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Methods to study transcriptomes

e SAGE - serial analysis of gene expression

sequencing of small cDNA tags generated by type Il restriction enzymes

e CAGE - cap analysis of gene expression

sequencing of small cDNA tags derived from capped transcripts

e 3’ long SAGE

identification of SAGE tags that originate from 3’ ends of transcripts

e tiling arrays

microarrays with overlapping probes that cover the complete genome

 RNA Seq - high throughput sequencing of cDNAs

 GRO-seq - genomic run-on sequencing



Methods to study transcriptomes

e ChIP (ChIP-chip, ChIP-Seq) - chromatin immunoprecipitation and sequencing,

indirectly reveals 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



RNA-seq technologies

o Direct

Library preparation

Long read
Short read
Fragment cDNA Adaptor PCR Size Sequencing
RNA synthesis ligation amplification selection

Illumina Oxford Nanopore
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Stark et al, Nat Rev Genet, 2019




RNA-seq technologies

Sequencing
technology

Short-read
cDNA

Long-read
cDNA

Long-read
RNA

Platform

Illumina,
lon Torrent

PacBio,
ONT

ONT

Advantages

* Technology features very high throughput:
currently 100-1,000 times more reads per

run than long-read platforms

» Biases and error profiles are well understood
(homopolymers are stillan issue for lon

Torrent)

* A huge catalogue of compatible methods
and computational workflows are available

* Analysis works with degraded RNA

* Long reads of 1-50 kb capture many
full-length transcripts

* Computational methods for de novo
transcriptome analysis are simplified

* Long reads of 1-50 kb capture many
full-length transcripts

* Computational methods for de novo
transcriptome analysis are simplified

» Sample preparation does not require reverse

transcription or PCR-reducing biases

* RNA base modifications can be detected
* Poly(A) tail lengths can be directly estimated

from single-molecule sequencing

Stark et al, Nat Rev Genet, 2019

Disadvantages

* Sample preparation includes reverse
transcription, PCR and size selection
adding biases to all methods

* |soform detection and quantitation
can be limited

* Transcript discovery methods
require a de novo transcriptome
alignment and/or assembly step

» Technology features low-to-medium
throughput: currently only 500,000
to 10 million reads per run

» Sample preparation includes reverse
transcription, PCR and size selection
(for some protocols),adding biases
to many methods

* Degraded RNA analysis is not
recommended

* Technology features low throughput:
currently only 500,000 to 1 million
reads per run

» Sample preparation and sequencing
biases are not well understood

* Degraded RNA analysis isnot
recommended

Key applications

Nearly allRNA-seq methods
have been developed for
short-read cDNA sequencing:
DGE, WTA, small RNA,
single-cell, spatialomics,
nascent RNA, translatome,
structural and RNA-protein
interaction analysis, and more
are all possible

Sequencing is particularly
suited to isoform discovery,
de novo transcriptome
analysis, fusion transcript
discovery,and MHC,HLA
or other complex transcript
analysis

* Sequencing is particularly
suited to isoform discovery,
de novo transcriptome
analysis, fusion transcript
discovery, and MHC, HLA
or other complex transcript
analysis

* Ribonucelotide modifications
can be detected



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

mMRNA
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GMUCT: Genome-wide Mapping of Uncapped Transcripts
Analysis of Co-Translational mMRNA Decay (CTRD)
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Brouze et al, WIRESRNA, 2022

3’ end and
poly(A) tail
analyses

(a) Restricts poly(A) tail length Deadenylation

Poly(A) limiting element miRNA

~,

Cleavage & polyadenylation
| |AAAAAAAAAAAA

Alternative polyadenylation sites  AU-rich element GU-rich element

Different protein isoform  Different 3UTR Induce rapid deadenylation

(b)
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NT2 degradation
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mAA Degradatiogl

Exonuclase

Translational activation in cocytes,
local translation in neurons

Cytoplasmic polyaldenylation

Readenylation

Extension of existing poly(A) tails |!DAAAAAAAAAAAAAAAAAA

Increased stability and translability

(c) Increase Half-life
Translation in
cDs early development
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Expression ase
codon optimality



Brouze et al, WIRESRNA, 2022

Poly(A) tail analyses, classical methods

(a) RNase H/oligo(dT) assay (b) RACE-PAT

AAAAA, AAAAAAA,
+ oligo(dT) - oligo(dT) + oligo(dT) anchor
Y \J \J
—AAAAA, ———AAAAL|,  ———AAAAAAAAA,,

+ RNase H RT, PCR
\j \J \j
Northern blot AAAA s

Gel electrophoresis
(d) ePAT (e) SPAT
AAAAAAAAA, AAAAAAAAA,

+ oligo(dT) anchor splint-ligation with

RNA adaptor
\J \J

+ Klenow polymerase

\J

DNase treatment

RT, PCR RT, PCR
\J \J
AAAAAAAAA ;s A\ AAAAAAAA s
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Gel electrophoresis Gel electrophoresis

