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RNA — aka My Favorite Molecule
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- narrow inaccessible major groove (red)
- shallow minor groove (green)

- versatile and flexible

- catalytically active (splicing, translation, modification)

- self-sufficient?

- labile (regulation of expression)

- create complex 3D structures

- specific and unspecific interactions with proteins and other RNAs




» THE RNA WORLD” hypotheSIS

»primordial soup”
»prebiotic soup”

RNA+DNA+
proteins
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RNA made via condensation RNA evolution- molecules RNA starts to join aminoacids
from ribose and other inorganic learns to replicate and synthesises polypeptides
and organic sources and proteins

Proteins aid RNA to replicate and make DNA and proteins take over major roles
proteins. dsRNA evolves into stable DNA. as genetic information and enzymes




MODERN RNA WORLD

RNA vestiges- catalytic RNAs with active centres made of RNA
RIBOSOME - protein synthesis SPLICEOSOME - pre-mRNA splicing

5 snRNAs
Ul, U2,
U4, U5,
U6

active snRNP center
U6 catalytic activity

Ribosome, crystal structure

Cryo EM

Ditlev Brodersen, Venki Ramakrishnan C complex, Cryo EM
Galej et al, Nature, 2016



RNA

e coding: mRNAs \

* non-coding: ncRNAs * stable
/ e unstable

- structural (rRNA, tRNA)  * polyadenylated
« regulatory (si/miRNA) * non-polyadenylated

There are no ,,free” RNAs in the cell
All cellular RNAs exist as ribonucleoprotein particles (RNPs)
All RNA types are synthesised as precursors and undergo processing

RNA transcription, processing and decay are tightly coordinated
Several RNA processing steps occur co-transcriptionally
Regulation of RNA biogenesis involves alternative processes:

aTsSs, aTls, AS, APA Lecture on ncRNAs by Monika Zakrzewska:




RNA FLUX
Regulation of gene expression

1) chromatin

2) transcription
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processing

3) RNA processing

splicing-.

4) RNA export

transcription

5) translation (MRNA)

6) protein stability

@ /) RNA degradation




RNA capacity - CATALYTIC RNAs
Nobel 1989

RNA enzymes — RIBOZYMES
-1981/82 Tom Cech - self-splicing in Tetrahymena rRNA ,EE?
-1982 Sidney Altman - bacterial RNaseP RNA subunit “hoa ®
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R I B OZY M ES e Group Il introns ‘branching’ reaction
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Serganov and Patel, Nat Rev Genet, 2007; Evans et al, TiBS, 2006

RNase P RNA — a true enzyme

tRNA processing, multiple turnover
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Phil Sharp
Richard Roberts

i e RNAiI Nobel 2006

siRMA

MRNA =




SPLICEOSOME: pre-mRNA SPLICING

catalytic‘

activation

B complex

BAU1 complex

pre-mRNA::snRNA

.. Luhrmann and Stark, Curr. Op. Str. Biol., 2009
base-pairing

SPLICEOSOME -ribonucleoprotein complex (RNP) organised around s



GENE SILENCING - RNAI

DISCOVERY OF 2002:

NCRNAS in RNAI

Breakthrough
of the Year

— S~ dsRNA

Dicer
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e Sense
e Antisensa

RISC protein
components

== RISC

SIRMA unwinding

Activated

7=) Risc

Association with
target mRMA

Target mAMNA
cleavage

e Target mRMNG

SiIRNAs/miRNAs:

- double stranded small
noncoding RNAs

- complementary to
MRNA targets

- participate in gene
silencing

- mediate:

TRANSCRIPTIONAL GENE

SILENCING (TGS)
 transcription inhibition

POST-TRANSCRIPTIONAL

GENE SILENCING (PTGS)

* MRNA cleavage or

e translation inhibitig™
e translation activat Q




RNAs — STRUCTURE AND FUNCTION
Nobel 2009

Venkatraman Ramakrishnan

Jack Szostak Ada Yonath
Carol Greider Thomas Steitz

Telomerase -
maintaing chromosome ends




THE RIBOSOME

a P tRNA

Schmeing and Ramakrishnan, Nature, 2009



RNPs - STRUCTURE/METHODOLOGY
Nobel 2017 CRYO-EM
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Nogales and Scheres, Mol Cell 2015

Richard Henderson  Lecture on crystallography and CryoEM by Marcir




CRISPR-Cas: CRISPR-based genome editing
Nobel 2020
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Emmanuelle Charpentier
Max Planck Institute

