolic” RNA molecules (tRNAs, rRNA, ribonuclease P and
enzyme co-factors) can be elegantly explained as molecular

fossils 1 p wmite, J. Mol. Evol. 7, 101-104 (1976).

3. Looking carefully at 1 + 2, all the evidence suggests that RNA
evolved “protein translation” before DNA arose

Freeland, Knight and Landweber, Science (2000)



In Vitro selection of ribozymes

pool of random reverse transcribe
RNA molecules enriched pool and amplify with PCR

y < (infroduces mutations)

Catalytically
active molecules

Iterated @E»
negafive Cycle Mmoo

control -
remaining —
molecules Displaced

non-specific 2 ek molecules
binders
LSO\
L

@j@? %?&5& Wash over bound,

subsirate/product
infermediate

Laboratory experiments have now created RNA molecules that perform a
wide range of basic metabolic (catalytic) functions: these are ribozymes



seunadations of the RNA-world hypothesis

} lhbm RNA (Uracil is derived from Thymine;
The RNA World RfEit s

THIRD EDITION .. Margulis, |. Oro, . Mol. Evol. 27, 283-290 (1988).

nolecules (tRNAs, rRNA, ribonuclease P and
can be elegantly explained as molecular

ol. Evol. 7, 101-104 (1976).

at 1 + 2, all the evidence suggests that RNA
nslation” before DNA arose
and Landweber, Science (2000)

)n experiments demonstrate an
tication for catalytic RNA
ds., The RNA World, 2™ ed (1999) Cold Spring Harbor Lab. Press

s catalyst and information template!

(despite over 20 years of attempts, there is no evidence
for template-driven replication of proteins!)



Solving the Puzzle of Primordial Self-Replication

Oligo-Peptide
co-factfors

RNA
replicase

Ribonucleolide
monomers




Solving the Puzzle of Primordial Self-Replication

Metabolic
Ribozymes

Editing?

Oligo-Peptide
co-factors

RNA
replicase

Ribonucleotide
monomers




Solving the Puzzle of Primordial Self-Replication

Metabolic
Ribozymes

P tRNA
Ed’t’ng. rRNA

» Protein

Translation!

< RNA -
replicase

Ribonucleotide
monomers




Solving the Puzzle of Primordial Self-Replication

RNA co-factors:

— IRNA
Editing? .pNA

» Protein
Synthetases ‘)
Ribosomal
proteins
RNA
Po!ymerase
1
Ribonucleolide Free-radical
ribonucieotide monomers protein
reduction enzymes [ chemistry




Solving the Puzzle of Primordial Self-Replication

RNA co-factors

transcription m tRNA
enzymes Editing  pna

» Protein

Synthetases
DNA Ribosomal

polymerase proteins

l Transcription

RNA
Polymerase Bl

Ribonucleolide
monomers

Free-radical
ribonucleotide prot.ein
reduction enzymes [Ram chemistry




the palimpsest view of metabolism
7 P - -

(11 :
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Proc. Natil. Acad. Sci. USA
Vol. 86, pp. 7054-7058, September 1989
Evolution

Modern metabolism as a palimpsest of the RNA world

STEVEN A. BENNER*, ANDREW D. ELLINGTONT, AND ANDREAS TAUER
*Laboratory for Organic Chemistry, Eidgendssische Technische Hochschule, CH-8092 Zurich, Switzerland; and TDepartment of Molecular Biology,

Massachusetts General Hospital, Boston, MA 02114
Communicated by F. H. Westheimer, May 15, 1989

ABSTRACT An approach is developed for constructing
models of ancient organisms using data from metabolic path-
ways, genetic organization, chemical structure, and enzymatic
reaction mechanisms found in contemporary organisms. This
approach is illustrated by a partial reconstruction of a model
for the * organism,’’ the last organism to use
RNA as the sole genetically encoded biological catalyst. As
reconstructed here, this organism had a complex metabolism
that included dehydrogenations, transmethylations, carbon-
carbon bond-forming reactions, and an energy metabolism
based on phosphate esters. Furthermore, the breakthrough
organism probably used DNA to store genetic information,
biosynthesized porphyrins, and used terpenes as its major lipid
component. This model differs significantly from prevailing
models based primarily on genetic data.