(C)  LM-PAT
_AAAAAAAAAn

+ oligo(dT)
Y
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N
+ T4 DNA ligase,
oligo(dT) anchor

_AAAAAAAAAn
—!m
RT, PCR

Y
AAAAAAAAA

Gel electrophoresis

(f)  HIRE-PAT
AAAAAAAAA,,

G/l-tailing

\J
—AAAAAAAA

RT, PCR with fluorescently
labeled oligo

T‘“THTHTUTUTHT“TUT‘ i

Capillary
electrophoresis



Sherstnev et al., Nat Str Mol Biol, 2012; Ma et al., Methods 2013

DRS: Direct RNA sequencing of Poly(A) sites

AT3G02470

3'XAT

AT3G02480

RNA-seq

poly(A) sites

DRS

1

poly(A) sites

10
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PAT-seq: poly(A) tag sequencing

Method A

Total RNA > 200 nt, rRNA-depleted
| AAA

Messenger RNA  short ncRNA

} 3 adaptor ngation

[ B B

} Partial gigestion with RNase T1

[ [ A B B

Pull-down with streptavidin
5’ end phosphorylation

[ AAA. B] )
Gel purification
(500 — 1000 nt)

[ AAA___ B]
& 5’ adaptor ligation
YY)
RT, PCR,
and seguencing

;Read 1(51 nY)
Read 255

(251 nt)

«— | — || «——

AAAAAAAA

Poly(A) enrichment,
reverse transcriptase, with
anchored oligo-dT18
attached to one
sequencing adapter ()

AAAAAAAA
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Second strand synthesis

AAAAAAAA
eI
Restriction digestion (4 base

cutter), ligation with second
sequencing adapter ()

AAAAAAAA W
TTTTTTTT N

Amplify, purify, submit
for sequencing
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TTTTTTTT A

Method B1

Method B

AAAAAAAA

Fragment, Poly(A)
v enrichment

AAAAAAAA
Reverse transcriptase, with anchored
oligo-dT18 attached to one
sequencing adapter (M), and other
sequencing adapter attached to a
strand-switching primer ()

v
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Size-enrichment

Amplify, purify, (AMPure bead
submit for thod)
sequencing mene
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Method B2



TAIL-seq: RNA 3’ end sequencing
Poly(A) tail length and 3’ end modifications (e.g. U-tailing)

(A) TAIL-Seq

Total RNA (~100
( “8) Biotinylated

3’ adaptor
Poly(A)+ RNA
)
Uridylated RNA

e )

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

Read 1
RNA identifier —»
T
“— Read 2

Poly(A) length

(B) PAL-Seq
Total RNA (~1-50ug) Biotinylated
3’ adaptor
Poly(A}+ RNA ——
Splint oligo
I
|

Non-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
L AAAAAAAA

W

TTUTTTUT I

[ AAAAAAAA |
TTTTTTTT

(C) mTAIL-Seq

Total RNA (~1-5
( “8) Biotinylated

3’ adaptor

Poly(A)+ RNA T
Splint oligo
|
/]
Non-poly(A) RNA
1 3’ Adaptor ligation
* 2. Partial digestion

-Qi\-“f\
-\}-
3. Biotin pull-down
4. 5’ Phosphorylation
+ 5. Size selection
6. 5" Adaptor ligation

AAAAAAAA

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

Read 1
RNA identifier —»
I v 6 v i 6 O
€~ Read 2
Poly(A) length

Nicholson and Pasquinelli,
Trends Cell Biol, 2018




Poly(A) tail
analysis

Brouze et al, WIRESRNA, 2022

a) TAIL-Seq

Total RNA (~100 pg)

size fractionation and
ribodepletion

—— AAAAN

ligation with 3' adapter
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fragmentation by partial digestion
with RNase T1

_AAAANNB

pull down with streptavidin beads
phosphorylation
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gel purification (500-1000 nt)
ligation with 5' adapter
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RT
PCR

\J
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paired-end
sequencing

read 1 (51 nt) transcript identification
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_TTTTTn'f‘“_
read 2 (251 nt) poly(A) length estimation

relative signal
intensity analysis

signal Intensity
|l oece
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(b) mTAIL-Seq

Total RNA (<~ 1pQ)

splint-ligation with
hairpin 3' adapter

\J

fragmentation by partial digestion
with RNase T1

Y
pull down with streptavidin beads
phosphorylation
APE1 cleavage

\j
gel purification (300-750nt)
ligation with 5' adapter

Y

RT
PCR

\J

o TTTT T

paired-end
sequencing

E 1(51 nt) transcript identification
oy TTTTTE
read 2 (251 nt) poly(A) length estimation

relative signal
intensity analysis

AN

N|,
[
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PAL-Seq

Total RNA (1-50 jig)

splint-ligation with
3' adapter
\j

_AAAAAHK\““B
T

fragmentation by partial digestion
with RNase T1

\J

AAAAA s
T

gel purification (104-750nt)

