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Fia. 1. DEAE-cellulose column chromatography. Fraction 3
(15 ml, Ass0 »m 0.8) was applied to a column (5 em® X 16 em) of @ RN A polymerase A and B are not separated at this stage.

DEAE-cellulose and eluted as described in the text. Fractions of
3 ml were collected and assayed for RNA polymerase activity on
10-l aliquots for 10 min under standard conditions.



GENETIC SCREEN- YEAST THREE HYBRID

Gal4AD-prey

very artefactual

MS2 coat
LexA

IEXAOP 120z HIS3

The RNA insert (red) is expressed in the context of RNA vector sequences (black) tethered
upstream of lacZ (brown) and HIS3 reporter genes via a MS2 coat—LexA fusion protein (blue
and black). Gene activation depends on binding of the Gal4 activation domain (yellow) —prey
fusion protein (green).
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IP of U1 snRNP with anti-70K Ab
(U1 specific protein)

IP of snRNPs with anti-TMG cap Ab
Immunoaffinity +ion exchange
Applied Biological Sciences: Neubauer et al, Proc. Nad. Acad. Sci. USA 94 (1997) 387
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Fi6. 1. Purification of U1 snRNPs from 8. cerevisiae. (A) Silver staining of saRNAs eluted from anti-m;G-cap (m7G eluate) and Ni-NTA affinity




TANDEM AFFINITY PURIFICATION (TAP)

C-terminal TAP tag N-terminal TAP tag
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AFFINI TY PURIFICATI ON
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MODIFIED TAP tags

Original TAP tag

Modified TAP tag

——{ BT [ IRS-1 [CBP[ TEV | Protein A | Protein A ——

mammalian cells
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Drakas et al., Proteomics, 2005
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MAGNETIC BEADS vs SEPHAROSE

Dynabeads®™ M-280 Dynabeads® M-27e
Tosylactivated Epoxy
e f O M
* Hydrophobic bead. * Hydrophilic bead.
* Surface tosyl groups. * Surface epoxy groups.
* Bead diameter 2.2 pm. * Bead diameter 2.8 pm.
¢ Direct covalent binding to # Direct covalent binding to
primary amina- ar sulfiwdnyl primary amino and sulfrwdrygl
groups in proteins and paptides. functional groups in proteins and
paptidas.
* No further surface * Nofurther surface
activation required. activation required.
¢ Binding over night at neutralto | = Binding over night at neutral pH,
high pH and high temperatura. high salt and a wide temperatura
range.

Diameter 2.8 um volume 40 000 smaller than agarose/sepharose



METHODS TO STUDY TRANSCRIPTOMES

« SAGE - serial analysis of gene expression

sequencing of small cDNA tags generated by type Il restriction enzymes

 CAGE - cap analysis of gene expression

sequencing of small cDNA tags derived from capped transcripts

« 3’long SAGE

identification of SAGE tags that originate from 3’ ends of transcripts
 RNA Seq - high throughput sequencing of cDNAs

 GRO-seq - genomic run-on sequencing
sequencing of cDNA tags extended from nascent transcripts
- tiling arrays

microarrays with overlapping probes that cover the complete genome



METHODS TO STUDY TRANSCRIPTOMES

* ChIP (ChlP-chip, ChlIP-Seq) - chromatin immunoprecipitation
indirectly reveal unknown ncRNAs

- RIP-Seq - RNA immunoprecipitation-sequencing

* ChIRP - Chromatin isolation by RNA Purification (+RNA-Seq)

 ChART - Capture Hybridization Analysis of RNA targets (+RNA-
Seq)

biotinylated oligonucleotides used to enrich for DNA sequences associated
with a particular RNA

« CRAC - CRosslinking and Analysis of cDNA

- PAR-CLIP - PhotoActivatable ribonucleoside—enhanced
CrossLinking and ImmunoPrecipitation

« HITS-CLIP - High-Throughput Seq CLIP
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Loop formation requires interaction between factors at the promoter (THIIB)
and terminator (Rna15 from CF1) /in mammals: transcription factors, nuclear
receptors, insulators, chromatin remodellers, Polycomb, architectural proteins/

Loop function: facilitation of transcription reinitiation of Polll, but also
repression of gene expression (PcG, DNA methylation)
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3C 4C Hi-C
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Schmit et al., Nat Rev Mol Cell Biol, 2016 O . %)




A

- chromatin crosslinking, digestion, re-ligation, PCR
amplification/deep sequencing

- biotin-labeled nucleotide incorporated at the ligation junction for
selective purification of chimeric DNA ligation junctions

crosslink and isolate B digest and biotin fill in C ligation and DNA isolation

Pulldown, adapter ligation
and deep sequencing
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Belton et al., Methods, 2012
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in vivo PAR-CLIP
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CRAC technique:
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Analysis of cDNA
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Li et al., Genome Proteome
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MRNA binding proteome
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Castello et al.; He et al., Cell, 2016



TABLE 2 | Large-Smale Methods for the Dlscovery of REPRNP RHA Tangets

Method Goal Diescription Selection of REPs Analyzed
Nor-aesslinking methods

RIP-Chip Target gere identification 1P of epttope tagged or endogenous REPRNP to For comprehersive list, see
Isolate-assodated RMAs, |solabed RNAs are Table 1 In Ref 33,
analyzed by microarray. REPRNP targets are
defined by caloulating and scoring acoording to
errlchment of IF'd trarsalpts over contral
expression values,

RM& IP ard high Target gene Kentfication  Same procedure as RMA IP followed by miaoarray  TDP-433% LUIN-28,%

throughput analysls (RIP-Chip); IPd RNA |s quartified by Polycomb protelns®™

sequencing {RIP-5eg) RN Aszeq. REPRNP tangets are defined, similar to

RIP-Chip, by caloulating enrldment scores over
cantral.
Photocrosslinking methods

CLIP Target stte Identification;

definttion of RRE

Ultraviolet U] 254 photocrossiinking of REA to
REPs In live cell or tlsues prior to lysls
Crosslinked RNA Is trimmed by RNases and
RMA—pratedn complexes are fracthonated by
sodlum dodecy sulfate polyaoylamide gel
dectrophoresks. Crosslinkad RNAs ane bolated, 3
and 5 adapters for RT and polymerzed dhaln
resaction ligated, The cDMA library |5 Ireserted Ino
plasmid for bactedal ransformation, cloning, and
sequencing.

Simillar to standard CLIP, however, cDMAs are desp
saquenced (454 o Sokss), Overlapping ssquence
reais are clustered and REPFRMP targets are
defined based on enrldhment ower negative
cantralks.

Crosslinking procedures similar to CLIP. Partlal
cDNAs, generated from stalled BT of aosslinked
RMNAs, ae cimularized and ultimately deep
seqquenced. RBPRNP targets are similary defined
as In HITS-CUP. Stes of criosslinking ane
Irterpreted a5 the (— 1) position 3 sequence read
miaps toindcating the putative BT stall stes).

Stmilar to [CLIP eecept that the REP Is Strap- and
palhistidine epltops tagged. Streptaddin beads
are usad In the first purification step. Immabilized
metal-lon affinity chromatography (IMAC) under
denaturing condithons ks performed as a secondary
purfication. lsolated RMAs are converted Into
[N and sequenced simllar to ICUP.