Jenifer Doudna
University of California

CRISPR RNA maturation by trans-encoded

small RNA and host factor RNase III A Programmable Dual-RNA-Guided

iz Delchets) Komatof Chylnid Ovathia M. Shagma’, Karine onzles’ vanje e,z s’ )N Endonuclease in Adaptive
Bacterial Immunity

Martin Jinek,>** Krzysztof Chylinski,*** Ines Fonfara,* Michael Haus |
Jennifer A. Doudna,™**“t Emmanuelle Charpentiert




CRISPR/Cas history

Québec City

@ Vilniu
Chicago o Q Boston Wageningen °
. Wirzburg
Paris o
Berkeleye Dangeé-Saint-Romain e @ Vipaaa

@ 1993 Discovery of CRISPR © 2008 Programming CRISPR © 2011 Reconstituting CRISPR
in a distant organism
@ 2003 CRISPR is an adaptive © 2008 CRISPR targets DNA
immune system o 2012 Studying CRISPR in vitro
@ 2010 Casois guided by crRNAs and
e 2006 Experimental evidence creates double-stranded breaks @ 2012 Genome editing in
that CRISPR confers mammalian cells
adaptive immunity a 2010 Discovery of tracrRNA

Lander, Cell, 2016



CRISPR/Cas history

2007

First experimental evidence for
CRISPR adaptive immunity

Barrangou et al.

2011

tracrRNA forms a duplex structure
with crRNA in association with Cas9

Delicheva et al.

Type Il CRISPR systems are
modular and can be
heterologously expressed

in other organisms

Sapranauskas et al.

target DNA via DSBs
Garneau et al.

1987
First report 2002 2009 2013
Olf CRISPR Coined “CRISPR” Type IlI-B Cmr First demonstration of
c ustgred repeats name, defined CRISPR complexes Cas9 genome engineering
Ishino et al. signature Cas genes cleave RNA in eukaryotic cells
Jansen et al. Hale et al. Cong et al.
Mali et al.
- . & o N ) N B 9 @ @ i <

2000 2005 2008 2012 2014

Recognition that Idgqtified foreign CRISPR acts upon In vitro Genome-wide functional

CRISPR families origin of Spacers, DNA targets characterization |screening with Cas9

are present propos_ed adap_twe Marraffini et al. of DNA targeting Wang et al.

throughout immunity function Spacers are by Cas9 Shalem et al.

prokaryotes Mojica et al. converted into

Mojica et al. Pourcel et al. atibe e RN As 2010 asiunas etal. | Crystal structure of apo-Cas9
it Jinek et al.
Identlfle.d FAM that act as small Cas9 is guided by spacer
Bolotin et al. gUIde RNAs sequences and cleaves Crystal structure of CasQ.in
Brouns et al.

complex with guide R}
target DNA

Nishimasu et al.




CRISPR/Cas adaptive bacterial immunity

RNA-guided RNAI Iin Bacteria and Archaea

CRISPR Clustered Regularly Interspaced Short Palindromic Repeat
Cas- CRISPR associated

CRISPR-mediated interference Eukaryotic RMA-interference
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* CRISPR: foreign DNA is integrated into the CRISPR locus [
\ D

* long CRISPR transcripts are processed by Cas or RNase lll nuclease
* short crRNAs assemble into surveillance complexes J
- target invading DNAs or RNAs recognized by crRNA ,;seed” are destroyed



9 ... CRISPR/Cas adaptive bacterial immunity
cas gene casete CRISPR \

I
| Il
Spacer Spacer
| Gas }:‘r-"'i Calk ’ Leader/promoter | Repeat §— 1 Repeat 7 Repeat | -

200000C

MWew spacer
Stage 1: Acquisition anuarEca
l—i- CRISPR trancripticn

Spacer Spacer
[Eoserpromane] repe = e
Rep=at duplication

Stage 2: CRISPR RNA biogenesis

Type | Twp= I Type Il
1 1 1
I 1 I 1 1
CRISPR transcription CRISPR transcription CRISPR transcription
| L -
RMas= Il CRISFR
specific
! ! X endoribonudeass
CRISPR- tracriMA  tracrRMA  tracrRNA

specific endoribonuclesse

- g

N

- S

ntspacer o e 3" crRNA )
¢ trimming LD =)
(8]