Y
— AAAAAﬁ;' e

pull down with streptavidin beads
phosphorylation
ligation with 5" adapter

\J

AAAAA s
T

RT (on beads)
PCR

Y
s — T T T T o
sequencing:
1. poly(A) tail with dTTP and
biotin-dUTP
2. poly(A) tail proximal region (36nt)

| 1> > 1> e—
| C | —2

incubation with fluorescently
tagged streptavidin

signal intensity analysis



Brouze et al, WIRESRNA, 2022

3’ end RNA

analysis
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Nanopore long read sequencing
DNA and RNA -seq toal RNA (yeast)

5 ee—— 3

L) 3

DRS or cDNA-based e —

5

Poly(A) tail analysis Letoeares
RNA modification mapping “=

AAAAAAAAAAATS <= other poly(A)-rich RNA

ﬁmmﬁ=\ \L dT10) adaptor ligation

g5 AAAAAAAAAAA w——

\L reverse transcription
RNA (optional)
5 AAAAAAAAAAA e—
3 «:"j_:::::::::::::::::::uﬁﬂ‘rﬂﬂ‘rﬁ

. - . .

\l, sequencing adaptor ligation
°
o
5 RNA N )
3 TTTTTTTTTT_\
o o

s IW\NWWN

z Guppy Nanopolish

* For polyA* RNA
* For nonpolyadenylated RNA addition

of poly(A) or poly(l) is required %STS:,;M
 Lower deepth than NGS Transcriptome Y, poly(A) length

Ray and Hasselberth, Front Genet 2022; Tudek et al, Nat Comm, 2021 mapping



Nanopore Poly(A) tail analyses

[r— . Nanopore readout
Poly(A)+ RNA N Custom splint
|
Non-poly(A) RNA 1 3’ Adaptor ligation

2. Optional reverse transcription
3. Attach sequencing adaptors

200 nt poly(A) tail

Current

m

4. Sequence with nanopore

Time

\—/\AAAAAAAAAA250
. . lNeII-t:?:tsslated / \ Poorly translated
ransc transcripts
RNA modifications "

5;_/L\L/'\/’\LJ,3' o

rRNA
e, 13

Modification 1658s

rRNA
* Base | +Poly A tail
? Nm

Ty MW
MMAM

l (1) Ligate RT adapter

(2) Reverse transcription
(3) Ligate motor adapier

‘‘‘‘

Direct RNA nanopore\

sequencing Nicholson and Pasquinelli, TiCB 2018
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Nanopore —
beyond
sequencing
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Ying et al, Nat Biotech, 2022



Nascent RNA analyses

IP-based, formaldehyde crosslink Purification of transcribed RNAs
a Chromatin-associated RNA enrichment ¢ Run-on RNA enrichment TSS, short
PRO-ca
o Cap enrichment ~ Start- seq P
* Size selection .""—'
* Sequence ‘
Biotin
affinity
High-salt purlﬁcatlon
washes
NTP-biotin run-on 37

LW\A i~

Sequence active transcription
caRNA-seq d Metabolic RNA labelling all RNAPs

TT-seq

4sU HO0—0—9-

b Pol ll-associated RNA enrichment pulldown

Sequence \
Pol I 1P RNA
—_— = MNET-seq

Feed cells 4sU Chemical
\, conversion Timelapse-seq

L6 —€—-¢-

Wissink et al, Nat Rev Genet, 2019



Nascent RNA analyses NET-seq
Nuclear GRO-seq

Label nascent RNA with
BrUTP/4sUTP

IP with o-BrU or
Convert 4sU to biotin
Isolate biotinylated RNA

H
Nascent RNA
.
/ \ i
ChaRNA-seq NET-seq
Prepare chromatin Treat with MNase IP with a-Pol II
Isolate chromatin-bound RNA Release Pol Il complex

Deplete poly(A) and rRNA .

Liu et al, Plant Cell, 2023




Nascent RNA analyses

a Run-on methods, b RNA Pol lI-directed methods, C Metabolic labelling,
e.g. GRO-seq e.g. mNET-seq e.g. SLAM-seq
l Chromatin digestion

1 RNA Pol Il pull-down 1 RNA extraction and
4 sUalkylation

NS _ NS

TN

lBrU pull-down lExtract RNA 1 g:‘;‘: r:t?:)?:y
V20 4 g &
/\ﬁ'ﬁr P /d,
A/ /\/ /s
1 Sequence ISequence 1 Sequence

Nascent Nascent Read1 ATGTEGATCGG ] Nascent
MmL.u_.. RNA M._.‘Lm RNA Read2? ABGTTGATCGG. RNA

