


Outline

— From simple compounds to the world of RNA, DNA and proteins
— RNA world
— From primordial soup to the first cells

— From prokaryotes to eukaryotes
— Synthetic biology
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Cell evolution by natural selection

Last universal cellular ancestor (LUCA)
— Unicellular organism that is ancestral to all current cellular forms of life

— Natural selection requirements: genetic variability, selection of
genotypes underlying the highest fithess (reproductive success)
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From simple compounds to the world of
RNA, DNA and proteins
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Origin of first complex organic compounds

Alexander Ivanovich Oparin (1894—-1980)
— Russian biochemist (Moscow State University)
— Theory of the origin of life (1922, in Russian):

— Strongly reducing atmosphere on early Earth (methane,
ammonia, hydrogen and water vapor)

— Simple carbon compounds and inorganic molecules could react to
form “building blocks” — nucleotides, amino acids

— Gradual chemical evolution from the primordial soup:
accumulation of these “building blocks” in the water facilitated
their further reactions into polymers (with energy of lightning or
sun) and their assembly into units/structures capable of self-

replication
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Origin of first complex organic compounds

John Burdon Sanderson Haldane (1892-1964)
— British biologist and mathematician

— Proposed a similar theory: The origin of life (1929, in English)
— Oparin’s work published in English in 1936

Oparin-Haldane hypothesis
— Cells self-organized from a primordial soup
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Miller (Miller-Urey) experiment

—1953: first experimental evidence of possible

origin of life from non-living matter
— Stanley Miller and Harold Urey
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A Production of Amino Acids Under
Possible Primitive Earth Conditions

Stanley L. Miller?- 2

G. H. Jomes Chemical Laboratory,
University of Chicago, Chicago, llinois

The idea that the organie eompounds that serve as
the basis of life were formed when the earth had an
atmosphere of methane, ammonia, water, and hydro-
gen instead of carbon dioxide, nitrogen, oxygen, and
water was suggested by Oparin (1) and has been given
emphasis recently by Urey (2) and Bernal (3).

In order to test this hypothesis, an apparatus was
built to eirculate CH,, NH,, H,0, and H, past an
electric discharge. The resulting mixture has been
tested for amino acids by paper chromatography.
Eleetrical discharge was used to form free radieals
instead of wultraviolet light, because quartz absorbs
wavelengths short enough to cause photo-dissociation
of the gases. Electrical discharge may have played a
signifieant role in the formation of compounds in the
primitive atmosphere,

The apparatus used is shown in Fig. 1. Water is
boiled in the flask, mixes with the gases in the 5-]
flask, ecirculates past the electrodes, condenses and
empties back into the boiling flask. The U-tube pre-
vents circulation in the opposite direction. The acids

1 National Science Foundation Fellow, 1952-53.
2 Thanks are due Ilarold C. Urey for many helpful sugges-
tions and guidance in the conrse of this investigation.

528

Sem

Fie, 1,

During the run the water in the flask beeame notice-
ably pink after the first day, and by the end of the
week the solution was deep red and turbid. Most of
the turbidity was due to colloidal silica from the glass.
The red color is due to organiec compounds adsorbed
on the silica. Also present are yellow organie eom-
pounds, of which only a small fraction can be ex-
tracted with ether, and which form a continnous streak
tapering off at the bottom on a one-dimensional chro-
matogram run in butanol-aeetie acid. These substances
are being investigated further.

At the end of the run the solution in the boiling
flask was removed and 1 ml of saturated IHgCl, was
added to prevent the growth of living organisms. The
ampholytes were separated from the rest of the eon-
stituents by adding Ba(OH), and evaporating in
vaeuo to remove amines, adding 11,580, and evaporat-

Science, Vol. 117
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Miller experiment 7 N

+
Electrodes

— Simulated the conditions
thought at the time to be present
on the early Earth

Electrical spark
(Lightning)

%mpump
— Mixture of gases: methane,
ammonia, hydrogen and water «—i

Vapor Cold water =——p

gases (primitive atmosphere)

}Condenser

Sampling probe

Sampling probe

Direction of water vapor circulation

— Electrical sparks (lightnings)

Water (ocean)

==

Heat source

— Water Condensatlon and (containin%oglggn\?’catcil;npounds)
analysis of the solution

Trap
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Results of Miller experiment:

— Hydrogen cyanide, formaldehyde
— Formic, lactic, acetic, uric acids

—Amino acids

— 5 reported initially
— 23 when the original samples
re-analyzed in 2008

...
BUTANOL-ACETIC ACID

— Many following variants: |
purines and pyrimidines, T 48
sugars

F16. 2.
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baye 60 Ser BBA ?