Simillar I concept to CLAP, whers a tandem affinity
purfication protocod b used. REPs are engineened
to contaln C-terminal B¥-histidine, tobaco etdh
winus (TEW) profease sie, and Protein & tags
Immuraglobulin G beads are used as a first
punification step, followed by TEV protease
treatment to eute crosslinkad RHA—pratein
complaes, IMAC |s performed under denaturing
condtions as a sscondary purification, Individual
RMAs were analyzed by northem blot or
saquenced after ampliflcation with gene-spedfic
primers,

HITS-CLIP Target site Idenitfication;

definttian of RRE

ICLIP Target stte Identification;

definttion of RRE

ICLAP Target stte |dentification;

definttion of RRE

CRAC Target stte Iderification

Mowa, € sF2 ¥ CuGert @
Fsr, ¥ MSY2 % SAMES M
hrRNP &1

TOP-43. 54 Hoya %
AGO2 54T plg1
SFRS1,.%% FOX2,50 PTRSY
Khd1=

bR HP ¢ TIAT, TIAL1®

Method Goal Description Selection of RBPs Analyzed
Photoactivatable Target site identification;  Incubation of live cells with photoactivatable ELAVL1,57=8 QK™
ribonucleoside- definition of RRE ribonucleosides (4-thiouridine and IGF2BP1-3,* AGO1-4,%°
enhanced &-thioguanosine) that are incorporated into PUM2,* TNRCEA-C,®
P nascent transcripts. UV-365 photocrosslinking of ~ FUS,5° EWSR1,5% TAF15%
. RNA to proteins prior to lysis. IP of epitope In analysis: BICC1, CUGBP1,
TIAY, TIALY tagged or endogenous RBPIRNP 1o DHX3, DICER, DND1,
isolate-associated RMAs. cDMA library EXPORTINS, FMR1, FXR1,
preparation of isolated RNAs. Putative RBP/RNP  FXR2, ELAVL2-4, LIN28B,
target sites are scored by frequency of MBMNL1, MOV10, MCL, P54,
crosslinking evidence, seen as a characteristic RBM20, REPMS, SND1,
T2C {or G2A) nucleotide mutation. TARBP2, TDP-43, TIA1, TSN,
TSNAX, TTP, WT1
Prpd 3= U3
sroRHA-binding sites of
Mopl, NopSE, Nopts,
ard Rr

Ascano et al., WIREs RNA, 2012



TABLE 1 | RNA Binding Proteins Studied by CLIP

RNABP Method Tissue/Cell Type Principle Findings References
Nova CLIP and HITS-CLIP Mouse brain Binding motif Ule et al.*’
Biologically coherent targets Licatalosi et al.*8
RNA splicing map Racca et al.'®
Regulation of poly(A) usage
3' UTR localization Yano et al.'%
Meta analysis elements Zhang et al.%
PTB HITS-CLIP Hela cells Binding motif Xue et al >
RNA splicing map
Tagged-Khd1 HITS-CLIP Saccharomyces Binding motif Wolf and Fink>'
cerevisiae Biologically coherent targets
Discovery of role in translational
regulation
hnRNP A1 cLp Hela cells Discovery of role in regulating Guil and Caceres®?
pri-mRNA processing
Fox2 HITS-CLIP Human embryonic Biologically coherent targets Yeo et al.3?
stem cells RNA splicing map
SFRS1 CLIP and HITS-CLIP HEK293T cells Binding motif Sanford et al >
Sites relevant to disease Sanford et al 3
Tagged-Rrm4 cLip Filamentous fungus Binding motif Becht et al.*®
Ustilago maydis Localization of rrm4-RNPs
CUGBP1 cLip Mouse hindbrain Binding motif Daughters et al.¥
Validation of splicing target
Tagged-snRNPs HITS-CLIP S. cerevisiae Detailed mapping of protein-rRNA Granneman et al.>®
and snoRNA interaction sites Bohnsack et al.>*
Ro homolog Rsr cLp Eubacterium Discovery of interaction with rRNA Wurtmann and
Deinococcus Wolin®?
radiodurnas
hnRNP C HITS-CLIP Hela cells Binding motif Konig et al.5!
RNA splicing map
Discovery of hnRNP particle
organization related to splicing
Ago HITS-CLIP Mouse brain; Hela Ago-miRNA binding sites defined Chi et al.5?
Tagged-Ago PAR-CLIP HEK293 cells Hafner et al.*3
Alg-1 HITS-CLIP C. elegans Alg-1-miRNA binding sites defined Zisoulis et al.5
Msy2 cLp Mouse seminiferous Discovery of interaction with Xu et al.f*

tubules

piRNAs, other small RNAs

Darnell, WIREsSRNA, 2010



PARE: Parallel Analysis of RNA End
mRNA DEGRADOME RNA-seq

mAMNA

~OH  3.End of cleaved mANA

Wl\ M

mG

rmicrgRiNA

v ~ 3'
PR EHA peiication gw 5'
m'G N"—"“_ﬁ A4 b l Fragment amplification by Indexed
TruSeq 3'PCR primer
5 R 15 M

) ; ¥y ¥ Inchex acdapter
5'RMA adapter ligation §Wa w
A o A4 — ]
SM Jil"'"I'ql"-‘i.l' ’
“_TﬁTTTn;,r
l First Strand Synthesis Sample pooling
gr DA sl aper 5'
l Second Strand Synthesis L ""‘“"' ‘
| e Ry mm— -
5' 3
% W 5 l
ZobR
Mmel digasti
l m Humina sequencing

5’ F'ONA ad apoms - 3-
H ————C
3

l 3'DMA adapter ligation

Zhai et al., Methods, 2014



DRS: Direct RNA sequencing

POIy(A) sites AT3G02470 AT AT3G02480
2000
RNA-seq e :} 000

DRS
l 10
R . )
Total RNA = 200 nt, rRNA-depleted

Err—— TAIL-seq: RNA 3’ end sequencing

Massanger HRNA short ncHNA

| vamorigaton —— Poly(A) tail length and 3’ end modifications

AL B L
} Partial digestion with RNase T1 (e.g. U-tailing)

[ | [ aaa  B] )

Pull-dowr with streptavidin

5" and phosphorylation
) ) |
Gal purification E’T;:";;hf_r___ i s o s b i .
{500 — 1000 nY) TTTTTTTTTTTTTTTAATCGGTCCCT ] Original sequence
) mages from
] oG TI [T [ e o o D Lo [ [ Lo [ L [ [ L [ [ [ [ [0 i
} 5 aaptor igation s
z fo i no — A C—G—T
I ) E a00{ | | L) .' .I fl i f f .I || , , \ | | | I | "| |' | ". "'| NARAAR G A J Fluorescence signal
AT.PCR, E oL L J u I
and sequencing 46 0 2 TTTTTTTTTITTTTTTTTTTTITTITTTT ] Basecan
Read 1 (51 nt) Em | EEE BEN 7] Relative T signal g
&-'-'-_ -y ] swaledecoding %
o
'—