Read3 ATGTTGATCGG

Stark et al, Nat Rev Genet, 2019

Mature Mature Read4 ATGTTGATCGG | Mature
mRNA mRNA Read5 ATGTTGATCGG [ RNA
Genen i— Genen ii— I Read6 ATGTTGATCGG
Nascent Mature 5-bromouridine oo Alkylated RNA
NN RNA NS RNA W Gene 5’-triphosphate @ 4thioutidine @ 4sU polymerase Il




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

e Simultaneously identifies initiation and
pausingsites
* Allows de novo calling of putative enhancers

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

¢ |s 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

e 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

e 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

Islimited to cells with epitope-tagged Pol Il

* Includes RNAs that are stably associated
with Pol |l

* 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
Polland Pol lll

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 Transcription step

TSS® RNA Promoter-proximal Co-transcriptional Transcription PolllCTD Transcription

capping pausing RNA processing termination  modification bursting

Chromatin isolation-based methods
caRNA-seq No No No Yes #0107 No No No
Start-seq Yes*’ No Yes*’ No No No No
mNET-seq No No Yes* " Yes 0204 Yes* Yes* No
SMIT-seq No No No Yes %1% No No No
Run-on methods
GRO-cap and PRO-cap Yes** No No No No No No
GRO-seq, PRO-seq and No No Yes*#46.74 Yes'® Yes*’ No No
ChRO-seq
CoPRO Yes* Yes* Yes* No No No No

Metabolic labelling methods
TT-seq No No No No Yes*’ No No

Imaging-based methods

Intron sequential FISH No No No No No No Yes™” g §
N

Short-read and long-read sequencing methods for genome-wide characterization of nascent RNAs = %

S @

GRO-seq (3 §

PNET-seq o Q

plaNET-seq CB-RNA-seq PAL-seq DRS GRO-seq o g

Nano-COP Nano-COP PAT-seq PAlso-seq pPNET-seq S =

FLEP-seq FLEP-seq TAIL-seq FLEP-seq plaNET-seq I3

POINT-nano POINT-nano Poly(A)-seq FLAM-seq FLEP-seq T =

[

X 4

£ O

Elongation Co-transcriptional splicing Polyadenylation Termination ‘g@ £

C



Analysis of Nascent Transcripts

NET-seq
l. Isolation of Polll-bound RNAs
m’G
I‘ RNAPII p
SrSSH
NA m’G
Freeze, Iysel
Polll-IP
Polll specific Ab
Polll-tag
RNA
Library generatlonl isolation
Sequencing primer
5 Linker Insert 3’ Linker

Churchman and Weissman, Nature, 2011

GRO-seq
Il. Nascent RNA labeling with 4sU

Grow cells in
presence of 4s

Extract total RNA
and biotinilyze 4sU
labeled RNA

N\ AVAVAY
A/ \ AR
VNV N ANANAN A

VARAANANRN
Purify biotinylated
RNA
A AAAAA
0 AVAVAVAVAVER T
l Deplete rRNA

ANNNNN
ANNNNNPARAA

lFragment RNA

AL
AYAVAV

AATAY
VN A, 100-200 nt

A VAVAWY

Spicuglia et al., Methods, 2013



Analysis of Nascent Transcripts: GRO-seq

0 run-on transcript h:Jm:m
HN Jj/Br H)/"“\ | labeing with 4-thioU; 5-bromoU; p an
o 0PN I o N 5-EU (ethynyl U); biotin NTP insect
N o i ? worm
OH H

OH OH

4-thioU bromoU
Polymerase Promoter Terminator
Isolate and * Reverse Transcription

hyrdrolyze RNA

N }—L{ ¢ Cap removal ﬁ\w/_—‘—
et 1 ~ //v_(* ST

Bead Binding 4 & 5 adapter ligation
\,(sf —}\L‘( _ Amplification
Y * 3' adapter ligation PAGE Purifcation

I~/

-{ ‘r.f-—’ R _’ §' end MPSS

Mlumina 1G Genome Analyzer
Wash / Elute *

Y""" ' Core et al., Science, 2010



Nascent RNA
analysis in
mammalian
cells

RNA analysed
o v ¥ I s
:m«u e v\% Nascent '/._L_L_m' }
'—.rL{\L Steady-stateph- ‘.\ ¥ _'_'/l
e LY ), Steady-state pis . B
—— EH intron probes
L) Nascent
Stud at
i e S pg
Imaging
MS2.PP7 MS2 /PP 7-binding GFP
(A) Study»mte
Nascent \ by
b L S
Y Y ¥ Steady-stateph \.____5_____/
XY ¥ i Steady-state phs CA
biotin-NTP _.\/.')
> .\/\@ Nascent
(® v
o

vy Yy : S
™0 k‘/\/@ g L T
——— i
.r-\'_”\L Steady-state pA- \ "L_y_ _Y_./
LTV, Steady-state phe e