Rum # 6
Cps" Nﬂ,, H,,le.O

Fe OH)

e BGA

N

r——

Page number In
Mdller's notebook

Miller checked for
the concantration of
ammonia, hydrogen
cyanide, and alde-
hydes, considering
the latter two as
precursors to ameno
Mids,

S—

Each vial contains
dried residoe from
the experiments,
mostly amino acds.

—

Miller's 1957 paper
Biachemico o Bio-
physico Acte

—

—

In this experiment,
Miller added fer-
rous iron hydroxide,
since some soenbists
suspected the carly
earth carnied a fot of
reduced iron, Jobn-
SON SaYys.

VS.

Extraterrestrial
organic compounds

— Organic compounds
are common in space

— Purines and
pyrimidines found in
meteorites



Formation of polymers from organic monomers

— Heating of the organic monomers

— Catalytic activity of highly concentrated inorganic polyphosphates and
other compounds: polyanionic scaffold to assemble macromolecules

— Selection for autocatalytic activity, self-replication

(a) C @ (& e
a
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Polynucleotides — templates for self-replication

— Hydrogen bonds — base pairing

EHEHEHEHEHEHE ~N— HeHEHeHeHeHe) -
u=u::lu ? - n\-’ “
UgomE g wo :

BERE gi' .:n
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step 1

AHGHGHUHCHCHA
ORIGINAL SEQUENCE
FORMS
COMPLEMENTARY
SEQUENCE

step 2

COMPLEMENTARY
SEQUENCE FORMS

ORIGINAL SEQUENCE

I



Nucleic acid or protein?

Which came first, the chicken or the egg?
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RNA world

— 2 key features of RNA from the evolution perspective:
— Encodes information (sequence of nucleotides)
— Exert different functions (tertiary structure) including catalysis

fipa
catalgsm W
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Discovery of ribozymes

— Ribonucleic acid enzymes —
RNAs with catalytic functions

— 1989 Nobel Prize in
Chemistry

-
Mendel Genetics Conference
A tribute to Gregor johann Mendel on the bicentennial of his birth

@w mﬂ Thomas R. Cech
&

Interesting interview
about breaking the
paradigm

Mendel Genetics Conference
21 July 2022, Brno
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L ey

Sidney Altman


https://www.nobelprize.org/prizes/chemistry/1989/cech/interview/

Examples of ribozymes

— Self-splicing introns

— Peptidyl transferase activity
of rRNA In ribosomes
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new catalytic RNAs evolve, some of which bind activated amino acids to
themselves. By base-pairing to a coding RNA molecule, the se RNA
molecules allow an RNA sequence 1o act as a template for the synthesis
of amino acid polymers, causing the first gonetically determined protein
sequences to appear. They thus serve as the first adagtors between
nucleotide and amino acid sequences.
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protein

steps In transition from RNA
to nucleic acid-protein world

Ribozyme
1. Self-replication of RNA molecule

2. One RNA molecule catalyzes
replication of other molecules

3. Evolution of primitive protein
synthesis and genetic code



RM&-based systems

RMA

EVOLUTION OF RN&s THAT
CAM DIRECT PROTEIM SY¥MNTHESIS

REM& and protein-based systems

FM& ——m= protein

THAT CEEATE DMA AMD MAKE

EVOLUTION OF MEW EMZYMES
FM& COPIES FROM IT

present-day cells

DG —e=- RENA& —= protein

nature Transfer RNA (tRNA) O)?""O)\i -
0

Explore content ¥  About the journal ¥  Publish with us v

nature » articles » article

Article | Open Access ‘ Published: 11 May 2022

A prebiotically plausible scenario of an RNA-peptide
world

Felix Miller, Luis Escobar, Felix Xu, Ewa Wegrzyn, Milda Nainyté, Tynchtyk Amatov, Chun-Yin Chan,