Since the discovery of self-splicing RNA (1), molecular
biology has become the central focus of speculation concern-
ing early forms of life. Many of these speculations consider

text): In Syriac, 1st half of C10th.

From the Schoyen Collection, Section 5 (Patristic literature)
http://www.schoyencollection.com/patristic.htm

origin of translation, and other events that occurred in the
RNA world.

If several descendants of an ancient organism can be
inspected, a rule of ‘‘parsimony’’ can be used to model the
biochemistry of the ancestral organism by extrapolation from
the biochemistry of the descendant organisms. The most
parsimonious model is one that explains the diversity in the
modern descendants by a minimum number of independent
evolutionary events. For the progenote, three independent
lineages of descendants are known (archaebacteria, eubac-
teria, and eukaryotes). Thus, a biochemical trait present in all
three can be assigned to the progenote. The assignment is
strongest when (i) the trait is found in several representative
organisms from each of the three kingdoms; (i) assignments
of homology in various branches of the progenotic pedigree
are supported by high information content (preferably se-
quence data); and (i) aspects of the trait serve no selected
function in the modern world.® Such assignments are not




Francis Crick, 1953, posing with
his co-solved structure of DNA
(reported in Nature volume 171 :
pages 737-738 & 964-967)

oif plaira Ir) ‘1968

"In looking at ... present-day ... protein synthesis,
once 1s struck by the considerable involvement of
non informational nucleic acid. The ribosomes are
mainly made from RNA and the adaptor molecules
(tRNA) are exclusively RNA ...Why is this?...we
cannot help feeling that...rRNA and tRNA...were
part of the primitive machinery for protein
synthesis...In fact, as has been noted elsewhere,
tRNA looks like Nature's attempt to make RNA do
the job of a protein (Crick, 1966).

If indeed rRNA and tRNA were essential parts of the
primitive machinery, one naturally asks how much
protein, if any, was then needed. It is tempting to
wonder if ... the primitive machinery had no protein

at all and consisted entirely of RNA"
Crick, F.H.C. (1968) (page 371)
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The 3 Faces of the Genetic Code
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Alcode: that reveals its own evolutionary history...




Alcode: that reveals its own evolutionary history...

Theme 1: modern metabolism carries a “footprint”
of evolutionary history...
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: a q 3
= L. 1\
Leu | — G,
s CCU
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B ACC BN R
Met | _ ACE N
| 5
val |- Ala

2ai Shabow
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s CGA
I CGG
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Ser

.| Arg

Gly

Amine acid metabolism & codon assignments
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Amine acid metabolism & codon assignments
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Amine acid metabolism & codon assignments
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Amine acid metabolism & codon assignments
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Inoe acidimetabolism & codon assignments

Enzy@ $

Primordial tRNAS dlverS|fy -

code improving codon <-> enzymes modify
recognition S1HMC) @d) aminoacyl tRNA's

lle
| Thr
Met

amino acid biosynthetic derivatives may have become incorporated into the code by

modifying precursor amino acids on the tRNA ~’novel’ amino acids would thus capture a
sub-set of the codons belonging to their pre-cursors




ihe Genetic Code “coevolution™ hypothesis
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Wong's (1975) analysis calculated a very low probability that this many
precursor-product pairs would fit the expected pattern by chance alone



put It's not that straightforward. ..

