RNA overview

RNA is reactive due to its 2° OH group

RNA is the first read-out of the genetic information

RNA is more than a messenger, RNA ‘interprets’ the genetic
information

RNA is processed, which changes the readout of the genetic
information

RNA can have enzymatic activity

RNA is structural more diverse than DNA

Proteins have evolved that stabilize the structure of RNA

Literature: The RNA World, Cold Spring Harbor Press 2005
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What are the differences between RNA
and DNA structures?



Types of RNAs
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Where do RNAs come from?
What are the differences between DNA and RNA polymerases?
What do all RNAs have in common?



Tiling array data /ENCODE project:
93% of DNA in the ENCODE region
is transcribed

Birney et al., 2007, Identification
and analysis of functional elements
in 1% of the human genome by the
ENCODE pilot project. Nature 447,
799-816.
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Most of this RNA is in regions
coding for proteins

Bakel et al. PLoS Biol. 2010 May
18;8(5):¢1000371.

Most RNAs are noncoding:

Ribosomal RNA, 60S, 20S

Protein synthesis, Ribozyme

tRNA (transfer)

Protein synthesis,

tiRNA (tiny),

Fragments from tRNAs, block
translation

tiRNAs (transcription induced)

Associated with promoter, RNA polll
backtracking, nucleosome marking

snoRNA (small nucleolar) C/D Box

Guide for RNA methylation

snoRNA (small nucleolar) H/ACA
Box

Guide for RNA pseudouridinilation

sdRNAs, psnoRNAs snoRNA
derived RNAs, processed
snoRNAs

Unclear, some work in alternative
splicing

snRNA (small nuclear)

RNA processing

snRNAs, SM class (Stephanie
Smith)

Pre-mRNA splicing

snRNAs LSM (Like sm)

Pre-mRNA splicing (U6 associated),
RNAse P processing

miRNAs Regulate translation (@and more) 20-23
nt
siRNA Small interfering RNAs 22 nt

piRNA (piwi interacting, Piwi (P-
element induced wimpy testis in
Drosophila)

Male Germline, 26-31 nt long

Long nc RNAs (non coding)

Chromatin structure (Xist)

mRNAs are coding

| mMRNA (messenger)

| Encodes protein

Types of RNAs
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This list is growing due to better
analysis techniques



The free 2’ OH group makes RNA more reactive
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How can you make RNA more stable?

The chemical repertoire of natural ribozymes Jennifer A.
Doudna & Thomas R. CechNature 418, 222-228(11 July 2002)




RNA is chemically more diverse than DNA

Hase

"ﬁ.,'. / What is the effect of a methyl group?

: Why is RNA not converted into DNA?
‘ocH What kind of oligos do you use to change RNA
Processing?

Hase



How many bases are in RNA?

NH,
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OH OH OH OH OH OH OH OH
Nudleotide: Adenylate (adenosine Guanylate (guanosine Uridylate (uridine Cytidylate (cytidine
5'-monophosphate) 5'-monophosphate) 5'-monophosphate) 5’-monophosphate)
Symbols: A, AMP G, GMP U, UMP C, CMP
Nudeoside: Adenosine Guanosine Uridine Cytidine

(b) Ribonucleotides

(o 0 The RNA Modification Database

N
HN HN
| \> « back search results
NP N PN
N o N # |symbol common name
o H 001|mla 1-methyladenosine
002 m2a 2-methyladenosine
. I 003 mfa NE-methyladenosine
Inosine PseUdou"dlne 004/ Am 2'-0-methyladenosine
005 ms2m®A  |2-methyithio-N®-methyladenosine
O CH3 S 00664 NB-isopentenyladenosine
A 007 ms2ifa 2-methylthio-N5-isopentenyladenosine
HN 4 008|i0%A NE-(cis-hydroxyisopentenyl)adenosine
> I 009 msZio®A 2-methylthio-Ns-(cis-hydroxyisopentenyl) adenosine
J\ )\ N 010/g5a NE-glycinylcarbamoyladenosine

011/tBA NB-threanylcarbamoyladenosine
Rlbose Ribose .

Currently 107 entries

7-Methylguanosine 4-Thiouridine
http://rna-mdb.cas.albany.edu/



RNA forms strutures

CH3 What 1s this?
Chemical properties?
4 \(

\CH3

H3C O

RNA forms secondary and teriary structures

Hairpin
Internal A C
loop

Why does RNA forms these structures?
What kind of teriary structure does DNA form?



Secondary and teriary structure of tRNA

A Site for amino acid
¢ attachment
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RNAs have additional base pairing: G-U and many others,
RNAs for stable teriary structures that are important for function

How can you change/melt the structure?