P‘
-
“..._  |moTRO .\_/\/@ pgr nolP

-
ﬂ_ —A
B g S S'My_ﬂ ate pA- ‘.\ _y
-—iA oA\, Stexdy-state pA+ —
Nascent RNA Chromatin- o :
assaciated RNA FolllIp i >o——<
&
.
-
v N\
3"end capture A
SRR A P
—
RNA digeston+ MNase + Pol Il IP =
@— O
&7
RNA digeston- DNase + Pol Il IP —

Techniques

*TFseq
= SLAM-seq
-Tllml.wsoq

«ChRO-seq
« fastGRO

NET-CAGE

= 3'NT
=hNETseq

mNET-seq

POINT-S

Nojima and Proudfoot, Nat Rev Mol Cell Biol, 2022



RNA modifications

m*C
HyC A\ mPAM miA " hm*C meA | meA AAAAAA

2.0 om o
methylation
H.,-CHs H. O ° NH;
___onow o as
o Qf&) o Lk
o o

J

@S+ o 412 SR
P C-Umm A-| mmAAAAA N o N o N
- o

\, RNA editing T,
o - OH  CCH, OH OH
) e H N*,2'-O-dimethyladenosine (m°Am) N°-methyladenosine (m®A)  Inosine (1) 5-methylcytidine (m®C)
5 cap (,j%n
modifications 0 @ i, o S
N~y - HN JLNH =n
¢ 1 )N JY
| OH OH ) HO. o N~y 7 HO o = o HO . N0
H OH OH OH H oH
F U N C TI O N S N'-methyladenosine (m'A) Pseudouridine (¥) 5-hydroxylmethylcytidine (hm*C)
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Sibbrrit et al, WIRESRNA 2013

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




RNA modifications

(a) Detection of meA (b) Detection of m5C
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Sibbrrit et al, WIRESRNA 2013



m6A-specific Ab IP seq

m°A RNA-se

photo-crosslinking m6Aindividuag\ucIeotide

assisted m6A seq
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Li at al, Nat Methods, 2017



Antibody-free
mb6A-seq
DART-seq

<
<
<

APOBEC1-YTH- /
expressing cells / wa

APOBECH

e
aﬂ
so
deamination
adjacent to

modification targets

* Cytidine deaminase APOBEC1 fused to
m°®A-binding YTH domain (reader)

RNA-Seq .
‘ e APOBEC1-YTH induces C-to-U

GmeAU deamination at sites adjacent to m6A
5 I 3 RNA
CTA * detected using RNA-seq

7 - 5 cDNA

Detact C-to-U editing events

...TACTAGGACGCACCTTA...
...TACTAGGATGCACCTTA...
...TACTAGGATGCACCTTA...
...TACTAGGATGCACCTTA... Meyer, Nature Methods 2019



m>C RNA-seq

a c b c d
msC \/-\ 0
mEC l Feed
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NSUN2-C271A
l Bisulfite treatment J\ ~ \)\ .
) n Overexpress transferase
% l IP with methyltransferase
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Covalent bond formation
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=
= AL

. . _ ' Immunoprecipitation Immunoprecipitation
Library c?nstmctlon Library c<.>nstruct|on Library construction * Library construction
Sequencing Sequencing Sequencing Sequencing

«-- Called m*C site

T .
I -
c R S
| o

meC peak

Bisulfite-seq m°C-RIP Aza-IP miCLIP

Li at al, Nat Methods, 2017



Identification of NAD* capped RNAs

[ f— — —
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5'N*ppA ' 3 9 8 o I
alkylation clickablealkyne p 3 / +
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Adres Jasche (2016); Yiji Xia (2018-2022)

Vvedenskaya and Nickels, 2020, STAR Protocol



INTERACTIONS:
RNA-proteins
RNA-DNA
RNA-RNA
RNA structure



RBP - RNA Binding Proteins

RNAPII

\ ~
N, .“W ’ DNA \J \‘

transcnptlon

, % 4 5'end capplng
5
pre-mRNA ﬁ@ .r
splicing mRNA RBPs
pre-RNA proccesing \—» O packaglng .
—————
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3 G e xR
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-------

pn -mRNA processing
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nucleus

------------------------------------------------------------------

) C D pre- mlRNA
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- facilitate each step of RNA biogenesis
- participate in cellular procesess- transcription, export, translation, RNA decay
- form RNPs and subcellular granules and organelles

Kilchert et al., WIRES RNA, 2020



Genetic Screen- Yeast Three Hybrid

very artefactual

Gal4AD-prey

MS2 coat
LexA

XA 0D 120z HIS3

RNA insert is expressed in the context of RNA vector sequences tethered upstream of lacZ
and HIS3 reporter genes via a MIS2 coat—LexA fusion protein. Gene activation depends on
binding of the Gal4 activation domain—prey fusion protein.