Pi
Threonine Phospho-
homoserine
H20 kCvADP
ADP NADP+ Pi NADP+ ATP
Aspartyl-f3 B-Aspartate : L
Aspartate -phosphate -semialdehyde Homoserine
ATP NADPH NADPH C Succinyl-CoA
CoASH
THF Pyruvate + NH3 Succinate |
Methionlne% Homocysteine ‘?L_ Cystathionine :‘&_ \l_ O-succinyl
homoserine
N5-methyl-THF «—— (Serine) Cysteine :|

Several ‘precursors’ don’t actually precede their ‘products’ in extant metabolic pathways:
rather, both amino acids are derived from a common, non-protein, precursor.



put It's not that straightforward. ..

Pi

Threonine Phospho-
homoserine
3

H20 CADP
ADP NADP+ Pi NADP+ ATP
Aspartyl-3 B-Aspartate .
Aspartate -phosphate -semialdehyde Homoserine
ATP NADPH NADPH C Succinyl-CoA
CoASH

THF Pyruvate + NH3 Succinate |
Methionlne% Homocysteine | <\ [Cystathionine j;_ O-succinyl

homoserine

N5-methyl-THF «<—— (Serine) Cysteine

A re-calculation of the probability that
chance alone accounts for these

| patterns found P=0.63

“Testing a Biosynthetic Theory for Genetic Code
Evolution: Fact or Artifact?”, Ronneberg, Landweber
& Freeland (2000) P.N.A.S. 97:13690-5

Several ‘precursors’ don’t actually precede their ‘products’ in extant metabolic pathways:
rather, both amino acids are derived from a common, non-protein, precursor.



A Consensus Incorporation Order

* Trifonov has compiled more than 60 incorporation
orders from various genetic code studies and
derived several “consensus” orders (2000, 2004).

* These orders mainly reflect the idea that small,

chemically simple amino acids were encoded before
big, complex amino acids

* According to Trifonov, the following one “has a merit

of a best guess” based on computer analysis (Table V
in Trifonov, 2004):

GIAIDIVIPISIEITILIRINIIIQIHIKICIFIYIMIW




Simple, general patterns of biosynthetic relatedness

~ Amino acids from the same
biosynthetic pathway tend to be
assigned codons with the same
first base.

~ The most likely prebiotic amino
acids are all assigned to GNN
codons

The significance of such
patterns remains unknown!




VWermust be careful not to overinterpret!

Pro I- c
CCA CAA .

How did such different chemical
languages start interacting?

Why did these particular amino acids
become involved?

Several ‘precursors’ don’t actually precede their ‘products’ in extant metabolic pathways:
rather, both amino acids are derived from a common, non-protein, precursor.



Aistiereochemically determined genetic code




Glycine
(Gly)

2%

Serine
(Ser)

Alanine Valine Leucine Isoleucine  Proline

(Ala) Va)  (Len) e Pro)

Threonine  Aspartate Glutamate Asparagine Glutamine
(Thr) {Asp) {Glu) (Asn) (Asn)

Metabolic
Ribozymes

Editing?

RNA
replicase

Ribonucleotide
monomers

Cysteine
(Cys)

Lysine
(Lys)

Amino acids and RNA evolved to interact

Methionine Phenylalanine Tyrosine
Met Phe) )

Arginine Histidine  Tryptophan
(Arg) {His) (Trp)
>
Implies the

evolution of some
sort of chemical
interaction

e

Thymidine

Oytidine

Adenosine

Guanosine

Metabolic
Ribozymes

o—— tRNA
Editing?  ,pnA

—— Protein
Translation!

replicase

Ribonucleotide
monomers




(0ld ideas for steric “fits”)




Voelecular models of steric “matches”

Messenger RNA
(mRNA)
«»

Protein

h—listidine

(His)

Models ‘prove’ that amino acids fit
sterically with:

Dunhill (1966) tRNA anticodons
Melcher (1974) anti-codon doublet
Hendry et al. (1979) double-stranded RNA
Hendry et al. (1981) cavity in B-DNA
Shimizu (1982) C4N complex
Root-Bernstein (1982) ‘backwards’ codons
...and many more!