Prediction of secondary RNA structures

http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
RNA fold

ACGCUGAUGCACUGAGCUAAAAACCCGGAGCUACGACGUUUUAUACCCGUUUUCUCUCUCU

There is typical more than one RNA structure
Why is there some much tRNA and rRNA processing?



Statistical prediction of (m)RNA structure
http://biwww?2 informatik .uni-freiburg.de/Software/NIPU/

PU: probability of being unpaired

Example: DMD c.884G>T
TccccctcctcetetatccactcccccaaacccettctctgcagATCACGGTCAGTCTAGCACAGGGATATGAGAGAACTTCTTCCCCTAAGCCT
CgATTCAAGAGCTATGCCTACACACAGGCTGCTTATGTCACCACCTCTGACCCTACACGGAGCCCATTTCCTTCACAGgtctgt
caacatttactctctgttgtacaaaccagagaact

1r 11 m PUwalue
bF=1 3 {0.5
PLIvalues for sequence 1 0&r 0 g
0.4 104
02r lIII.l.. I 0 2
0 AGAACTTCTTCCCCTAAGCCTCTHTTCAAGHGCTATGCCTACACACAGGCTGCTTATGTCACCACCTCT 0
1 11 m PUwalue
0&F 0.8
PU values for sequence 2 08r 0 8
0.4t {0.4
02F 02
4] o

AGAACTTCTTCCCCTAAGCCTCgATTCAAGAGCTATGCCTACACACAGGCTGCTTATGTCACCACCTCT

1 11 m PU wvalue difference

osf los
PU values differences 08 {06
04l {04
o2t oz
0 0
ozt {-0z
04} {-04
06} {-08
—0a} {-0s

-1t AGAACTTCTTCCCCTAAGCCTCTATTCAAGAGCTATGCCTACACACAGGCTGCTTATGTCACCACCTCT -

What happens if a single-stranded RNA binding protein binds to the G>T region?



RNA can be catalytic active: Ribozymes

Principle: form ‘stable’ RNA structure,
Use 2’ OH as a reactive group

O—P\
Cy ©

H_/O‘w H-A

Acid-base catalysis

O—>2
=

~
O '-D,:H O-H

Two-metal ion catalysis

Annu. Rev. Biochem. 2000. 69:597-615

RNA, the first macromolecular catalyst: the
ribosome is a ribozymeThomas A. Steitz: and
Peter B. Moore'>, TIBS
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More example of

Table 1 Naturally occurring ribozymes and ribonucleoprotein enzymes

Ribozyme Sequenced Size Activity (reaction product)
examples (nt)

Hammerhead 11 40 Seif-cleavage via

Hepatitis deita virus 2 90 transesterification (2*,3' cyclic

Halrpin 1 70 phosphate)

Mk Sl e LETE—

Group | intron >1,500 210 Serf-sphc:ng via

Group lfintron - >700 500 transesteriftcatm [3' OH)

RNase P~ =500 300 Pre-tANA processlng via
hydrolysis (3'-OH)

Spliceosome” 70,50 180,100 RNA spiicing via

(U2+LB mHNAS) S AN EEEEE SRR AN AR EEREE SR A ....“ranses{erlﬁcalm E3r 0H}

Rlbosome" =900 2,600 Peptidyl transfer (amide)

(23S rRNA)

Number of sequenced examples is a snapshot as of 2002 and is influenced by DNA-
sequencing strategies and database upkeep; it may provide a rough indication of relative

abundance. RNAS in any group vary in size; the size provided hera indicates the lower end of

the length distribution for the natural examples. See www.rna.icmb.utexas.edu and
wnw pwbromm.mbio.ncsueduBnases /.

*Ribonucieoprotein enzymes. RNase P: bacterial and archasbacterial RNAS have the relevant
activity in the absence of protein. Spliceosomes: U2 and US small nuclear BNAs (snfNAs) alone
show an activity refated to the natural activity. Rbosome: no activity has yet been obsenved with
protein-free, large-subunit rANA.

The chemical repertoire of natural ribozymes Jennifer

A. Doudna & Thomas R. CechNature 418, 222-228(11

July 2002)

ribozymes

Bases are involved in catalysis



RNAs undergo enzymatic modification: RNAses

3,
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Specificity of the chemical and enzymatic probes used _
RNAse L: interferon

induced

How do cells protect their RNAs?
How can you use these RNAses?



RNAs undergo enzymatic modification: Deamination/1

NH, o
S kaH C-> U editing, apobec-1 + ACF
Hom N o N o apobec-1 complementation factor
0
OHOH OH OH

CAA TAA
apo-B gene 5 v = -
NW AR UAA
ACE~— Y Mooring sequence
( apobec-1
apo-8 mRMNA
CAA JAA L AA LJAA
5 L J e, 5 = e,
apobec-1 l/ \L
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Apo-B100 Protein Apo-B4E Protein
In Liver In Intestine

Blanc V, Davidson N O J. Biol. Chem. 2003;278:1395-1398

Tissue-specific editing of RNA, example of how genetic information can be interpreted



RNAse undergo enzymatic modification: Deamination /2
A->| Editing

a ADAR adenosine desaminase acting on RNA,
W 5 Needs double stranded RNA
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ﬂ Nishikura K. 2010.
Annu. Rev. Biochem. 79:321-49

How is an ‘edited A’ interpreted by Why is there so much double
the ribosome? stranded RNA in humans?