Alexander Pichler & Thomas Carell &

Nature 605, 279-284 (2022) | Cite this article

27k Accesses ‘ 428 Altmetric | Metrics

— Non-canonical RNA bases (nowdays in tRNA
and rRNA) can bind amino acids and establish
peptide synthesis directly on RNA

— Potential origin of ribosome-centered translation
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RNA World
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@ rasiRNA
anti-
sense @
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From primordial soup to the first cells
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Coacervates

— Small droplets (condensates = dense phase) of biopolymers in a
dilute phase (generally water in cells)

— Formed through liquid-liquid phase separation
— Hendrik G. Bungenberg de Jong

Coacervate droplets
formed by interaction
between gelatin and
gum arabic
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Coacervation process

Optional inserts
Feed for the encapsulant Crosslinking
(Matrix materials)  DPersing / Mixing
Melting / Dissolving Gum arabic
in aqueous solution

General processing scheme for microcapsule preparation
by complex coacervation using gelatin and gum arabic
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Membraneless organelles

— A. Oparin: life originated as coacervate drops of organic materials

— Membraneless organelles: liquid-like compartments arising
through liquid—liquid phase separation

Liquid-liquid phase separation (LLPS)

rleoeptor
o clustering
®o 8 ogo o
transcription

ki % ’ 8 o © %@° stress puffs ﬂ\\ /_,_/ \

® 58 o © granules _//
P 0D o
"o od I P O

. —— cajal
! bodies
nuclear pore —0 0
complex /\-/
P bodies /O 9 bzm;s
o nuclear - i
gems e 7

MBP-FUS
diffuse

FUS
liquid droplets
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Encapsulation — formation of a protocell
o = rom

(»:mn:“n&wmummpa

oil slick

phospholipid
bilayer

micelle, Membrane

lipid monolayer ANA

T
synthesis /

(b) Exclusive cooperation among membrane-enciosed molecules.

encapsulation of prebiotic soup
containing protein, RNA and other
molecules
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98 Compartment
! formation
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Two ways of protocell
assembly from the
primordial soup

A. Biopolymer first
B. Lipid world



Division by fission
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formation
of vesicles

2)
inclusion of
information
like DNA/ RNA

capillary hot cold
direction of ﬂgw

o) um
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static static
equilibrium deformation domaining fission equilibrium
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From prokaryotes to eukaryotes
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Evolution reconstruction

—Age of fossils

— Prokaryotic cells: 3.5 billion years

— Eukaryotic cells: 1.5 billion years

— Multicellular organisms: 500 million years

* | Eukaryotic cell

| Cyanobacteria
ooanna fossil

fossil
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2R Miions
|2 Geological evidence of years
g W ago
: § 570
e G Oldest muiticellutar fossils e 600 —
il 8
;‘} ‘ :
“e g Oldest compartmentalized fossil celis — 1500
1 Disappearance of iron from cceans and — 2500
\ formation of iron oxides
Oldest definite fossils — 3500 —
p
Oldest dated rocks b 4500 —
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Life forms

Appearance of first multicelivlar organisms
Appearance of first eukaryotos
Appearance of aerodic (oxygen-using) respiration

Appearance of oxygen-forming photosynthesis
{cyancbacteria)

Appearance of chemoautotrophs (sulfate respiration)

Appearance of life (prokaryotes): anaerobic
(methane-producing) bacteria and anaerobic (hydrogen
sulfide-forming) photosynthesis

Formation of the earth



35

— N N W
(&) O (@) O

O, in atmosphere (%)

—_
O

{OQ levels were almost

50% higher than present.

First
eukaryotes /
First First
photosynthetic [ multicellular / | A rapid drop of O,
bacteria eukaryotes levels occurred at
First end of the Permian.
aerobic
First bacteria
life

Invasion
First of land
chordates l

|

Giant flying insects

¢ First
flowering
plants

O, levels were 25-40%
Iower than present.