Aminoacylation_
5 Site »
TYC Arm . CAN— | 3
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CH AN
TR L /). \\\v /
YN N
\

—~—

v \
\ f ' Acceptor

Velifelo)l= )
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v, Anticodon

~ Model building is not a
reliable approach!

Anticodon
Arm




In Vitro selection of ribozymes

pool of random reverse transcribe
RNA molecules enriched pool and amplify with PCR

y < (infroduces mutations)

Catalytically
active molecules

Iterated @E»
negafive Cycle Mmoo

control -
remaining —
molecules Displaced

non-specific 2 ek molecules
binders
LSO\
L

@j@? %?&5& Wash over bound,

subsirate/product
infermediate

Laboratory experiments have now created RNA molecules that perform a
wide range of basic metabolic (catalytic) functions: these are ribozymes



(n1Vitrosselection of ribczyines#

nool of random

reverse transcribe
RNA molecules enriched pool

and amplify with PCR
V- (introduces mutations)

“Catalyticaiy MO/“:“/&'
activc mao.acules L%mf 61}7&/

Iterated ;j? specifically
Cycle \olm S

negative ]
control

L] L]
remaining —
molecules Displaced

non-specific 2 ek molecules
binders %%
_ LH\
§j§w§§& <t Wash ound, U/ ash over
> ate/prowget -, rﬂec‘ /iﬂam{

infermediate

Laboratory experiments have now created RNA molecules that perform a
wide range of basic metabolic (catalytic) functions: these are ribozymes



I Vitro selection of RNA aptamers for Arginine

GUAG
5> gaCAG GuC/g\cac g a

334—

cuGC\ /aGGaagug\a/

In Vitro selection of ribozyines «

pool of random reverse transcribe '
RNAmolecules i and amplify with PCR |
- (inroduces mutations)

Catalyticuiy )&{ofwu/cr
activeinclecules that bind

spec l./fCH{ /y

remaining

molecules Displaced
i molecules

N over
; Megngdate /(4 ryc{ fi jmw/

Laboratory experiments have now created RNA molecules that perform a
wide range of basic metabolic (catalytic) functions: these are ribozymes

~ only Arg codons are significantly associated with Arg aptamers...
Knight and Landweber (1998) Chem. Biol. 5, pp. R215 - R220



Current state of stereochemical claims...




Unanswered questions...

l-l = I-rr\ w Y

How and why would some sort of
codon/amino acid affinity survive the
evolutionary emergence of tRNA’s?

Some of these amino acids (e.g. Arg)
are almost universally thought to be
late arrivals within the genetic code.

te arriva =

r cuc Val Gce Ala CAC Gee Gly

C}——|eua ' |eca " Jomm| . |eeA
cue  |sce |cac ®" |ece




Unanswered questions...

How and why would some sort of codon/amino acid
affinity survive the evolutionary emergence of tRNA’s?

changing the meaning of a codon...



Unanswered questions...

How and why would some sort of codon/amino acid
affinity survive the evolutionary emergence of tRNA’s?

changing the meaning of a codon =
introducing countlzss mistakzs within
a gznomz simultanzously.

As soon as it first appeared, the genetic code became locked

into place because it is unchangeable (Crick 1968)



--and yet codon assignments can and do evolve
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A Non-Random Genetic Code?

UAU B Pleated Sheet  KEY

UAC Amino Acid

UAA backbone
UAG Polar side

Chain
CAU Non-Polar
CAC side Chain

CAA
CAG

AAU
AAC
AAA
AAG

CAU
CAC
CAA
CAG

“Polar Requirement” (hydrophobicity)

Pro/Thr Ala  Ser Gly
(€] (] (] ( N

7 8




INatural selection for an adaptive genetic code

vvvv
‘‘‘‘‘

Selection




What would make a code “good” or “bad™?

