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The molecular origins of life

Life is a self-replicating chemical system capable of evolution (NASA, 2009)

Origin of the Universe — stars, planets, elements
Origin of biorelevant monomers — primordial soup
Complex chemical processes on the way to living systems
Protocells and LUCA



Synthetic life

www.genome.gov/about-genomics/policy-issues/Synthetic-Biology

How new functions can emerge from known biological building blocks?



What is Life? What makes it different from just matter?

Everything — living or not — is just chemicals made of atoms.



Every living creature has its code, that makes it grow, reproduce, and change.

DNA turns dust into life.

Fishes swim in water. But what makes fishes alive and not water is the way how the atoms are organized —
By the special kind of molecules: DNA — the double helix molecule that houses the genetic alphabet of
A, C, G and T, which, in different combinations, can make a flower, or a frog, or you...



20 years ago, Scientists learned to read the creatures’ entire DNA sequence,
from beginning to the end — the genome

Large DNA molecule

\//

,l, fragmentation

<l

,], sequenced

/ CATACACGTAGCTATACG
Assembly of GTTACAGTGCATGCATA

overlapping

DNA sequencing GCTATCAGGCTAGGTTA
4

::;ﬂb;:d GCTATCAGGCTAGGTTACAGTGCATGCATACACGTAGCTATACG




Whole genome sequencing was initially achieved for simple organisms:
bacteria, nematodes, flies and plants...

Haemophilius influenzae _
1995 Caenorhabdis elegans

1998

Arabidopsis thaliana
2000

Drosophila melanogaster
2000



... and way up to mammals and human

Mus musculus
2002

Homo sapiens
2004
Human Genome Project (NIH)
Craig Venter — Celera Genomcs (private)



With that knowledge, scientists begun to tinker...

... to take a glow from a jellyfish...

... and transfer it to a cat...

... Or to a rabbit...

To make creatures do what they never did before.

As biologists got better in this, a new kind of science was born — synthetic biology



Definition: Synthetic Biology

(also known as Synbio, Synthetic Genomics, Constructive Biology or Systems Biology)

,<the design and construction of new biological parts, devices and systems that do not
exist in the natural world and also the redesign of existing biological systems to perform
specific tasks”

Advances in nanoscale technologies — manipulation of matter at the level of atoms and
molecules — are contributing to advances in synthetic biology.



What can we do with new tools of synthetic biology?

We can improve what was spelled out
for the 3,5 Billion years of evolution.

We can take it beyond reading genomes
or editing genomes...

...and start writing genomes.
Our own ideas of
what life should be like.

Making creatures drastically different from
any that have ever existed.

How could it be done?
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Overview of the course

artificial ribozymes and aptamers for efficient catalysis and recognition
(SELEX, DNAzymes, foldamers);

unnatural base pairing — expansion of the genetic alphabet;
artificial genetic polymers and oligonucleotide analogues (XNA);
biosynthetic incorporation of unnatural aminoacids (UAAs) into proteins;

enzyme engineering — production of enzymes with unknown or unnatural
properties, ab initio protein design, directed evolution, theozymes;

Artificial lipid vesicles as models for protocell multiplication;

design of artificial organisms
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Expanded genetic code
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Expanded genetic code

Natural Unnatural
amino acid amino acid
Endogenous Orthogonal
c%tRNA c\)%tRNA
Endogenous Orthogonal
synthetase synthetase
AMP + PPi AMP + PPi

mRNA

Translation

Protein

a Recoding UGA from stop to Sec

ATP + Ser + Ser-tRNA> Sec-tRNAS
tRNASC ¢ pe Bacterial pathway
% SelA
Ribosome
ACU ACU
Archaeal and
eukaryotic
pathway
PSTK + ATP pSer-tRNAS SepSecS
ACU

b Reassigning UAG from stop to Pyl

Pyl-tRNAP

ATP + Pyl + EF-Tu [ -
tRNAM piRg Pyt
> — —— COOCOOCOO000
Pyl-protein
product
AUC AUC
AUC

[SEC
— 000000000000
Selenoprotein
product

Nature Reviews | Microbiology



Protein engineering and de novo enzyme design
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Introduction

How chemists and biologists are learning from each other?