4,000 3,000 2,000
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1,000 500
Millions of years ago (mya)

250

100 Present



IF WE KEEP
EMITTING OXYSEM,
WE COULD CAUSE
A CATASTROPHIC
CHAMNGE IN THE
ATMOSPHERE.
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NONSENSE!
THE EARTH IS TQOQ BIG
AMD WE ARE
TOO INSIGNIFICANT
TQ HAVE ANY EFFECT ON IT.
DROP YOUR CHEAP

ALARMISM ALREADY!




other bacteria

N

TIME

archaebacteria

eubacteria

anaerobic ancestral eucaryote

N

ancestral procaryote
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Evolutionary origin of membrane structures and the cell nucleus

nuclear jhner nuclear membrane

pore
complex outer nuclear membrane
nucleus
DNA endoplasmic
reticulum
— —
membrane-
bound I
ribosomes cytoso
ancient ancient
procaryotic cell eucaryotic cell
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Origin of mitochondria

anaerobic early aerobic

pre-eucaryotic cell . eucaryotic cell
internal

membranes
nucleus

— — —
P\ cell membrane : -
membrane derived ~ Mitochondria
aerobic procaryotic cell from eucaryotic cell with double
membrane

37 Bi1700en Cell Biology / 11 — Cell evolution (18 May 2022) I\/I



Origin of chloroplasts

early
early eucaryotic cell
eucaryotic cell capable of
\ photosynthesis

% &

chloroplasts with

photosynthetic double membrane

bacterium
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Endosymbiotic theory

— 1883 — Andreas W. Schimper

— Chloroplasts have many similar characteristics to
cyanobacteria

— Journal footnote: photosynthetic organisms -
combination of two separate organisms?

—1967/81 — Lynn Margulis:

— 1967 (Sagan) —,,0n the origin of mitosing cells*
— 1981 - Symbiosis in Cell Evolution

— All life is bacterial or derives from bacteria by
symbiogenesis
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Symbiosis in Cell Evolution




Evidence supporting the endosymbiotic theory

Mitochondria & plastids P 1
— Surrounded by double membrane @\’
— Contain own genome similar to e @

orocaryotic: circular DNA, without histones @\» Sy s

— Replication and division by fission like
pacteria

: : a) E. coli
— Own protein synthesis apparatus:

rlbosomes similar to prokaryotic,
rRNAs encoded in the own genome

b) Mammalian
mitoribosome
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Gene
transfer to
nucleus

—Crucial genes
retained In the
genome of
mitochondria or
plastids

i [192] i3 | i [T
pi1 | pi12 pi13 1B I8 1118 | P15 pi20

1pi22 :
P32 pi33 IT_;Z} 5 1pI36
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https://doi.org/10.1073/pnas.1500012112
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Anaerobic
eukaryotes

Anaerobic protists

— Lack conventional
mitochondria: remnants —
specific double membrane
organelles (e.g., mitosome)

— Primitive nature and poorly
developed endomembrane
system

— Parasitic: Giardia,
Trichomonas



Revisited model

Eukanyotes

— Endosymbiosis of
proteobacterium
(mitochondrion) preceded the
last eukaryotic common
ancestor
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Mitochondria reduced or even lost during the
diversification and evolution of eukaryotes

e
‘Textbook’
Mitochondrion Anaerobic
Mitochondrion
Hydrogenosome
Mitosome
Loss of MRO in
Monocercomonoides

No more

Most reduced MRO:
i i M0 etectable MRO

electron transport; no
oxidative phosphoryla-
No oxidative phosphoryla- tion; no ATP generation;

Mitochondrial

9genoMme enerate ATP but oxygenis  tion, ATP is generated participate in Fe-S cluster
not the ternimal electron instead by substrate-level biosynthesis, localization
Oxidative phosphorylation to acceptor; other compounds phosphorylation; produce  Of the ISC pathway.
generate ATP; oxygen is the are used, such as fumarate. hydrogen. ————"}
terminal electron acceptor. /
o e ——— . .
MRO, mitochondria-related organelle
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Nuclear envelope