T toa, :I
| 64 Paly(A) length call
RAead 2 5

(251 nt)

Sherstnev et al., Nat Str Mol Biol, 2012; Zhai et al., Mol Cell, 2014



Poly(A) tail analyses

(A) TAIL-Seq

Total RNA (~100ug) Biotinylated

3" adaptor

Poly{a)+ RNA

Uridylated RMA

s )

Short nc RNA

=

& 1. 3" Adaptor ligation
2. Partial digestion

: 3. Biotin pull-down
4.5 Phosphorylation
& 5. Size selection
6.5 Adaptor ligation

7. Reverse transcription
* 8. Library amplification
9. Paired-end sequencing

Paly({A) length
AAAAAATT

Nicholson and Pasquinelli TICB 2018

(B) PAL-Seq

Total RNA (~1-50ug) Biotinylated
3" adaptor

Poly(A)+ RNA T

Splint oligo
I
I
Mon-poly(A) RNA

1. 3’ Adaptor ligation
* 2. Partial digestion

3. Size selection

4. Biotin pull-down
+ 5.5 Phosphorylation

6. 5" Adaptor ligation

7. Reverse transcription

8. Cluster generation

9. Modified sequencing
with dTTP and biotin-dUTP

-

w

TTTTUTTT I

TTTTTTTT I
[ AAAAAAAA T

| AAAAAAARN

(€) mTAIL-Seq

Total RNA (~1-5ug) Biotinylated

3’ adaptor

Poly(A)+ RNA o
it Splint oligo

]
I
Mon-poly(A) RNA

1. 3’ Adaptor ligation
2. Partial digestion

3. Biotin pull-down

4.5 Phosphorylation
+ 5. Size selection

6.5 Adaptor ligation

* 7. Reverse transcription
8. Library amplification
9. Paired-end sequencing

Read 1
RNA identifier —
[ TTTTTITIT |
— Read 2
Poly(A) length



Poly(A) tail analyses

= B m
(D) Nanopore direct RNA sequencing AAAAAAAAAA,
Total RNA (<0.
ota (<0.5ug) Well-translated / \ Poorly translated
I transcripts transcripts
Poly{a)+ RNA I Custom splint
]

Non-poly(A)RNA 9 3’ pdaptor ligation
2. Optional reverse transcription
3. Attach sequencing adaptors

Y VY. Y Y Y
m

4. Sequence with nanopore

Nanopore readout

Current

Nicholson and Pasquinelli TICB 2018



3’ UTR-seq: in vivo analysis of mRNA decay rules

A Massive parallel oligo ~ Gibson cloning mRNA reporters
synthesis & in-vitro RNA (A-)
transcription g
1] M
S o
= r g | — 1
& ~ M“"."’.’.,.
S g TN
S M’W"‘“
constant 20nt (x2) (vector) M‘M‘“
constant  variable
zebrafish CDS (GFP) 3'UTR
embryos
inject into collect time-course measure temporal RNA
embryos samples RNA levels change
0 1 2 3 10(hpd
mRNA wlvlelw, = 4l
reporters ———— 1 4 S
- w - - - [ =, - g:._' e Y
Vo LYYWV Y EBE 5 e
— md— fud
s £f ac or &*,
Eps-~ HE ; ;
SHERERE B Sequencing time (hpf) :
X, relative

three signals in 3’ UTRs:
MiRNA seeds, AU rich,
Pumilio binding sites

expression (log2)

c (A%)

(A-)

reporters (34,809)

123546678101 234567610
time (hpf)

time (hpf)

Rabani et al., Mol Cell, 2017



RNA MODIFICATIONS

mG NH; Wy MEC
Ha':tu mmeAm m1A w hm=*C muA | muA AAAASA
2.0 o o

mathylation
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H., O Hopy-CHe o
} ) w A, AL, M
@w o _“”A_T_ A o ﬁ_;nl)l " _ufvﬁ’ o ﬁ_aﬁ,.ﬁ I, LA

\/’ RNA editing L. i —1 —
meA < N 2'-O-dimethyladenosine (mtAm)  N9-methyladenosine (m®%)  Inosine (1) s-methyleytidine (m®C)
5 cap ey
dificafi o ¢
modimcations N M, it
o H Hi . H H-PI HDW-:H/L\D Ha o N;'LQ'D

oH OH o oH OH COH
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Modulation of RMNA Interdepandance
Block to Altermative structure or its - with
HE# binding splicing recognition microRMNA activity

“Wirkers®  “kErasens” {
9’ o

@, ‘@ ...

Reversible conteaxt- mod.-specific Fidality/afficiancy Effact on
specific mathylation HEF recruitmant of codon/anticodon termination of
Imtaraction translation

Sibbrrit et al, WIRESRNA 2013

mRMNA splicing, export, localisation, decay, translation, innate immunity




RNA MODIFICATION
(@) Detectlon of meA . (b) Detection of m5c ’
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Sibbrrit et al, WIRESRNA 2013



m6A-specific Ab IP seq

m®A RNA-seq

assisted m6A seq

(/- mEA \1 (/— meA -\
\/:\AAA AAA
Feed
Fragmentation with 45U
Y
mFAY @4SU
\}\ -~ A
IP with IP and
4 anti-m*A antibody UV crosslink
Input —~L \-;_‘ \/hm
control

Elute RNA

25

Library construction

I

Sequencing

Mammalj/ \ Yeast

True False

mEA peak positive  positive

meA-seq and MeRIP-seq )

Digestion and
Isolation

Library
construction
l Sequencing

[

==

/ mEA \
.\/_,\AM
lFragmentation

J‘-._f'""

IP and
UV crosslink

5

l Proteinase K

Reverse
transcription

R

Truncation

or
Misincorporation
Library
construction
Sequencing
CITS miCLIP

=

CIMS miCLIP

N

L
@miCLIP-called sites

PA-mPfA-seq

photo-crosslinking  m6A individual-nucleotide

m6A-level and isoform-

resolution crosslinking and IP  characterization seq

\ miCLIP )

/ mea
meA M
IP with
anti-mfA antibody
Supernatant Eluate
mEA negative méA positive
Al w \/—\AAA
Input .\/—\AAA .\/—LMA
control .\/—\AAA \/—.I\AAA
ERCC ERCC ERCC
spike in spike in spike in
Library construction
Y
Sequencing
4 Y
g
L=
8
@
2
Input
negalwa p-:)mtwe
meA-LAIC-seq
N J

Li at al, Nat Methods, 2017



apoBECIYTH- /(WY S\ f

e prassing calls Fi

APOBECH

" RMNA

3 - 5 cDMA

Detact C-to-U aditing events

...TACTAGGACGCACCTTA...
.. TACTAGGATGCACCTTA...
. TACTAGGATGCACCTTA...
...TACTAGGATGCACCTTA...

antibody-free
M6A-seq

O
>
A
o
0
®
o

deamination
adjacent to

modification targets

Cytidine deaminase APOBEC1 fused
to méA-binding YTH domain
APOBEC1-YTH induces C-to-U
deamination at sites adjacent to m6A
detected using RNA-seq

Meyer, Nature Methods 2019



m°C RNA-seq

a b C d

C m*C

I S T~ \/E

mEC

l Feed
Fragmentation with 5-Aza-C
.\/J\M l 9 Overexpress

5-Aza-C NSUN2-C271A

l Bisulfite treatment \}" ~ \o)—\ “
“ Overexpress
% l IP with methyltransferase

anti-m*C antibody Covalent bond

U
\-/r:;; GCovalent bond formation
\/.L \_;_\ \,L formation

, , 1 , Immunoprecipitation Immunoprecipitation
Library c?nstmctmn l Library c?nshuctlnn l Library construction % l Library construction
Sequencing Sequencing Sequencing Sequencing

.II_ e - Called miC site

IS —
- N -
. msC peak c
Bisulfite-seq m°C-RIP Aza-IP miCLIP

Li at al, Nat Methods, 2017



Detection of RNA-DNA hybrids

RNA/DNA tripplex

Chromatin purification
Protein removal
R-loop digestion

RNA fragmentation

R-loop

IP with specific RNA/DNA
S9.6 Ab followed by RNAseq
|

' R-loop !