Greek mythology — introduction to modern molecular biology — chimera, centaur



Introduction

The Central Dogma of the molecular biology — DNA = RNA - proteins
Polymerases and ribosomes - the molecular machines of life
PCR - Polymerase chain reaction — in vitro DNA amplification
Recombinant protein production — how to produce a protein in another organism

Protein engineering — how to make desired modifications in proteins



From DNA to proteins

Genes contain
instructions
for making
proteins

o proteins ...
P e ',f-

r{'- el
& § o B
- B - N 1

or in complexesto
perform many cellular
functions

U.S. DEPARTMENT OF ENERGY

https://www.youtube.com/watch?v=gG7uCskUOrA




The Central Dogma: From DNA to proteins

Protein
chaln

Plant Ce" s ‘ mRNA processing

(introns removed) Nucleus

Intron Intron

Nucleus polymerase




DNA replication

DNA primase
DNA-ligase RNA primer,

DNA-Polymerase (Pola)
) UL Ilh‘"“"' 4

Okazak: fragment
KO (1

DNA Polymerase (Pold)
Helicase

Lagging
strand

e

\\\

[OX

Topoisomerase

Leadmg
stranc

Single strand,
Binding proteins

https://www.youtube.com/watch?v=TNKWgcFPHqw&ab_channel=yourgenome




DNA polymerases

Procaryotic DNA Polymerases

Polymerase

Polymerase activity
(for all enzymes 5" — 3)

Exonuclease
activity

DNA polymerase |

Filling if gap after removal
RNA primer, DNA repair,
removal of RNA primers

5" —3 and 3'—5°

DNA polymerase 11

DNA repair

DNA polymerase [11*

Replication, proofreading
and editing

*The main enzyme of replication
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Function

5'-3" polymerization
3'-5' exonuclease
core assembly

Loads enzyme
on template (Serves
as clamp loader)

Sliding clamp structure
(processivity factor)
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polynucleotide chain
and proofreads
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Extremophilic organisms

Brian W. Schaller, Yellowstone Park

Thermus aquaticus is a thermophilic bacteria from hot springs in Yellowstone Park
70°C — optimum, living range: 50-80°C

It is a source of thermostable enzymes



PCR — Polymerase Chain Reaction

,Adenosine”

Tag polymerase withstands denaturing conditions (hot temperatures) detrimental for
most enzymes. Activity optimum: 75-80°C, half-life at 95°C > 2.5 h

1990 — Kary Mullis optimized the PCR technique with Tag polymerase (1993 Nobel Prize)



https://www.dnalc.org/view/15475-The-cycles-of-the-polymerase-chain-reaction-PCR-3D-animation.html
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Transcription: DNA = RNA

Form
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RNA POLYMERASES
IN EUKARYOTES

Product

rRNA
mRNA, snRNA
5S rRNA, tRNA

Prokaryotic RNA polymerase Eukaryotic RNA polymerase

Figure 29.1
Biochemistry, Seventh Edition
© 2012 W. H. Freeman and Company

Location

Nucleolus
Nucleoplasm
Nucleoplasm



Transcription: DNA = RNA

RNA Polymerase of prokaryotes

Subunit Function
o,0 Determine the DNA to be transcribed
B Catalyze polymerization
B’ Bind & open DNA
template(unwinding)
® Function is not known

Recognize the initiation sites called
o promoter

https://www.youtube.com/watch?v=SMtWvDbfHLo

(a) RNA polymerase binding  (b) Initiation
to promoter




Transcription: DNA = RNA

Because transcription start and stop signals are specific to one strand, different genes on
the same chromosome can be oriented in different directions. Only one particular strand
is ever transcribed for each gene

Gene 1 Gene 2 Gene 3
| | | | I l
I NS5 3 =MD
5 f R  pEEm——— = b b T 3-’
5 AN p 37
3"' I f——— TI_.F.""_'T:I. o1 =t e e EMSTITITE S 5*’
Template

strand



Transcription: DNA = RNA

How do the start/stop signals look like? For procaryotes (like bacteria E. coli):

Gene
| 5 UTR |
“ \ .
AUG Transcription
(a) 5 WANANNANANANS
Promaoter Coding sequence of gene
+1 4
ATG