waer (o0t RNP Immunoprecipitation (IP)

7} source material \ £

» ¢ Tisies With specific antibodies
Generation of extract . d .
il
Immunoaffinity capture or USIng tagge prOteIns
M U snRNPs with anti-TMG cap antibody
'\- o 2 B o
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Elution 0k . 925
i Western R 65.2
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N o i
: = 5| 25
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§ In solution In gel Fg &=
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e & _| - northern blot us 2 144
£ 1 - primer extension K E
Computationally aided
§ protgin identifiZat.ion - RT-PCR G
I - RNASeq
-. L\ J Bochnig et al, Eur. J Biochem. 1987

o (Luhrmann’s lab)



IP of U1 snRNP with o-70K
(U1 RNP specific protein)

Immunoaffinity +ion exchange

70K>_
A»_
g’:= u2-.
Ui~ Ul.-
Cs U4—' U1’=
3 U5’
DD-W. e, be

IP of snRNPs with a-TMG cap

Applied Biological Sciences: Neubauer ef al. Proc. Nad. Acad. Sci. USA 94 (1997) 387
A & «‘1’# B 15SU5__18S Ul
A 12 1314 15 16 17
'\OQ’ ; \éc. Q&: oY,
e & PO
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116 - .
- ’
1 .d ul 97 - /
. USL - | sty
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45-

31-

14 -

Fi6. 1. Purification of U1 snRNPs from S. cerevisiae. (A) Silver staining of snRNAs eluted from anti-m;Gi-cap (m’G eluate) and Ni-NTA affinity



Tandem Affinity Purification (TAP)

N

C-terminal TAP tag N-terminal TAP tag
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©
X © |
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TEV protease -
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X @‘;@
Second column
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Native elution |
with EGTA

& Purified complex

C

C
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18 —
19¢ —

gl boadn
TEV cisavege

— W SouTip
—== @« PrplSp « Prpd0p
== <—— Prpilp + Namlp
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Modified TAP tags

Original TAP tag

Modified TAP tag

——{ BT [IRS-1 " ICEPITEV Protein Al Proten At—

mammalian cells

TAP cep@-l ProthA || ProtA |

csus  (seRMEN P | o
SFzZ 3xFlag @l ProtA || ProtA |

mDYKDDDKgsaasWSHPQFEKgggsgggsgggsWSHPQFEK

B B [ |

WSHPQFEKgggsgaggsgagsWSHPQFEKgasgeDYKDDDDK

Drakas et al., Proteomics, 2005
Van Leene et al., TiPISci, 2008;
Gloeckner et al, Proteomics, 2007

Oeffinger, Proteomics, 2012

Tandem




MAGNETIC versus AGAROSE beads

* Agarose beads - very low background and high binding capacity IP (centrifugation)
 Magnetic Agarose beads - magnetic separation, high binding capacity IP, fast, easy
* Magnetic Particles M-270 - IP of very large proteins/complexes, fast

Antigen Primary antibody g
‘»4 ¢ Secondary antibody
LI ma g . (or Protein A, etc.)
A '§ v .-:"A .
Vi ‘¥ gq ™ &
. A Agarose beads and
magnetic beads
G\_E"* ’x" .--. N
Washing : )' Elution gy SDS-PAGE or
» )‘ : ;\ \( Western blotting, etc.
Dynabeads® M-280 Dynabeads® M-27¢
Tosylactivated Epoxy

/\N-E-@m.

Gax

Dynabeads Y Antibody

4

Remove unbound protein

N PoteinAorG P Target protein

e Nonspecific protein

Start with:
Dynabeads Protein A

Y

Dynabeads Protein G

Add antibody 1
O 10 min

Add sample

o 10 min

Wash on net

Elute

Q') 10 min

Finished in <40 min

Diameter 2.8 um volume 40 000 smaller than agarose/sepharose



CLIP

CrosslLinking and
ImmunoPrecipitation

HITS-CLIP

High-Throughput Seq CLIP

ICLIP

individual nucleoside resolution
CLIP

Li et al., Genome Proteome
Bioinformatics, 2014

UV crosslinking
245 nm

Lysis
Partial RNase digestion

IP of crosslinked complexes
3’ adaptor ligation

5 RBP 3
Proteinase K treatment

leaves polypeptide (()
at the crosslink site

5.? 3.
5' adaptor IigatV

Reverse transcription
Primers containing two
s adapters (blue) and
barcode (green)
lReverse transcription

5 = 3
Truncation

Deletion or mutation —'

L ' "cDNA
B i cDNA lCircularization
Read-through
—
cDNA
l PCR
™\ Linearization
/ f
| | Per