RNA/DNA
hybrid

Enrichment of DNA-associated RNA

- SPRI (Solid Phase Reversible
Immobilization) - based paramagnetic
bead size selection

- DNA-IP using anti-DNA Ab

|
P

—_—
Separation of DNA
from free RNA

/

N\

T

A SR

o f

SPRI-size selection

= f

DNA-IP

Cetin at al, RNA, 2019



Identification of NAD* capped RNAs

A r'NZD* capture

5'N*ppA

5, ,PpPA
Zp

5’ ppAm—
\

5 ppA

N

3'
clickable alkyne
addition

3’
click chemistry
biotinylation
3I
biotinylated RNA
isolation

31

ttreads

& High-throughput
= ¥ sequencing

Qo

5 5’NAD*

B 'CapZyme-Seq High-throughput "
sequencing ?3
p 3’ ////7£
Npp A 3 o
Standard 5’ RNASeq f;
- =
’ ’ Rpp
5'ppp 3
5’NAD* w3
Rpp( ”
Capzyme-Seq MR~ P y —8
N*p/N*ppA P

5'ppp

5'NAD~

S'ppp

5'NAD”




Chromatin Isolation by RNA Purification

Crosslink mmP
Sonicate I'IIII'rIP I n c R N A
Hybridize biotinylated

tingolges IO teins

@";M DNA

Purify on bead “

and wash streptavidin
magnetic beads

&
= }&, ChIRP

DD

—_—L CHART

P S>DODL

-~

RNA binding Genomic DNA
protein

Capture Hybridization Analysis of RNA Targets

g

Fragment

CHART Cross-link l

GDD%DDK%DDDBDDI%DDD

- C-Oligo (CO) /\ﬁ\ Hybridize RNA to CO
Z - Linker SAV Immobilize on beads

- DSB or Biotin bead Rinse

A & >

Elute l

CHART enriched material

DNA Analysis

Reverse Protein Analysis
cross-links
Isolate DNA

&P

* Sequence +
- IN

+

7o)

-»Q

(RRRRRNNE

11
=il

Western Blot

Chu et al., Mol. Cell, 2011; Simon et al., PNAS 11



PARS: Parallel Analysis of RNA Structure

measuring RNA structural properties by deep sequencing

- PARS confirmed for known RNA structures

- used to establish structures of > 3000 yeast transcripts
- unexpected conclusion: coding mRNA regions are more structured than UTRs!

mRNA
5 cap f——————Ananan

/ fn vitro folding
a b Slag
" é AMasa V1 digestion é 51 nucleasa digastion

@
o— E'P}_—

P 5P
l Random fragmentaticn l Random fragmentation
® 5P 5" OH . =P = o4
Library praparation Library preparation
l deep saguencing l deap saguancing
W1 profila 31 profila
E ﬁ I a
Em £
3 L 8 B B @
AFGCAGCACCUGEUAGCUAGUCUUUBAACT ...
|

AGGCAUGCACCUGGUAGCIUAGUCULIUARAACT ..
I

N

c =3
PARS scora

Kertesz et al., Nature, 2010
AGGCALGCACCUGGUAGCUAGLICULUAASTC __



PARS: Parallel Analysis of RNA Structure

volecular cell - Genome-wide Measurement of RNA Folding Energies
Molecular Cell 48, 169-181, October 26, 2012
Yue Wan,! Kun Qu,'-® Zhengging Ouyang,!2€ Michael Kertesz,® Jun Li,* Robert Tibshirani,* Debora L. Makino,®
Robert C. Nutter,® Eran Segal,”* and Howard Y. Chang'*

»
RNase V1 )ﬁ E heat
3'OH ® 3'0H

library construction
deep sequencing

library construction

deep sequencing
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@ [ O o O
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Regulatory Impact of RNA Secondary Structure across the 1hepiantcei 2012

Arabidopsis Transcriptome™
Fan Li,2?¢1 Qi Zheng,®?:! Lee E. Vandivier,??< Matthew R. Willmann,?? Ying Chen,?-*.¢ and Brian D. Gregory?.c.4.2



CLASH (intra- and intermolecular RNA-RNA interactions)
Crosslinking
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MARIO (intra- and intermolecular RNA-RNA interactions)
Mapping RNA jnteractome in vivo

Desired chimeric products

m Barcode
e RNA1_RNA2 P7
P ~——— —j—
N\wz e
mmm |llumina PE primer 1.0
o s |[lumina PE primer 2.0

mmm | inker
Ji 5’ _ﬁ\ m—e- P5-specific fwd primer
» m=—e- P7-specific rev primer
'."c \tg ( QO* me=e-| inker-specific rev primer

(%)

-omplete products
RNA2 P7

“lt
‘ (&)

(1) cross-linking RNAs to proteins

(2) RNA fragmentation, protein denaturing and biotinylation
(3) immobilization of RNA-binding proteins at low density
(4) ligation of a biotinylated RNA linker

(5) proximity ligation under a dilute condition

(6) RNA purification and RT

(7) biotin pull-down

Nguyen et al., NatComm, 2016 (8) construction of sequencing library



RNA-seg-based methods for mapping RNA
structures, RNA-RNA and RNA-DNA interactions

' Enzymatic
Chemical
probing

Enzymatic
probing

Psoralen
derivatives

7 One RNA
Vs genome

Nguyen et al, TiG, 2018



RNA structure in vivo: SHAPE,
Pk RIS) S lcfiePPhticHls Based structure probing

SHAPE: Selective 2'- Hydroxyl Acylation and Primer Extension

SHAPE-seq: SHAPE followed by RNA-seq

PARIS: Psoralen Analysis of RNA Interactions and Structures

SPLASH: Sequencing of Psoralen crosslinked, Ligated, and Selected Hybrids
LIGR-seq: LIGation of interacting RNA followed by high-throughput Sequencing

