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Y») Darwinian life

... requires the ability to replicate genotypes and express
phenotypes. Although all extant life relies on protein
enzymes to accomplish these tasks, life in the ancestral

RNA world would have used only RNA enzymes. ((

- David P Horning and Gerald F. Joyce -
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Motivation

Why thinking on an RNA world?
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DNA vs. RNA

Desoxyribonucleic Acid Ribonucleic Acid
e Storage of e transmission of
the genome genetic

e Information

RIBOSE

‘“@ e transcription
1" and translation

OH OH

* regulation of

genes
. * catalytic function
‘ @u C:Lh (ribozyme)

Th].'mlm qimi.nt Guanine Adenine Uracil
® ® e ® u

illustration source: iStockphoto.com
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RNA-dependent RNA-Polymerase (RdRP)

e catalyzes synthesis of RNA on
basis of RNA

e essential for RNA-viruses

* also in eukaryotic cells (virus
protection)

* 3 protein made from amino acids
-> too complicated

illustration source: Astrojan @wikipedia.org



Ribozyme

e catalytic active RNA-molecules
(act like enzymes)

* important for ribosomes and
spliceosomes in pro- and
eucaryotic cells

» some of them work without protein
parts e.g.,, Hammerhead-Ribozyme
used by some viruses
-> basis for RNA-world hypothesis

as RNA polymerase ribozymes

illustration source: Wgscott @wikipedia.org



RNA-aptamers

* short single stranded (ss) RNA-
oligonucleotides that bind to
specific target molecules

* ability of inhibiting the function of
specific proteins -> molecular tools

* used as therapeutics and in
medical diagnosis

illustration source: S. Jahnichen @wikipedia.org



RNA world hypothesis

* 120 million years ago -> dinosaurs
* 500 million years ago -> trilobites
* 3,4 billion years ago -> first living cells

-> but what was before?
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Amplification of
RNA

by an RNA polymerase ribozyme
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Class | polymerase ribozyme
Engineered wild type (WT) 24-3 polymerase
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illustration source: Amplification of RNA by an RNA polymerase ribozyme by David P. Horning and Gerald F. Joyce @PNAS.org



Selective amplification
by 24-3 polymerase

* RNA primer e— ce—————
I e+ G S
* polymerization

of NTPs of |o
* iImmobilized A

._
ligand 4 © S“ - ; EH o) ; é“

illustration source: Amplification of RNA by an RNA polymerase ribozyme by David P. Horning and Gerald F. Joyce @PNAS.org
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Properties of e e
24-3 polymerase

B 24-3 WT C 24-3 WT
r 1

L 1 L] 1
P Ry Ry Rg Rz Ry By Ry RByz P Yy S4 Yo Sg Y4 S4 Yg Sg

* Average rate of primer
extension a®

-> 1,2 nt/min (=100-fold faster = 8~ _ =
than WT) =g R=-pcss

 Fidelity: 92,0% (WT 96,6%) ~=2== £ = 2.8

» Extends readily purine-rich SSRS./ )
sequences of 12 nt (WT 4nt)

* Reads tthu%h stem-loop up to _’/\ T « 3
8bp |Ong |n |gh yleld WT UGAGUGGAGAGG Ry aeaGgyS

ccucacGg
IIIIII 36
caAGUGyC

illustration source: Amplification of RNA by an RNA polymerase ribozyme by David P. Horning and Gerald F. Joyce @PNAS.org



o A
. A Rxn E e C a ““ Full-length 50
Synthesis of o M- : m
[ ] -
functional RNAs L - R . 30
(A) cyanocobalamin aptamer ] : I :
£7% yield after 24 h gl
(B) GTP aptamer —fi— ::z:z:“:‘:::zmz'z::u‘g ;zazzzg:ﬁ
18% vield after 24 h sl
(C) F1ligase ribozyme RO N =T
2% yield after 24h E o F G egeiiile HELLS
B w] £
(D) yeast phenylalanyl tRNA Hm 0l
0,0/% yieId after 72h T R o

illustration source: Amplification of RNA by an RNA polymerase ribozyme by David P. Horning and Gerald F. Joyce @PNAS.org
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RNA-catalyzed exp.
ampl. of RNA (riboPCR)

* 1 nM of a 24-nt RNA template
resulted in 98 NnM newly synthesized .. ..
templates and 106 nM of its 1'%
complements

B 100

254

-> 100-fold ampilification A N\ PAAA
* 20-nt RNA template Indicates ° T
exponential amplification with N
per-cycle amplification efficiency of e N
1,3_f0|d 10 4 \.\

[Template] (nM)

illustration source: Amplification of RNA by an RNA polymerase ribozyme by David P. Horning and Gerald F. Joyce @PNAS.org
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MU A —

RNA-catalyzed exp. e

ampl. of RNA (riboPCR) ™ :

« 20-nt RNA template Indicates o
exponential amplification with Cycles
per-cycle amplification efficiency of B otploatart || || Tompato
113_f0|d Input(pM)l‘lO 1 01 0 10 1 01 o P