Function of ADARSs

b Splice sites are similar to:

AARAAA yyyyycagG
—a.——
Splicin uv CAGgtaagta
Create plice ‘i.l 5]
Splicing c[.lll wons?
_i’ How could
— ] — AN
Alu exon YYYYYCaaG
CAGataagta be made into
splice sites?
; €D
—I AAAAAA ey  — R AAAAAA
CTN RNA retained in nucleus mCAT2 mRNA exported

Nuclear retention by p54nb?



ADARSs reduce endogenous siRNAs

I
|
|
©iced _I_
esiRNA
T T Suppression of
aor A0 o esiRNA synthesis?
Jmr T

esiRNA: Endogenous siRNA

a b

dsRNA (long hpRNA or intermolecular dsRNA) dsRNA (long hpRNA or intermolecular dsRNA)

Less esiRMNA | " -
Edited esiRNA Al n(l}: esiRNA
Generation of less esiRNA or Degradation of dsRNA AR
nonfunctional edited esiRMNA and less esiRNA

ADAR1 sequesters siRNA

l

Jmr
Reduced siRNA concentrations

E Nishikura K. 2010.
Annu. Rev. Biochem. 79:321-49

dsRNA with I-U pairs resistant to dicer
->less siRNAs
ADAR1 sequesters siRNA

In which cell lines would you preferably do your siRNA experiments?



There (used) to be an RNA world

Electrodes
~

Creation of prebiotic soup, including nucleotides, G
from components of Earth’s primitive atmosphere cC—
U

1

Production of short RNA molecules
with random sequences

l

Selective replication of self-duplicating
catalytic RNA segments

!

Synthesis of specific peptides,
catalyzed by RNA

|

\\

Spark
gap

\ Condenser —~ —

Mixture of Increasing role of peptides in RNA replication;
NH;, CH,, coevolution of RNA and protein

H,, and 1

H,O0 at

Primitive translation system develops,
80°C with RNA genome and RNA-protein catalysts

Miller/Urey 1

Genomic RNA begins to be copied into DNA

|

DNA genome, translated on RNA-protein complex
(ribosome) with protein catalysts

Creation of macromolecules that undergo selection process,

biocatalysts Self- Splicin g,
How are dNTPs made from the cell? Hammerhead ribozyme



SELXEX: and echo of the RNA world

SELEX Protocol
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SELEX: Systematic Evolution of Ligands by Exponential Enrichment

Make an RNA molecule binding to any target
Clinic: anti VEGF (Macugen)
Scientific: aptamers, ‘RNA polymerases”



RNA and the protein world

RRM containing proteins

FOK1, FOXC, PRNP 1102, NP G RRM “RNA recognition motif’ is the
PURNP Al NP A2, Secetal most frequent protein domain in

hnRNF M hnRNPQ,
REM3Ea, REM25D, TIA1, TIAR, HUE,

CELF1, CELF2, CELF4, CELF&, CELF&, CUG-BP h u manS
e e 497 RRM in about 25,000 proteins (2%)

PTB, nFTB, hnBNP L, ANP LL

RNPS1
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Tazo, Tra2n Binds only single stranded RNA
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Structure of the RRM

1 @ 3 456 D20 4 ® 6 @D 8
RNP2: [ILV]-[FY]-[ILVI-X-N-L  RNP1: [RK]-G-[FY]-{GA]-[FY|-[ILV]-X-[FY]

| o

Limited sequence specificity
Kd low nM to 20 uM

The RNA recognition motif, a plastic RNA-binding platform to
regulate post-transcriptional gene expression.Christophe
MarisU, Cyril DominguezU, FrEdEric H.-T. Allain, FEBS J.



RNA is covered with proteins in the cell
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Summary and outlook

RNA is more complex and reactive than DNA

There are more than 100 RNA bases due to enzymatic modifications

RNA forms secondary and teriary structures that can act as enzymes

The ribosome is an RNA enzyme

The ‘message’ of RNA molecules can be altered by enzymes

RNA is covered with proteins (or in secondary structure)

THe RRM (RNA recognition motif) is the most frequent human protein domain

How to identify RNAs: modern transcriptome analysis
Example of RNAs: siRNA, miRNAs

Example of a ribozyme: the spliceosome

Where to find information: gene expression databases