(b) Strong E. coli promoters

tyrtANA  TCTCAACGTAACACTTTACAGCGGCG+ «CGTCATTTGATATGATGC=GCCCCEH
rrn D1 GATCAAAAAAATACTTGTGCAAAAAA « TTGGGATCCCTATAATGCGCCTCCE
ren X1 ATGCATTTTTCCGCTTGTCTTCCTGA *GCCGACTCCCTATAATGCGCCTCCATCGACACG
rrn (DXE), CCTGAAATTCAGGGTTGACTCTGAAA » s GAGGAAAGCGTAATATAC-GCCACEBTCGCGACA
rrn E1 CTGCAATTTTTCTATTGCGGCCTGCG *GAGAACTCCCTATAATGCGCCTCCRATCGACACGG
rrn A1 TTTTAAATTTCCTCTTGTCAGGCCGG* » AATAACTCCCTATAATGCGCCACCHEBCTGACACG
ren A2 GCAAAAATAAATGCTTGACTCTGTAG « CGGGAAGGCGTATTATGC-ACACCE

Consensus sequences e e 15-17 bp —
TTGACAT {
for most E. coli promoters G—Bé‘:—- - T‘”.*.T?.Dﬁ]_

the transcription start site does not exactly correspond to the codon that is used to initiate translation — base 1 (+1).
Transcription begins upstream of this sequence. The RNA between the ,base 1” and the start of translation some distance
downstream is called the 5' untranslated region or 5' UTR. There is also an untranslated region at the 3' end (3' UTR).

There are two conserved elements in promoter regions of E. coli: an element around -10 and an element around -35.
These elements can be identified in most E. coli promoters.



MmRNA processing

In 1977, Phil Sharp (Nobel Prize 1993) hybridized an mRNA to its DNA template and
prepared the hybrid molecule for electron microscopy by coating the nucleic acid with a
basic protein, then using rotary shadowing to coat the nucleic acid-protein complex.

(a) Micrograph of DNA-RNA  (b) Interpretation of micrograph
hybrid

SR

Single-stranded
DNA only

L ==
%
Single-stranded DNA

base paired with mRNA

Eucaryotic genes are discontinuous!!!



MmRNA processing
The transcript is discontinuous.
There are parts of the DNA template that are not represented in the mRNA.

Eukaryotic mRNA processing

pre-miRha,

— i e e—
5 UTR Exon Ql Exon ly Exon 3 UTR
mRMNA
 — T T —

introns are removed (splicing)

When a eukaryotic gene is transcribed, the primary transcript is processed in the nucleus in
several ways. The most striking modification is splicing. Parts of the primary transcript, called
introns, are spliced out of the mRNA. The remaining segments of mRNA are called exons.

https://www.youtube.com/watch?v=aVgwrOQpYNE




MmRNA processing

Splicing is facilitated by a ribonucleoprotein complex called the spliceosome. The
spliceosome carries out the removal of introns as RNA lariats, joining exons together to
make a mature mRNA, as shown below.

Pre-mRNA
GU - A _AG
Exon1 . > 7 ExonZz
Intron
Spliceosome

Spliceosome

attached to

pre-mRNA

Lariat



Alternative splicing - tropomyosin

Splicing is regulated, with many genes producing multiple isoforms of the same protein that can differ considerably in their
amino acid sequence due to alternative splicing. Isoforms of the muscle protein tropomyosin derived from alternative
splicing are shown below. While there are some exons common to all isoforms, some isoforms have large protein segments
entirely missing from other isoforms

Primary 1a 2a 2b 1b 3 4 5 Ba6b 7 8 9a 9b Sc ad
transcript

d AA A A A
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Translation: RNA - proteins

PROKARYOTE

Nucleus

____mRBNA

tRNA

https://www.youtube.com/watch?v=TfYf_rPWUdY

https://www.youtube.com/watch?v=kmrUzDYAmEI

Aminoacylated "‘*m______




Translation: RNA = proteins

The coupling of transcription and Eukaryotic polyribosomes
translation in bacteria

5'end of the mRNA, because there are shorter
protein tails on the ribosomes at that end



Translation: RNA = proteins

Amino acid attached to CCA
\5’3';' | (reading 5 to 3) at 3’ end

L, | Single-
4 stranded
Double- : ~" | loops
stranded "
stems §

Charged serine tRNA

Anticodon binds

Anticodon _¥* AT * to mRMNA codon
mANA 5 UcA <4
'—-‘v—"
Codon

This shows a "charged" serine tRNA, covalently attached
to the amino acid serine at its 3' end, with the anticodon
paired to a serine codon




Translation: RNA = proteins

Aminoacyl tRNA synthethase A special set of enzymes "charges" tRNAs, attaching the
correct amino acid to particular tRNAs.

A charged tRNA is called an aminoacyl tRNA, so the charging
enzymes are more properly called aminoacyl tRNA
synthetases.