* T pM of a 20-nt RNA template N I rer
amplified to ~40 nM product after s
24n aneru.----dg!g

-> 4000O'fO|d amphflcathn Yield(nM) 120 63 22 6 71 23 6 4

illustration source: Amplification of RNA by an RNA polymerase ribozyme by David P. Horning and Gerald F. Joyce @PNAS.or



Thermal Habitat

for RNA Amplification and
Accumulation
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Experimental setup

(a) Denaturation Elongation

» Cylindric
* -> laminar gravitational
convection
-> thermophoretic
movements
* Max. 80°C
* Min. 17°C

Cold

== RHeplicate

—

Thermophoretic == Template/
Accumulation Primer

illustration source: bosterbio.com & Thermal Habitat for RNA Ampilification and Accumulation by A. Salditt and L. M. R. Keil et al @ APS.org



(a) Thermal Cycler
Product - - - . -

UNIVE SITAT

Primer o s # = @ =

CTempIale(pM) 0,) 4 ’0 ’OO 0.; ' }O ;00
h h ° (b)o.2— \\ '
Thermophoretic |
—@— Thermal Cycler | &

accumulation T T

of nucleic acids A IS (100 2\

10 10

Product conc. (uM)
o

10 10
Template conc (nM)

* system drives accumulation and
replication of RNA

» thermal selection bias toward long  geol ol ST n

RNA strands in this system = ol = :

-> could guide evolution of longer =g e =
and more complex strands ot

« ~10° fold after 24h j'

illustration source: Thermal Habitat for RNA Amplification and Accumulation by A. Salditt and L. M. R. Keil et al @ APS.org
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Laboratory conditions vs convection

Thermocycler
100 — |
0 ! Template
80 — .-: Denature
Temp 70 |-
0 |
o0 —
re
e
10 —
I

Convection micro-chamber

(a) Denaturation Elongation
Cycle 1 >

Primer
Anneal

=]

)

O =
| | | | | == Replicate
3 4 5 — -
Time (mins) Thermophoretic == Template/

Accumulation Primer

illustration source: bosterbio.com & Thermal Habitat for RNA Amplification and Accumulation by A. Salditt and L. M. R. Keil et al @ APS.org
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More results

 Add polymerases
-> ring shaped accumulation?
-> conglomerates
-> better environment

) To p

View <clegd, m:l

) #ssDNA 35nt odsDNA 210nt oDNA Pol RNA Pol.
(c
| Q
%1 0f . N o as n
v -
0.0 1 1 1 1
0.0 0.5 1.0 1.5 2.0
Radius (mm)

(d) c/c,
60
40
20

0

illustration source: Thermal Habitat for RNA Amplification and Accumulation by A. Salditt and L. M. R. Keil et al @ APS.org



ol

In a nutshell

« Convection -> e.g. rock cavities
-> early evolution?

* Future outlook:
-> input of NTPs
-> adjust T — =next topic

illustration source: Thermal Habitat for RNA Amplification and Accumulation by A. Salditt and L. M. R. Keil et al @ APS.org



In-ice Habitat

for RNA Amplification
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Compartements -> eutectic phase

C30 and C8 mutation

C8: 3 mutations
Y = modified C8

Ribozyme
gene

Ribozyme

Primer
extension

Microbead

Eutectic phase

cu ’
¢
@ Time (h) =
¢
Ap g
uueu GCGG uc:(:;t\C uAGGGGY “U\c
GACACGCCAAGGUC AUCCCCGGAGCY|, N\,
AU CCUCGT
3 : u
1 0
g i i
A /u”" c A € A A
U
A : CUAC AAGAGUUG( Sehedo /

c CG GAUG UUCUCAACAGGCGCC~
c

AL
A GG GGAG GCAACCGCG :
A G—C Extension
3 d-a ,ccuc—CGGUGGCGCG {nVprimer)
~
AcanaaY
cu
G u
Y G-C Time (h) =
AAGe c-G
A A 8 8
A A G CAA UG C .
Juusucscee  ucca’ "uaceea U\c
GACACGCCA-AGGY  AUCCCCGGAGCYy A
N\
3 u
5 |
g A i
é u —_— C A GC_"'\A A,
A ’ uYCUAC AAGAGUUG — 03 97/
A - e
¢ C Cg;GAUG UUCUCAACAGACGCA
A-1 \ A ¢
A C—G™ A A_ T2
Q 8:% GGAG GCAACCGCG G
A U-A - CGC~A Extension
G C—G /CCUU Ceguee G (nt/primer)
Acaaal 60