SHAPE chemicals: DMS, dimethyl sulfate; 1M7, 1-methyl-7-nitroisatoic anhydride

SHAPE enzymes: P1 nuclease, RNases V1 and S1

Table 1. Transcriptome-wide RNA Structure Probing Methods

Assay Probing Agent Detection In Vitro Probing In Vivo Probing

FragSeq P1 nuclease single-stranded bases X

PARS RNase V1 and S1 paired and single- X

nuclease stranded regions

SHAPE-seq 1M7 single-stranded bases X

mod-seq DMS unpaired A& C X

DMS-seq DMS unpaired A& C X X

Structure-seq DMS unpaired A& C X X ©

icSHAPE NAI-N5 single-stranded bases X §

SHAPE-MaP 1M7 single-stranded or X X =
unbound bases 8

PARIS AMT base-paired sequence X g
partners =

LIGR-seq AMT base-paired sequence X %
partners =

SPLASH biotinylated psoralen base-paired sequence X 5

partners




PARIS LIGR-Seq SPLASH

Bio-Psoralen +
365 nM Irradiation

AMT +
365 nM Irradiation

AMT +
365 nM Irradiation

Proteinase ) RMA Extraction
RNase rRNA depletion Fragmentation
2D Gel Purification S1 digestion Bead Enrichment

Ak

Proximity Ligation

EME

Reverse Crosslink

E@@@E

Library Preparation l

£ o= X

l Proximity Ligation

o)

EME

Denature
circRNA ligase

goﬂmo

Reverse Crosslink RMaseR
Reverse Crosslink

fo=of  Jomof

Library Preparation Library Preparation
Sequencing

Sequencing Sequencing

PARIS
SPLASH
LIGR

- in vivo psoralen or AMT,
intercalate into RNA duplex and
generate inter-strand adducts
between juxtaposed pyrimidine
bases upon 365 nm UV
irradiation

- ssRNAse S1 limited digest
- RNA end proximity ligation
(circRNA ligase)

- removal of uncrosslinked RNA
(ss and structured RNAase R1)

- crossling reversal (254 nm)
- RNAseq

[AMT = psoralen derivative 4 -
aminomethyltrioxalen] and

Graveley, Mol Cell, 2016



RNA structure in vivo: SHAPE, icSHAPE

iIcCSHAPE: click selective 2’-hydroxyl acylation and profiling

Single-nucleotide structure probing

/_\ Sequencing

Modification-induced
mutation or termination

W L

s l

f

SHAPE-MaP and
-seq methods

Reactivity proﬁle
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Low and Weeks, Methods 2010
Weidman et al, TiBS, 2016



* PARS 1 a - @\_{ _
lecti KﬁJ&J Acylation Mapplng RNA
structures and

N AR RNA-RNA
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RNase digestion I RNA extraction g?lr ﬂf\lsflc?ecglg?ion I n te ra Ctl O n S

icSHAPE SHAPE-MaP
RNase 51
RNA fragmentation l | ® Mn?*-mediated
et mutation
r“-iﬂ-) -/:ﬂ]n
, (N)9
Random \ g =Ng
fragmentation
Adaptor ligation Second-strand
— synthesis
— e

Adaptor ligation

Reverse transcription J I Fragmentation and

tagging
i
_;——
PCR and NGS = : Enzyme based
Biotin selection | _
: In vitro PARS PIP-seq PARTE @ FragSeq ‘
=% = PCR and NGS
ssDNA In vivo MARIO ‘
circularization

s

Chemical based
O
SHAPE-MaP CIRS-seq
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Nguyen et al, TiG, 2018 I



RNA-seq-based mapping of RNA structures

Sequencing based for mapping RNA structures
Method Advantages

Enzyme-based methods

PIP-seq .

PARS .

PARTE .

FragSeq .

Chemical-based methods
DMS-seq .

icSHAPE .

Structure-seq .

Mod-seq .

CIRS-seq .

SHAPE-MaP .

Reveals both protein-bound RNA regions and RNA
sacondary structure.
Provides strand-specific information.

Increased sensitivity by sequencing both single- and
double-stranded regicns.

Measures melting temperature.
Single-nuclectide resolution.
Preserves in vivo BNA modifications.
Can infer RNA regulatory motifs.

Simple and fast protocol.
Accompanied with modifiable software.

Identifies RNA structure in native conditions.
Single-nucleotide resolution.

Measures base flexibility.
Single-nuclectide resolution.

Single-nucleotide resolution.
Applicable to both in witro and in vivo analyses.

Can probe structures of long RNAs in vivo.
Single-nucleotide resolution.

Single-nucleotide resolution.
Can identify structural requirements for RNA-binding
proteins.

Can be customized for different applications.
Applicable to analysis of long RNAs.

Can infer structural changes of single-nucleotide and
other allelic polymorphisms.

Nguyen et al, TiG, 2018

Limitations

¢ Limited resolution at small nucleotide bulges and loops.

+ RNA was folded in vitro.

+ Limited to the analysis of two bases (As and Cs).
» BMA-binding proteins can block DMS activity.

» Limited to the analysis of relatively short (~300 nt) in wiro-
transcribed RNAs.

« Limited to the analysis of two bases (As and Cs).
+ RBMA-binding proteins can block DMS activity.

» Limited to the analysis of two bases (As and Cs).

¢ | ength of the RNA must be at least ~150 nt for the randomer
and native workflow, and at least ~40 nt for the small-BMNA
workflow.



RNA-seg-based mapping of RNA-RNA interactions

Sequencing based for mapping RNA-RNA interactions

CLASH

hiCLIP

PARIS

SPLASH

LIGR-seq

MARIO

Nguyen et al, TiG, 2018

Stringent purification conditions remove
nonphysiological interactions.

Incorporation of an adaptor between two RNA
molecules increases ligation efficiency and improves
accuracy in seguence mapping.

Many-to-many mapping.

Improves signal-to-noise ratio by leveraging
biotinylated psoralen.
Many-to-many mapping.

Many-to-many mapping.

Many-to-many mapping.

Incorporation of an adaptor between two RNA
molecules increases ligation efiiciency and improves
accuracy in sequence mapping.

Reports both between- and within-melecule
interactions.

Captures proximal regions of an RNA molecule in 3D.

Reveals single-stranded regions of each RNA.

Requires prior knowledge of an RMA-binding protein.
Requires a good antibody.

Requires prior knowledge of an RMNA-binding protein.
Requires a good antibody.

Mo in wivo crosslinking step may incur challenges in
differentiating bona fide and spuricus RNA attachments.

4'-Aminomethyl trioxsalen (AMT) preferentially crosslinks
pyrimidine bases and may introduce bias.

Psoralen preferentially crosslinks pyrimidine bases and may
introduce bias.

AMT preferentially crosslinks pyrimidine bases and may
introduce bias.

Loses RNA duplexes that are not associated with any proteins.



RNA-seg-based mapping of RNA-DNA interactions

Sequencing based for mapping RNA-DNA interactions
Method Advantages

Captures proximal regions of an RNA molecule in 3D.
Reveals single-stranded regions of each BNA.

Sequencing based for mapping RNA-DNA interactions

ChIRP
CHART

RAP
MARGI

ChAR-seq

GRID-seq

Nguyen et al, TiG, 2018

Tiling the entire transcript with antisense DNA.

Tiling the RNase H accessible region by antisense
DNA.

Tiling the entire transcript with complimentary RNA,

Many-to-many mapping.
Captures interaction at native conditions.