»  There is only one aminoacyl tRNA synthetase for each amino
acid, even though there can be multiple tRNAs for that
amino acid. Each aminoacyl tRNA synthetase is able to

recognize all of the tRNAs that need to be charged with the

one amino acid that is their specialty.

Aminoacyl <
tRNA

Amino acids are attached to the hydroxyl (-OH) group at the
3" end of the tRNA through their carboxyl (-COOH) group




Translation: RNA = proteins

| Peptide bond
formation occurs here

The P site holds

the tRNA with

growing

polypeptide ,

sitached | The A site
) holds an

The E site aminga{;w

holds a tRNA tRMNA

that will exit

Anticodon

mRMNA

Large
subunit

Small
subunit

Three sites are associated with tRNAs: the A (aminocyl) site, that accepts a new aminoacyl
tRNA; the P (polypeptide) site, that holds a tRNA with the growing polypeptide chain; and
the E (exit) site that holds an uncharged tRNA ready to exit the ribosome



Translation: RNA = proteins

Translation initiation

Large
subunit of
ribosome

5' GEL I .: =~ AL CGOCUC 3 5 CEUREG

Small subunit
of ribosomes

2. Initiator aminoacyl tRNA binds 3. Large subunit of ribosome binds,
completing ribosome assembly.

1. mANA binds to small subunit.
Ribosome binding site sequence binds to start codon.

to a complementary sequence in an RNA Translation begins.
molecule in the small subunit of the ribosome,

with the help of protein initiation factors.



Translation: RNA = proteins

Translation elongation

Peptide

1. Incoming aminocacyl tRNA 2. Paptide bond formation 3. Translocation

Mew tRMNA moves into A site, whera This amino ackd attached ta the tRNA mANA is ratcheted through the ribosome
itz anticodon base pairs with the in the F sita is transferred to the by efongation factors (not shown), The
mARNA codon, tRMNA in the A site. tRAMNA attached o the polypeptide chain

moves into the P site. The A site is empiy.



Translation: RNA = proteins

Translation elongation

Exit t"'"“"‘““xx Elongation cycle

CONINUSS m—

WAC COUGCG

4, Incoming amincacyl tRMA 5. Peptide bond formation B. Translocation

New tANA moves into A site, whare The polypeptide chain attached to mAMA is ratcheted through the ribosome again.

its anticodon base pairs with the the tRNA in the P site is transferrad The tRNA attached to polypeptide chain moves into
mRNA codon. to the aminoacyl tRNA in the A site. P site. Emply tRNA from P site moves to E site,

whera tRMA is ejactad, The & site is emply again,



Hydmolysis of
bond linking
tRMNA and

1. Release factor binds to stop codon.
When translocation exposes a stop codon,
2 release factor fills the A site. The release
factor breaks the bond linking the tANA in
the P site to the polypeptide chain.

Translation: RNA = proteins

Translation termination

2. Polypeptide is released.

The hydrolysis reaction frees the
polypaptide, which = released from the
ribosome. The empty tANAS are released
aithar along with the polypeptide or...

3. Ribozome subunits separate.
when the ribosome separates from the
mBMA, and the two ribosomal subunits
dissociate. The subunits are ready to
attach to the start codon of another
message and start transiation anaw.



Translation: RNA - proteins — the genetic code

nonpolar polar basic acidic [ﬂq:mchnjl
Standard genetic code
1st 2nd base
base u c A G
s '(Phe/F) Phenylalanine o b (Tyr/Y) Tyrosine :UGU (Cys/C) Cysteine
U s ucc-{ﬁmfﬁ] Serine UAC:;.... o -UGC- o
UUA UCA UAA Stop (Ochre) UGA Stop (Opal)
uuG uce UAG Stop (Amber) UGG (Trp/W) Tryptophan
U | Lot Laucine Ll CAU sl Histidine. |
= S Lt (Pro/P) Proline e S (Arg/R) Arginine
i AR o/ Giliamine T
CUG CCG CAG CGG
AUU ACU AAU | AGU
AUC (llefl) isoleucine | ACC anc [ AspRsoneT | . - [\S6ES) Serine
A ' (Thr/T) Threcnine | - ;
AUA ACA AAA AGA
AUGM (Met/M) Methionine | ACG. ang [ Yene AgG [ e
Guu | Geu -GAU;W:#D} — uidfsﬁu'
6 SUC | van) vaiine CC Ala/A) Ataine i GCC aiy/6) Giycine
GUA CA GGA