High-throughput sequencin¢ High-throughput sequencing

HITS-CLIP iCLIP



PAR-CLIP

PhotoActivatable ribonucleoside—
enhanced CLIP

Hafner et al., Cell, 2010

Z §§§

lysis, IP,
RNasa T1 treatmem,
T4 PNK, y- Lp.ATP

o — G

SDS-PAGE
autoradiography

XL-RBP

proteinasa K treatment

l alectroalution
x

l cDNA library preparation,

PCR amplification

-:8:—

'

Solexa sequencing

RNA labeling with
U derivatives

UV crosslinking
365 nm

E.i ]
NH | N
- . P
A
o H
4-thiouridine (4SU) 5-bromouridine (5BrU)
(-]
LA (L

AN

o o
S-iodouridine (51U) 6-thioguanasine (6SG)

UV(nm) 254 65

- 48U 5BiU 51U

http://www.jove.com/index/details.stp ?2ID=2034

UV 365 nm 0
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' ‘% r
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5 z 2"
‘ 5’ adaptor ligation
-U
5 3
lReverse transcription

Transition
U

@ cDNA
Read-through

_‘%
A
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G
(o

l

High-throughput sequencing

cDNA




in vivo PAR-CLIP

\,\ 555
wy  AAapaa = ST

\-h.._.._ -

A

Labelmg UV-crosslinking Immunoprecipitation
RNAse treatment
radioactive labeling
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—--———-—NNN © NNNNNNNN-----—--- deep seque‘ncing st
Computational Analysis SDS-PAGE

Jungkamp et al., Mol Cell, 2011



CRAC

CRosslinking and Analysis of cDNA

ddC-3’

SDS-PAGE
+ Transfer to
nitrocellulose

©
A
¢ ’
protein N IEAREY HTP
RNase A and T1 digest lon-bead 5’ linker ligation
of TEV eluates
e e —
l 5-Invdd T ——2P—88B_ 4dC-3’
Nickel purification under 5"-Invdd T ——*P 48— ddC-3'
denaturing conditions l
5.oH—ER __3p
5-OH 3P tag: HTP TAP
5.oH-SR.3-P -

membrane

on-bead alkaline
phosphatase treatment

- RNA crosslinked
to protein of interest

Autoradiogram

5.0H — 8B 3 0H
5.0H—@8- 3-OH
5-OH-&8-3-OH tag: HTPTAP
on-bead cut out band | <= -RNA crqssliqked
3’ linker ligation of interest to protein of interest
5-OH S ddC-3’ . . .
Proteinase K incubation
5-OH—@B ddC-3’ l +RNA extraction
5"-OH-&8—— ddC-3’
5'-InvddT * ddC-3’

on-bead labeling
#P-yATP and

5"-Invdd T ==t dd C-3’

cold ATP 5"-INVdd T =i ddC-3°
5'.32p B ddC-3’
5'-2p —@— ddC-3’ 4.
5-p 4G 4dC-3’ Reverse transcription, PCR and

Granneman et al., PNAS, 2009
Li et al., Genome Proteome Bioinformatics, 2014

TA cloning or lllumina sequencing

UV 245 nm

Lysis
Partial RNase digestion
IgG immunoprecipitation

TEV cleavage
Affinity purification
3’ adaptor ligation

Protein precipitation
Western analysis

RNA isolation :
| — I Proteinase K
Northern analysis treatment
Reverse
l transcription
cDNA
| Pcr

NGS



MRNA binding proteome, mRPBome

RBDmap RBR-ID RBR-ID
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capture digestion capture Trypsin proteomics
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— RNA-bound
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peptides: J released ¢ N-link & (RNA) X-link

| |
RBDpep Castello et al.; He et al., Cell, 2016




Phase Separation

RBP

with or
w/o 4-SU

uv
crosslink

XRNAX pTEX
OOPS phenol  phenol:toluol
extraction extraction

pH <5

RNase digestion protein digestion

1 |
MS sample prep  RNA-Seq library prep

v v

MS ID RNA-seq
crosslinked RBP target
proteins transcripts

OOPS, XRNAX, pTEX
RNP interactome, RPBome

OOPS - orthogonal organic phase separation

§ 254 nm ( queous 1 ( ) fﬁ
N
-~ —
, . @ | AGPC ’
L~ ) lysis
So~— | —> —
See’ Protease
’\-— digestion o ¢ >
@rgamc J U Y "

XRNAX - Cross-Linked RNA eXtraction
N —
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. _— == interphase |
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v TRIZOL
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DNA free protein
protein RNA Xlinked RNA
e

washing g §
solubilization 'y y <
DNase digest
concentration protein

Xinked RNA — Queiroz et al, Nat Biotech, 2019
Shchepachev et al, Mol Sys Biol, 2019
Nechay and Kleiner, Curr Op Chem Biol, 2020



OOPS, XRNAX, PTex — organic phase separation

OOPS tripple TRIzol RNase
f i (7\ ) A ) e R
RNase e e LC-MS/MS
d Trypsin
00 | ® ||| 100 > o0 — X0 Trypsin
® [ ® A ]—» A }lv
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®
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Smith et al. Curr Op Chem Biol, 2020