Many-to-many mapping.
Proximity ligation is performed in nuclei, which reduces
nonspecific interactions.

Many-to-many mapping.
Proximity ligation is performed in nuclei, which reduces
nonspecific interactions.

Limitations

* |imited to analyzing RNA at a time.
* |limited to analyzing RNA at a time.

* Limited to analyzing RNA at a time.
» Limited to analysis of long RNA.

* Require a large number (107) of cells.

» Only sequencing reads that cover the entire bridge seguence
are informative, reducing the number of informative reads.

* The informative sequence lengths on the RNA side and the DNA
side are both limited to ~20 bases, resulting in challenges in
unambiguous sequence mapping.



PARIS

LIGR-seq

E UV355nm Z UV3365nm

Different RNA

Same RNA

Proteinase
RNase
2D gel purification 3

rRNA depletion
51 digestion

T

Proximity ligation
v

Reverse cmsslinking
uv.

254nm

A

Denature

! circRNA ligase

eD

RNase R
Reverse

¥ crosslinking

> oD

—

SPLASH

UV365 nm UVSESnm

#

Psoralen—biotin

Same RNA Different RNA

Biotin enrichment

1S

Proximity ligation

RNA fragmentation l

v

p

Reverse crosslinking
U,

I54nm

Y

oD

Nguyen et al, TiG, 2018
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MARGI
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GRID-Seq
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Faoro and Ataide, FEBS Lett, 2014

in vitro methods

tagged RNA lysate

immobilize RNA
to support

capture proteins
from lysate

‘wash unbound
proteins

Elute RNA-protein
from support

%

separate in
PAGE gel

* ‘4
A AR RN

»

tandem
LC-MS-MS

in vivo methods
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RNA chromatography
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Oeffinger, Proteomics, 2012



RNA CHROMATOGRAPHY in vitro

RNA/| specific
NA .
incubation proteins
: with washes separation
linker :
biotir protein extracts \
99 Ie e
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RNase-assisted RNA chromatography
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7
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SDS/PAGE :D
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Hegarat et al., NAR, 2010; Michlewski and Caceres, RNA, 2010



RNA CHROMATOGRAPHY in vivo
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Higg and Collins, RNA, 2007; Srisawat and Engelke, Methods, 2002; Bachler et al., RNA, 1999; Welil et al., TiCB, 2010;
Piekna-Przybylska et al., Meth Enzymol, 2007



Faoro and Ataide, FEBS Lett, 2014

in vitro methods in vivo methods Identification

tagged RNA lysate
% R of RBPs
W : ’ UV crosslinking
@
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Nascent RNA analyses

¢ Run-on RNA enrichment

a Chromatin-associated RNA enrichment

* Cap enrichment Start seq
* Size selection

* Sequence
High-salt ‘
washes &\(
\n

Sequence
caRNA-seq
b Polll-associated RNA enrichment
Sequence \
Pol Il 1P RNA
e —- mNEf-Eeq

Wissink et al, Nat Rev Genet, 2019

MTP-biotin run-on

PRO-cap

Biotin
affinity
pu rification

3."
PRO-seq

d Metabolic RNA labelling

Feed cells 4sU

Chemical
CONVersion  Timelapse-seq

€ —€-—¢-



Nascent RNA
methods

caRNA- seq
chromatin-associated RNAseq
CoPRO coordinated precision
run-on and sequencing

FISH fluorescence in situ
hybridization

MNET-seq mammalian native
elongating transcript seq
NET-seq native elongating
transcript seq

PRO-cap precision run- on with
cap selection

PRO-seq precision run- on seq
SL AM-seq thiol (SH)-linked
alkylation for the metabolic
sequencing of RNA

SMIT-seq single-molecule intron
tracking seq

TT- seq transient transcriptome
seq

Wissink et al, Nat Rev Genet, 2019

Method

caRNA-seq

Start-seq

Yeast NET-seq

mNET-seq

PRO-cap

PRO-seq

CoPRO

SMIT-seq
TT-seq

SLAM-seq and
TimelLapse-seq

Intron sequential
FISH

Advantages

* Can be used toisolate all chromatin-associated
RNA species

* Can be combined with methods that assay
co-transcriptional processes, including RNA
methylation and editing

* Simultaneously identifies initiation and
pausing sites
* Allows de novo calling of putative enhancers

* |s Pol Il specific (antibody enrichment)
» |dentifies Pol Il positions at nucleotide
resolution genome-wide

® |5 Pol Il specific (antibody enrichment)

® |dentifies Pol Il positions at nucleotide
resolution genome-wide

* Canisolate Pol Il with different post-
translational modifications

® |dentifies transcription initiation sites
* Allows de novo calling of putative enhancers

* Captures RNAs from transcriptionally
competent polymerases

* |dentifies positions of active transcription at
nucleotide resolution genome-wide

* Allows de novo calling of putative enhancers

* Simultaneously identifies initiation and
pausing sites
* Measures RNA capping status

Measures splicing status during transcription

» Captures RNAs from actively transcribing
polymerases

* Can be used to determine RNA stability

* |dentifies transcription termination sites

* Captures RNAs from actively transcribing

polymerases
* Can be used to determine RNA stability

* Detects transcription of thousands of genesin
single cells

* Contains positional information of transcribed
genesin the 3D space of the nucleus

Considerations

Also sequences non-nascent RNAs that stably
associate with chromatin

Does not report transcription beyond the first
~100 nucleotides

s limited to cells with epitope-tagged Pol Il

® Includes RNAs that are stably associated
with Pol I

* Does not currently include RNA
<30 nucleotides in length

* Has detected eRNA transcription from
previously called enhancers

Does not report transcription beyond the first
~100 nucleotides

* Does not measure polymerase backtracking
* Also captures RNAs being transcribed from
Pol I and Pol Il

Does not measure transcription beyond
promoter-proximal pause site

Limited to species with short introns

* Does not detect Pol Il pausing
* Has detected eRNA transcription from
previously called enhancers

* Requires deep sequencing to measure
chemical conversion rate

* Long labelling times do not capture newly
synthesized RNA

* Does not report chromosomal positions of
active Pol Il complexes

* Does not distinguish different steps of
transcription

» Requires a library of intron-targeting probes
and series of hybridizations



Nascent RNA methods

Method
TSS®

Chromatin isolation-based methods

caRNA-seq No
Start-seq Yes™’
mNET-seq No
SMIT-seq No

Run-on methods
GRO-cap and PRO-cap Yes**

GRO-seq, PRO-seq and No
ChRO-seq

CoPRO Yes*
Metabolic labelling methods
TT-seq No

Imaging-based methods

Intron sequential FISH No

Transcription step

RNA
capping

No
No
No
No

No
Mo

Yes'

No

Mo

Wissink et al, Nat Rev Genet, 2019

Promoter-proximal
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Ye 541 48,74
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No
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Mo
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No
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Analysis of Nascent Transcripts- GRO-seq

. : human
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i H . Core et al., Science, 2010