5-Saad? <

TN T T TR T e <

TNIN 1IN] NI0 1NN HIN 11 3 - Ea' MM -'q-),

IINININININNTININ JIRIARIRINIR 3"

lnnnm IIIIIIIIall

Targat DA

Target sither RNA or DNA
Targst DNA

Stage 3: Interference




CRISPR/Cas

Adaptation

Cas1-Cas2 Integration of
protospacer

AT : N

cas operon CRISPR array

stages

crRNA Maturation l

5
pre-crRNA

3
Processing of Cas protein
pre-crRNA or cellular

ribonuclease

Mature crRNA
5

Interference

Invading |

—_— i Hille et al, Cell, 2018




a Locus organization

Genes encoding Cas proteins

CRISPR array

CRISPR/Cas

b

Leader

b Adaptation
Cas1-Cas?
complex Protospacer
ol
Invader
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Invader
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Transcribed CRISFR array

Array processing

d Interference

—- 3

Nuclease protein
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Repeat Spacer Repeat Spacer Repeat

stages

Protospacer integration

AN
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Amitai and Sorek, NatRevMicro,



CRISPR/Cas: adaptation and
spacer acquisition

/ G2/
- CRISPR cas genes
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PAM protospacer-adjacent motif in most CRISPR-Cas systems

- e.g. in type | immunity usually tri-nucleotide (AWG in E. coli) recognized by the Cascade
complex (CasA in E. coli)

- probably allows tolerance to self (prevents autoimmunity against spacer DNA sequ

complementary to crRNAs they encode) | Q

Jiang and Marraffini, AnnuRevMiéro, 2016




CRISPR/Cas:
b Typel

Cascade
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o Mature crRNA
crispr

RNA

targeting

crRNA biogenesis, targeting

C Typell d Typell

Casé
pre-crRNA
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J RNase lll  pre-crRNA

tracrRNA
trans-activating
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8 Intermediate crRNA
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Jiahg and Marraffini, AnnuRevMicro, 2016
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CRISPR/Cas types

Table 1. Classification and Examples of CRISPR Systems

Class Type Subtype Hallmarks Example effector Example organism Studies Cited
Class1 Typel multisubunit effector Cascade E. coli Brouns et al., 2008
complex; Cas3
Type I 1I-A multisubunit effector Cas10-Csm S. epidermidis Marraffini and Sontheimer, 2008
complex; Csm effector
module; DNA targeting
n-B multisubunit effector Cmr P. furiosus Hale et al., 2009
complex; Cmr effector
module; RNA targeting
lass 2 ﬂrpa ] single protein effector; Cas9 S. thermophilus Bolotin et al., 2005; Earrangc:u et al., 200?;
tracrRNA Sapranauskas et al., 2011; Gasiunas et al., 2012
S. pyogenes Deltcheva et al., 2011; Jinek et al., 2012;
Cong et al., 2013; Mali et al., 2013
Type V single protein effector; Cpfl F. novicida Zetsche et al., 2015
single-BRNA guided
Class Class 1 Class 2
Multi-subunit crBNA-effector complex Single-subunit crRNA-effector complex
Type Type | Type (Il Type IV Type Il Type V Type VI
Effector complex Cascade Csm and Gmr n.d. Cas9 Cpf1, G2c¢1, G2c3 C2c2
Target dsDNA ssRNAS n.d. dsDMNA dsDMNA s5HMA

ssDNA

Lander, Cell, 2016; Tamulaitis, TiMicro 2016




CRISPR/Cas types

Gene organization

Wright et al, Cell, 2016



CRISPR/Cas types

targets DNA

targets RNA and actively
transcribed DNA

target DNA

Cas7 (6x) <

A Type | interference

B Type lll interference

> Csm3 (6x)

RNA
polymerase

DNA targeting

s ;
5 ' 3

Cas10
RNA targeting

a-helical lobe

Nuclease lobe

Type Il interference
Cas9

5'

HNH

HNH

Wright et al, Cell, 2016




Interference of Class 2 CRISPR/Cas

One protein effector: Cas9, Casl2a or Casl3

Type |l

/ \trachNA
|
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Nucleases
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Type V-A
Cas123

l l Nucleases
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Type VI

Cas13

-
\

L

Non-specific RNA

& Target RNA

\/

LFS Target RNA

Hille et al, Cell, 2018



Main CRISPR/Cas gene editing tools

a Cas9 nuclease b Casi2a nuclease
RuvC > RuvC
¥ ram PAM \4
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HNH Nuc
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Pickar-Oliver and Gersbach, Nat Rev Mol Cell Biol, 2019
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https://www.youtube.com/watch?v=k99bMtg4zRké&fbclid=Iw{
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Acr proteins
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(i) DNA-binding inhibition
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Cas12 Casi12 Cascade
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Cas3 ™
Cascade

(i) DNA-cleavage inhibition

@, Nature Methods, 2020