= 021 059 1.37

= 2.50 3.88 6.32

17 °C —7 °C, Ice
16 50 162 16 50 162
et e
nt
 —

S — — — —
D e - Stort - -
0.05 0.12 0.36

17 °C 7 °C, lce
16 50 162 16 50 162
—- i

—

— — —
= — — —
— - »
- — _" —
— —— —

1.88 3.99 7.66

4x 15x

illustration source: In-ice evolution of RNA polymerase ribozyme activity by James Attwater, Aniela Wochner and Philipp Holliger @ nature.com
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Adaption of ribozyme activity
a Extension (nt/primer) b Temperature (°C)
—7 -14 -19 25 *
— < & >
&
- L
+12 Nt =~ - -
—
Y
— —
—
e —
o e —
27 20 10 0o -7 0 -7 -15 -25 ~—
Aqueous Frozen Start = ; -

temperature (°C) temperature (°C)

illustration source: In-ice evolution of RNA polymerase ribozyme activity by James Attwater, Aniela Wochner and Philipp Holliger @ nature.com



b Y R18 ¢ 17°C _lce
2 RE
LUDWIG- 2
MAXIMILIA'I.\IS- P
T = _ B B
& |- TE e =
M~ — [eX — —
D ° o T | — — % & -_ -
ITTerent mutations Ss-me- = == =
Tl—_ == = =
| — — . Start - S———
 only two significant umely|v v o &- 15
)]
S S Gosal v | v VAN, = —
o
-> better template binding? 2 o
SooAl v v v v il = B
cou| v |V v g
1 Stem2| x | x x x x|/ - -
[ J —
Add SSc19 to 5 Start — —
-> even better binding 2
— 0 - = -—
u . " —_— BC e -
-> “creation” of tC9Y 1= -- .
- 5 -
o =
b tCOY (202 nt) %"_"g h~ — 4 Start ~ S——
AACe - _—
A A —_ — —— —
5-FITC-CUGCCAACCG -+ AUUGUAGCGS BCCACAAUAGGG(IBUE_S“U ~— - +30
r . . -~ ' U \ —
3 '(A10)GACGGUUGGC [A(G GACACGCC_A_AGGUCAU;UCCCCEG(I:EEC&Gg ;\ -— “.-‘
3 u c ™
cuY ] ke 29 x x 18 —
Template I-n G 5 A 2 1.78 159 o = —
CAC)rAGUAACUG y—C——A——G— / 8L 14 D T = - -
5'-GUCAUUGAAAAAA ( yYCUAC AAGAGUL;(:;_/ .C/A > E E 0.91 g.q. - E
ng ;{.\ (%\ CGGAUE UUCUCAACAGACGCA~ OQ 5 0.5 . }0_3 o =
A —GA A _ ~ E T 042 ——— —
F Pl 3 NS 2 =
A U-A CCUJCGGUGGCGCaA OE 24 : - -
Acaaal - IS x -t I—
N 0.1 Start ~

illustration source: In-ice evolution of RNA polymerase ribozyme activity by James Attwater, Aniela Wochner and Philipp Holliger @ nature.com
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tC9Y performance e

* Best termination rate (=2%; 2013) P
! -+52

« Self-replication possible! -> 206nt > 202nt QHL_. _”

= ittt ~+30
-
-

 More error towards 3'?7 0,8% -> 7,1% EEBCESECEcESRCE
-> degradation? -> 1:300

4.0
35
3.0 1
2.5 1
2.0 A
1.5 -
1.0
0.5 -
0.0

-+19

e e W — ————— - ————

- ——————————————

Error rate (%)

| I —— ——————

T ————

n=12 3 4 56 7 8 910 1112 13 141516 17 1819

E tC9Y, template I-n
Xpected

illustration source: In-ice evolution of RNA polymerase ribozyme activity by James Attwater, Aniela Wochner and Philipp Holliger @ nature.com
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~+50 = .
Template selection
« Selection also on templates (n=4) :
->randomly pick 5 (<50nt)
—
. — —
. Comparlson to poor templates: — e
-> What do you think? —
L —
-
a S binding site Primer binding site —
-5
A50 — -
B50 — "'""
C50 e TR 5 T -
[E)gg Stan—-“----’-
S Randomized region 3 %__ © § § g § %
tCoyY

illustration source: In-ice evolution of RNA polymerase ribozyme activity by James Attwater, Aniela Wochner and Philipp Holliger @ nature.com



(2]

E-G O-A H-UN-C

LUDWIG-

MAXIMILIANS-
LIVIU UNIVERSITAT

MUNCHEN

Template selection

Randomized region
composition (%)

* Poorin G and rich in C = Why?
e Secondary StrUCture T T1emplate sezrlection rojnd —> :

« Under-representation of NpM (N, M € {U, G, A})
-> better binding/translokation? d

Primer
Template
3 5

-N1-N2-

illustration source: In-ice evolution of RNA polymerase ribozyme activity by James Attwater, Aniela Wochner and Philipp Holliger @ nature.com
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Summary

« Compartmentalization gives rise to evolution

Possible -> -19°C

Self-replication possible

Next challenge: overcome secondary structure
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t Are there
quest|ons7

RNA

WO rl d by Alexander Theis and Michael Frischmann
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