Analysis of Nascent Transcripts

4Thiouridine S Eﬂiﬂm [l% @

4sU e Total Unlabeled Labeied
WLy # Streptavidin

| .
DA\N I

HO ' >
Nucleoside- 0 |- |
transporter | ! E 1 ﬁ

yeast

hENT1 ;
01y Streplmrn:lln | Labeled
- -, ” beads mRNA (Elution)
T |
Expression of Incorporation Labeling of Cell ysis and  Biotinylation Unlabeled
human nucleoside- of 4-thiouridine nascent transcripts total mRANA mRAMNA
transporter hRENT1 extraction (Flow-through)

Expression of hENT1 nucleoside transporter enables uptake of UTP derivatives

Non-perturbing RNA labeling in yeast
Allows dynamic transcriptome analysis: sythesis and decay rates
and the study of nascent transcripts

Miller et al., Mol Syst Biol, 2010;
Barrass et al, Genome Biol, 2015



Analysis of Nascent Transcripts

. NET-Seq

@ "@

m'G

Freeze, lyse l

IP
Library genaratinnl
Sequencing primer
5 Linker Insert 3’ Linker

Churchman and Weissman, Nature, 2011

Grow cells in
presence of 4s

lExtract total RNA

and biotinilyze 4sU
labeled RNA

2N\ VAV AV
ANNAMAA
VNV ASRANANAMAA

AYAYAW
B AVAVAVA VAV
Purify biotinylated
*_‘ RNA
ey A JAVA JAVAVAV,LLLY
NANNNN\ »&W
‘ Deplete rRNA

ANNNNN
ANNNNN AR

lFragment RNA

AL

AVAVAV

AVAYAY
VN o an, 100-200 nt

NN
Spicuglia et al., Methods, 2013



Comparison of different RNA-Seq approaches

(A) Short RNA-seq (B) PolyA / Total RNA-seq (C)lNascent RNA-seql (D) GRO-seq
N ET-S Extract nuclei and
W (’“} perform nuclear run-on
-',-.‘ assay with Br-UTP and
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Extract total RNA
Extract total RNA and biotinilyze 4sU Extract total RNA
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AN NN YW VYV
MVAVAVERA A A AAAA ANSNNAAAA
AN, ANNLAARR ’\MM%}AAAA m’\/\/WV\/‘AAAA
NSN/NINININSAARA A %
AN o VaVaVa Vs ¥ NN\N\N\N\
\N\N\N\N\ \ Sequence
specific capture Purify biotinylated Purify Br-UTP
mé’w%%o e YRNA labeled RNA
% S A AAAA A B S
W AVAVAVA VAV %M @5{ Et;;
Size-select small Select polyA RNA l Deplete rRNA
RNA by PAGE 'and/or deplete
AAAA AVAVAVAVAVAW
MAVAVAV
lFragment RNA lFragment RNA Fragment RNA
v
N\ AT AL a NN
A ANN MW 00- NN AN
MV A, 100-200 nt VVV AAn 100-200 nt VN AnA, 100-200 nt
LY.V, ¥ VWA AN\
) Ligate 5'and 3'
RNA adaptors
ANN—
ANN—
’VV\'_’\N\;—
ANN—
Synthesize
cDNA
ARA= Spicuglia et al., Methods, 2013

M=



Imaging of nascent RNA
in living cells
smFISH - single molecules FISH MS2/MCP labeling

a b
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l

@rrrrrrrrrrrrrr Probe NNMNNNT Hairpin % MS2-GFP - Pol Il ™ 1SS B Exon
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Wissink et al, Nat Rev Genet, 2019



MRNA fluorescent labeling for imaging
o =2 2 " =300
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MRNA fluorescent labeling for imaging
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Innate Immune Activation /
Degradation
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RNA LOCALIZATION: FISH

(a)

T ONA probe S. cerevisiae : CHO celis
L L AL N A
g g —
-G ‘ ‘—‘
= 5
5 antts gay/ mRNA
B ke 2 S ; - Pol Il
@
g AAAAAAL = RNA &
7 /
mRNA detection  Nascent mRNA detection MDN1 mRNA DAPI  doxycyclin induced reporter
at transcription sites (nucleus)
®) e 1o detection in Tving ool _ _ _

Y GFP
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= ANA &
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o
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= T~A__RRARRP DNA i
,8 mANA / f
B )
e c
S ?

; : . . c
% mRNA detection Nascent mRNA detection Plac/ara driven reporer dscA mRNA DAPI —

Complex quantification allows analysis of single-molecule gene expression,
e.g. transcription/splicing in real time, RNA level in single cells.

» Constitutively expressed genes are transcribed by single events separated in
time; regulated genes (e.g. by SAGA) are expressed by transcriptional bursts

» Transcription of functionally related constitutive genes is not coordinated
(regulated post-transcriptionally or post-translationally) /Singer lab/



RNA LOCALIZATION: FISH

A | smFISH

5' 3
o ¢ § § ¢ ¢ ¢ & v v v v

nucleus
B | ms2/mcP labeling
MCP-GFP

5UTR ORF 3UTR N
GFP S
[
PP7 =
' cvtoplasm f_f
(]
A RNA-FISH intronic RNA-FISH G
BN A probes -\ <
3
=
SE stress granules <

exonic

RNA

Multi-colored smFISH:

1. Nuclear mRNAs are partially extended

2. Translating mRNAs usually do not have a
{.‘?é‘a‘i'.‘é.ii circular form (no interacting 5’ and 3’ ends)

distance 3. mRNAs in stress granules are more
compacted than translating mRNAs

RNA detection at transcrlptlon sites
with intronic probes

High resolution

Abbaszadeh and Gavis, Methods, 2016



RNA LOCALIZATION: FRAP and FLIP

FRAP - fluorescence recovery after photobleaching
FLIP - fluorescence loss in photobleaching

to analyse molecule kinetics in living cells
cleavage and

? M52x24 polyadenylation
.;i L
GFP-

MS2 . L MRNA release
)

Edouard Bertrand, Montpellier, RIBOSYS



RNA LOCALIZATION: FRAP

cleavage and

polyadenyla::v;yg
\ mRNA release

-
m RSF

Edouard Bertrand, Montpellier, RIBOSYS



RNA LOCALIZATION: FRAP

Analysis of: - transcription rates
- 3’-end formation
- transcript release

cleavage and

polyadenyla::;:?\??v
\ mRNA release

complex
mathematica
modeling .