A code arranged such that genetic errors are silent, or lead to substitution of
a similar amino acid will be more fit than alternatives in which this is not so

point mutation leads
to protein error

franscription translation

Protein

advantageocus




The Code as a 3D Matrix




The Code as a 3D Matrix

U C A G
2nd Base



The Code as a 3D Matrix

UGG
Trp

Q2
GGU
¢] CI

&
1 1 1 1 ™
U CA G

2nd Base




A codon can undergo 9 point mutations ...

Point mutations may be silent or may substitute an incorrect amino acid, leading
to consequences of varying severity, depending on amino acid similarity:

“Polar Requirement” (hydrophobicity)

Pro/Thr Ala

Ser Gly

Asp

Asp

Val

Ala

Glu

Gly




A codon can undergo 9 point mutations ...

Point mutations may be silent or may substitute an incorrect amino acid, leading
to consequences of varying severity, depending on amino acid similarity:

For example, sickle cell anemia results
from a single point mutation, in the 6t

codon of the B-chain of hemoglobin: R
sp
GUG GAG /
(Val) (Glu) Asp
coo coo Glu /
H3N—C::—H h "'3"_(::_"'
o E:z 1 Ala Gly
H,C  CH, [
A

“Polar Requirement” (hydrophobicity)

Pro/ThrAla  Ser Gly




Calculating the ‘error value’ (A) of a code

Amino Acids

Leu

lle

Val

T
ucC

A ; for Codon UUU = (5.0 - 4.9)2+(5.0 - 4.9)? + (5.0 -5.6)?

T 1
A G

Polar Requirement

3



Generating a random variant code

‘Natural’ Cod f
aturat Lode A Variant Code

Phe Tyr
Leu [ G

C A

His
Pro
Gln
Asn

Thr
Lys Arg

A
Asn
Ala (‘rl\
Glu G




Al
AO 2,964 better cod
114 better codes <,70% DELLer codes

99.99% of codes (99.7% of codes
| ;re worose) Natural Code are worse)
| Nat ral Code

0 . L ! . ! ! ! : .
76 88 100 112 124 136 148 20 42 64 86 108 130 152 174 196 218

Natural Code
AQ

{Natural Code A3
221,633 better codes ] 383 better codes
{78.51% of codes ‘ (99.99% of codes

are worse) )
- are worse)

0 ' 1 ] b ! ! ! : -
20 41 62 83 104 125 146 167 188 209




Al
2,964 better codes

(99.7% of codes
Natural Code are worse)

0 il ! ! ! ! ! ; .
20 42 64 86 108 130 152 174 196 218

Natural Code

\Natural Code Ag

221,633 better codes ] 88 better codes

{78.51% of codes | (99.99% of codes
are wWors ; '
e worse) are worse)

0 ' 1 ] b ! ! I : -
20 41 62 83 104 125 146 167 188 209




More subtle patterns of genetic error

U
uracil




The ‘natural’ code compared to 1,000,000 random alternatives

[incorporating patterns of translation error into A value calculations]

The Frequency Distribution of A, values
calculated for 1,000,000 random variant
codes

25000

2000d

1 better code

i1 Natural Code
15000 (99.9999% of codes are

worse):

[the probability of a code
this good arising by chance
alone is 0.000001]

10000

5000

“The Genetic Code is 1 in a Million”, Freeland & Hurst (1998) JME 47: 238-248



The 3 Faces of the Genetic Code
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Tthe 3/ Faces : Antagonistic or Synergistic?

Model 1:

[ ] Chemistry: steric code origins

[] History: biosynthetic code expansion

Selection: adaptive (error minimizing) “choice” of codon assignments

Evolution of
A complex 19 1011 12

Antagonistic
evolutionary \
7
Al RNA world £3‘14 15{6 ‘
[[/[elo[] V4 Evolution of
Concurrent, A complex
A RNA world?
evolutionary
forces
Origin of  Origin of Origin of Last Universal Extant
the earth life The code Ancestor Life