GUG |

GCG

GAA |
(GIWE) Glutamic acid
GAG GGG

nrn:mrn:mrncmbncgﬁ



Expanded genetic code

Natural Unnatural
amino acid amino acid
Endogenous Orthogonal
c%tRNA c\)%tRNA
Endogenous Orthogonal
synthetase synthetase
AMP + PPi AMP + PPi

mRNA

Translation

Protein

a Recoding UGA from stop to Sec

ATP + Ser + Ser-tRNA> Sec-tRNAS
tRNASC ¢ pe Bacterial pathway
% SelA
Ribosome
ACU ACU
Archaeal and
eukaryotic
pathway
PSTK + ATP pSer-tRNAS SepSecS
ACU

b Reassigning UAG from stop to Pyl

Pyl-tRNAP

ATP + Pyl + EF-Tu [ -
tRNAM piRg Pyt
> — —— COOCOOCOO000
Pyl-protein
product
AUC AUC
AUC

[SEC
— 000000000000
Selenoprotein
product

Nature Reviews | Microbiology



Recombinant proteins

Genea for human

Recombinant growth hormone

EcoRl DNA

=ene for human
growth hormaone

I e
/ i DNA
Human Cell Shicky recombination

ends DMA
INsertion
Bacterial Cell
, Bacterial
. . chromosonme e '
l .
| :
a @ Bactenial cell for -
. _ containing gene for
Flasmid human growth hormone

Recombinant insulin:

https://www.youtube.com/watch?v=gIt8iAgK8NQ&ab_channel=ScienceForStudent




de novo enzyme design

transition

—

(1) define
catalytic groups
(2) optimize
geometry

Yo

improve
packing
(1) characterize \ il "
_ ailor-made
(2) optimize enzyme

iti i theozyme n I
state —| EW_HY —|

dock
into scaffold

L

Current Opinion in Chemical Biology

1918 HA

CR6261
Epitope 3,

selection

g
Target-surface . i

El

1I8A  3GOL _ 10PD

/X’

Hotspot-library design

|dentify shape-
complementary scaffolds

lterate
over
hatspot
libraries

For interested in details:

o =

Crystallography SPR/Biacore

Low-resolution docking and minimization
with hotspot restraints

W

Incorporate hotspot residue

|

Design scaffold residues outside hotspot

v

Experimental design validation

:-;a_-_' \—;' ok
", ‘,_:, &,,-Inltlal

£ o _ HB36
j-(" Bocki ng

OREZEH

ST

Introduction to protein design — Partl: https://www.youtube.com/watch?v=0LetJMbu7uY&ab channel=iBiology
Introduction to protein design — Part2: https://www.youtube.com/watch?v=ZrAwWx7meTk&ab_channel=iBiology



Evolvability of proteins
from thermophiles

pentamer
Schizosaccharomyces pombe

dodecahedron
formed from 12 pentamers . . . .
Aquifex aeolicus Aquifex aeolicus (Aa) — thermophilic bacteria
dimer of pentamers
Brucella abortus
(a) O, _.OH o

Ho"T~o in vivo

assembl
ACOH Oy, .OH r =
2 HO” ~OH — > =

OH OH 4 4 lumazine synthase
N_ _N

HO 0
OH I NH . .
HoN riboflavin synthase
1
in vivo
OH assembly 2
HO. Ao, —_—
OH




Bau-gey

B. Worsdorfer, K. J. Woycechowsky and D. Hilvert, Science, 2011, 331, 589-592



(a)

in vivo in vitro
assembly assembly
+ — ———
(+)® © 0
® @

GFP-R10 AalLS-neg
in vitro

assembly
(b) ex
GFP(+36) D Sl Y
in vivo ; ' ¥
assembly
_) <

HIVp-R10 AalS-13

B. Worsdorfer, Z. Pianowski and D. Hilvert, J. Am. Chem. Soc., 2012, 134, 909-911



Overview of the course

artificial ribozymes and aptamers for efficient catalysis and recognition
(SELEX, DNAzymes, foldamers);

unnatural base pairing — expansion of the genetic alphabet;
Artificial genetic polymers and oligonucleotide analogues (XNA);
biosynthetic incorporation of unnatural aminoacids (UAAs) into proteins;

enzyme engineering — production of enzymes with unknown or
unnatural properties, ab initio protein design, directed evolution,
theozymes;

Artificial lipid vesicles as models for protocell multiplication;

design of artificial organisms