FRAP curve

polyadenylation
\ and release

kel
— ’I\l\l\l\l\l\ m ’ ,

pj

chl

fluorescence

transcription

» time
Edouard Bertrand, Montpellier, RIBOSYS

trx longation rate: 2 kblmln



Other modern approaches

‘ A2
Polysomes in
’.T buffered lysate
"t..
t MNase

".“ ' digestion
Ribosome isolation — :
Size selection _ FUPH{:;"m
Linker ligation —=3'adapter

"E\ = 5'adapter

3 - J
Reverse transcription =—————

Circularization
rBNA depletion

PCR
amplification

/1))

(((

DNA
sequencing

Potential

sORF
JL.JW
i Annotated ORF /

Pause site
1

Relative read depth

Ribosome Profiling
Ribosome Mapping
Ribo-seq

In vivo analysis of translating
ribosomes and mRNAs

- transcript abundancy

- translation kinetics and
efficiency/protein synthesis rate

- polysome occupancy profiles

- co-translational processes

- combined with RNASeq-
correlations between transcription
and translation

- short and alternative ORFs

Barquist and Vogel, Ann Rev Genet, 2015



TREAT- 3’-RNA end accumulation during turnover
Single-mRNA imaging of RNA degradation in single cells

Intact
mRNA
'J STOP CiS-element
g Stabilized e
3"-end PP7 MS2
| g P

Real-time imaging
of siRNA-mediated i
slicing

Muclear Renilla+MS2
Cytoplasmic
3-end Ms2

# Particles

Time
Quantification of MRNA decay dynamics Horvathova et al, Mol Cell, 2017



TREAT- 3’-RNA end accumulation during turnover
* real-time observation of Ago2 slicing of TREAT mRNAs

PCP-GFP PKs MCP-Halo * single-mRNA imaging of RNA
degradation in single cells
LIIVE

Renilla probes MS2 probes
Ago2- c:eavage

g FISH nNucleus Cytoplasm
. ; | . .

3'-5' degradation 5'-3' degradation
200 AT 00 . S 000 d10p0,, ° TREAT mRNAs are
+ Arsenite weseew  NOt degraded in P-
. ' bodies, also in stress

- DCP1- PB marker

Horvathova et al, Mol Cell, 2017
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SunTag -Translation of single mRNAs in vivo

GFP

SunTag system
SUperNova
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| Translation visualized by labeling nascent peptide epitopes with antibody-GFP
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In-Cell Discovery of RNA—Protein Interactions

incPRINT components

NanoLuc
luciferase

10xMS2-tag

CMmV
promoter

INCPRINT

incPRINT workflow

Transfection of
RNA and protein vectors

£\ e
\

RNA-MS2
Protein-FLAG

NanolLuc-MS2CP
tethered to RNA

aFLAG Ab ——

HRP-coupled
aFLAG Ab

Interaction score
(Luminescence)

Protein expression
(ELISA)

Sabaté-Cadenas and Shkumatava, TiBS’20



APEX and BiolD

Proximity biotin-based labeling methods
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Williams et al, Science, 2014; Fazal et al, Cell, 2019; Trinkle-Mulcahy, F1000Research, 2020
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APEX: applications

Protein and RNA localization RNP organization- translation, granules
Proximity Labeling of RNA Using APEX

Followed by Sequencing Translation - i ‘-3 . ® Stress -
AN \Nuceartamina ~ COMplexes s . =3 granules w&
Nucleolus—@ o #t:gp & e #‘de-’ 2 o & pre
v s h el e SEa ' S oA # e B
"!."!' M - I- " e L‘Ii"!' S e
ER Membrane r‘_j"'&“ e :_"5‘ -—& :-*Er u-ar
ER Lumen—¢) 4 /4 N
€ - APEX
Mitochondrial Matrix \
Quter Mitochondrial
Membrane (OMM) N UCl EUS
HRP‘KDEL ER proteins ER-assocated RNAs - ERM.APExz Eie projeins ER-associated RNAs

cytosol

cytosol
(poly)ribosomes (poly)ribosomes

ER-associated ER-associated

Fazal et al, Cell, 2019; Padron et al, Mol Cell, 2019



APEX: applications

Protein-RNA (RNP) complexes

CARIC

mRNA

Metabolic

Labelmg ' | P

CRNA
w
E U

365 nm UV light
(crosslink RNA-protein)

click chemistry with
azide-biotin

piotin biotin
AAAA
EU

|

Lyse cells
Streptavidin AP
Protease digestion and LC-MS/MS

Trinkle-Mulcahy, F1000Research, 2020

RaPID
biotin biotin
ligase* ligase*
AN RN
BoxB RNA Motif BoxB

l + biotin

_.d‘
b

|

Lyse cells
Streptavidin AP
Protease digestion and LC-MS/MS



APEX: applications

Chromatin-associated protein complexes

ChIP-SICAP :
chromatin
Formaldehyde
crosslinking
i d)
Shear DNA;
IP protein

antibody @
Biotinylate DNA;
Release antibody
blotm
Capture
biotinylated DNA
affinity matrix v

on streptavidin
strep

WD@@W

Trinkle-Mulcahy, F1000Research, 2020

Reverse

crosslinks and
digest proteins
for LC-MS/MS

- ChIP

Seleclive

| solation of
~ Chromatin-
Associated
Proteins

- MS

Target sequence PAM

1lIIIIIIIHIIIIIINIHHNIIW‘N'

BirA* or APEX2

CaslID
Myc 2xNLS
BirA* dCas9
CASPEX
3XFLAG® V5 NLS
" dCas9 APEX2
T2A
C-BERST
2xNLS NL FLAG® 2xNLS
dCas9 APEX2
DD



OOPS, TRAPP, XRNAX RNP interactome, RPBome

OOPS - orthogonal organic phase separation
TRAPP/PAR-TRAPP - RNA-associated protein purification

XRNAX
- & 254 nm (Aqueous N\ [ ) )
- L ..__,-:_-
DA AGPC
ooPs | ®|9¢ | | L | L d
. 'a“—'\-—- P
P Prote:
L" . dl;'.;S:IaOS: ® ’. >
XRNAX \Qrgaric N
e —
. S interphase _f:~"'.f_.,-
P L waﬁmng
k v . solubilization 2
- e ’ Diase digest
DMNA free protein concentration protein
protein RNA Xlinked RMA Xinked RMA
TRAPP/PAR-TRAPP

RNA digestion

; ;,'va Silica § ﬂ
[1206] K @ z— protein PAGE
[1206] R/ X F‘?

J_o ‘() ﬁ"h.a -% One step - ti Trypsiln
(+ 41U for L}I%‘b * u IDFI in-ge
’AR-TRAPP) - isolation digestion
Guanidine SCN *
Phenol
13 SILAC
[1 306] K (@, il Sarkosyl quantitative Hf:...'
[“CJR Na Acetate pH 4 MS/MS analysis 2k

Queiroz et al, Nat Biotech, 2019; Shchepachev et al, Mol Sys Biol, 2019



SELEX = Systematic Evolution of Ligands by

EXponential enrichment 1990

Method of selecting RNA/DNA molecules with
desired properties (aptamers, ribozymes) based
on cycles of amplification

Library of randomized

RNA sequences (10'9)

Szostak

Enriched library

Selected RNAs:

Target

-

w
- cleave DNA i RNA “:A ‘\A‘
- ligate Rr\_IAs o™ o ‘\ s
- self-replicate ¢ -~

- create peptide bonds

5. in vitro
transcription

4. Amplification SELEX cycles

RT-PCR
2. washing discard -
last molecules that
cycle _ @ do notbind
3. elution —
final molecules: - - | L
cloning, analysis Enrichment O
‘\ e | | H
tests "4 Mmolecules

o that bind



SUMMARY or HOW TO PASS THE EXAM?
- THEORY

- METHODS
- GENERAL IDEAS, CONCEPTS, SOLUTIONS
- PATHWAYS |
- MECHANISMS

P}'Lz'gkﬂ{ouse.uom