Endoplasmic
reticulum Nucleus
Mitachondrion
Infolding Ancestral
of plasma ; photosynthetic
~ mem brana y Eﬁglrﬂlanu eukaryote
*'E' :Ifm_, F,_J Hl//\ endomem brane | _____ Plastid
J*‘-"l b c%‘\

Engulflngaf H* ““\-,___/‘/
photosynthetic
prokaryote

heterotrophic "\ —

prokaryote X

Plasma
heterotrophic
eukaryote

Mitochondrion

Copyright & Pearson Educatlon, Ine_, publishing as Benjamin Cummings.
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Synthetic biology
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Synthetic biology

— BI19690en Synthetic Biology

— Aims to create or redesign new biological systems to achieve specific

puUrposes
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Applications:

BioPharma

Biosensors

\ﬂ - Cell-free systems

% Gene network design
O‘O Genome minimization

'+ Molecule manufacturing

‘ zf%% Pathway engineering



2010 — First synthetic genome

| RESEARCH AR Science  — Design, synthesis and
assembly of bacterial

Creation of a Bacterial Cell Controlled Chromosome: Mycoplasma
by a Chemically Synthesized Genome mycoides JCVI-syn01

Daniel G. Gibson,* John I. Glass,* Carole Lartigue, Vladimir N. Noskov,* Ray-Yuan Chuang,* bI d "
Mikkel A. Algire,® Gwynedd A. Benders,? Michgel G. Montague,® Li Ma,? Mu:zia M. Mﬂﬂﬂig,l - D NA Seg m e nts asse m e In
Chuck I'-‘l.lerr'_yrmiml.1 Sanjay Vashee,! Radha Krishnakumar,® Nacyra Assad-Gardia,®

Cynthia Andrews-Pfannkoch,! Evgeniya A. Denisova,® Lei \'nung,l Zhi-Qing Qi,} ye aSt

Thomas H. Segall-Shapiro,” Christopher H. Calvey,” Prashanth P. Parmar,* Clyde A. Hutchison I,

Hamilton O. Smith,? ). Craig Venter™*

We report the design, synthesis, and assembly of the 1.08—mega—base pair Mycoplasma mycoides - C h r O m O S O m e I n t r O d u C ed

JCVI-syn1.0 genome starting from digitized genome sequence information and its transplantation

into a M. capricolum recipient cell to create new M. mycoides cells that are controlled only by the I n to reC I p i e n t MyC O p I aS m a

synthetic chromosome. The only DNA in the cells is the designed synthetic DNA sequence,
including “watermark” sequences and other designed gene deletions and polymorphisms, and

mutations acquired during the building process. The new cells have expected phenotypic properties C ap r i C O I u m to re p | aC e I tS
and are capable of continuous self-replication.
genome
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2010 — First synthetic genome

— Bacteria able to replicate controlled

by the synthetic genome

— Comprises watermarks
(encrypted messages)
Egl‘*lmm: 0420 ﬁﬁﬂd%
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e\

Explanation of the coding system itself
URL address for those who deciphered the code
Names of all authors and co-workers

Famous quotes (James Joyce, Richard
Feynman)
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CCT ACA TTA CTRA GUT TGA TCC TTG GTC GET CAT TGG

Taz ACT TTT ATT TAAR CGC TAC TCA CTE GTT GCA ARC CARl TGO

— Watermark one:

— J. CRAIG VENTER INSTITUTE 2009

ABCDEFGHIJKLMNOPQRSTUVWXYZ

SYNTHETIC GENOMICS, INC.
<IDOCTYPE HTML><HTML><HEAD><TITLE>GENOME TEAM</TITLE></HEAD><BODY><A
HREF="HTTP://WWW.JCVI.ORG/">THE JCVI</A><P>PROVE YOU'VE DECODED THIS WATERMARK BY EMAILING

US <A HREF="MAILTO: XXXXXXXX@JCVI.ORG">HERE!</A></P></BODY></HTML>
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