TRAPP, RNP interactome, RPBome
TRAPP/PAR-TRAPP - RNA-associated protein purification

TR AP P RNase digestion ~ nuclease P1and

| trypsin digestion o
RBP MS sample prep S
v PO =
with or e o3
w/o 4-SU TiO2 */’-J) S|
— N (%]
. 4 . %
ol phospho-nucleotide 8 -
enrichment 3 §
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)
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O
e S C
silica capture cwn

Nechay and Kleiner, Curr Op Chem Biol, 2020

RNA binding site map
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T Silica ? R '
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HITS-CLIP
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1
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Nechay and Kleiner, CurrOChem Biol’20




RNA - protein interactions

Nascent RNA can be labeled with 4-thioU (4-SU) or 6-thioG (6-SG)
RICK/CARIC: with 5-ethynylU (5-EU), biotin is added to RNA by click chemistry for streptavidin capture
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o with or

w/o 4-SU
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1
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*
A
MS ID
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uv
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7

1
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v

LR
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e
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silica capture
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| 1
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v
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Nechay and Kleiner, CurrOChem Biol’20



RNA chromatography in vitro

RNA/ specific
DNA incubation | proteins
linker with e washes separation
biotin protein extracts \
beads 1 [ Lz’ N ;&
(e.g. magnetic i | ", \ i C* ™
streptavidin) Y 4 Y,

contaminants contaminants

RNase-assisted RNA chromatography ...
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Hegarat et al., NAR, 2010; Michlewski and Caceres, RNA, 2010



Gréwe et al, Trends in Biotech 2021

RNA chromatography in vivo

(A) RNA hybridization capture  (B) RNA aptamers (C) dCas13-based approach

Crosslinking dCas13-biotin ligase gRNA
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RNA chromatography in vivo

(b) (c) (d) (e)
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Se’:::rt:ti;n diges:.gfp;::%teins e . .
Pty "TER, RNP purification from cells expressing
peaa L RNA with affinity tags that bind to
s specific proteins or resins.

Hartmuth et al, Meth Mol Biol, 2004; Walker at al, Meth
Mol Biol 2008; Windbichler, Schroeder, Nat Protocol, 2006
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Interactions IncRNA-proteins-chromatin
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RNA-seq-based methods for mapping RNA
structures, RNA-RNA and RNA-DNA interactions

S

+ ' Enzymatic
Chemical cut
probing S
Enzymatic
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derivatives

&/ One RNA
~ Vs genome

Nguyen et al, TiG, 2018
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RNA-seq based mapping of RNA-RNA interactions

Sequencing based for mapping RNA-RBNA interactions

CLASH e Stringent purification conditions remove Requires prior knowledge of an RNA-binding protein.
nonphysiological interactions. Requires a good antibody.
hiCLIP Incorporation of an adaptor between two RNA Requires prior knowledge of an RNA-binding protein.
molecules increases ligation efficiency and improves Requires a good antibody.
accuracy in sequence mapping. No in vivo crosslinking step may incur challenges in
differentiating bona fide and spurious RNA attachments.
PARIS Many-to-many mapping. 4'-Aminomethyl trioxsalen (AMT) preferentially crosslinks
pyrimidine bases and may introduce bias.
SPLASH Improves signal-to-noise ratio by leveraging Psoralen preferentially crosslinks pyrimidine bases and may
biotinylated psoralen. introduce bias.
Many-to-many mapping.
LIGR-seq Many-to-many mapping. AMT preferentially crosslinks pyrimidine bases and may
introduce bias.
MARIO Many-to-many mapping. Loses RNA duplexes that are not associated with any proteins.

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

Reports both between- and within-molecule
interactions.

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

Nguyen et al, TiG, 2018



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 .
L
icSHAPE .
L
Structure-seq .
L]
Mod-seq .
L]
CIRS-seq °
L]
SHAPE-MaP .

Reveals both protein-bound RNA regions and RNA
secondary structure.

Provides strand-specific information.

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

Measures melting temperature.
Single-nucleotide resolution.
Preserves in vivo RNA 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-nucleotide resolution.

Single-nucleotide resolution.
Applicable to both in vitro 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.

Limitations

* Limited resolution at small nucleotide bulges and loops.

o RNA was folded in vitro.

¢ Limited to the analysis of two bases (As and Cs).
* RNA-binding proteins can block DMS activity.

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

o Limited to the analysis of two bases (As and Cs).
* RBNA-binding proteins can block DMS activity.

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

* Length of the RNA must be at least ~150 nt for the randomer
and native workfiow, and at least ~40 nt for the smal-RNA
workflow.

Nguyen et al, TiG, 2018



RNA structure and RNA—-protein interactions

Structurome RRI analysis . RNA-protein interactions
e N N\ N\
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PARS: Parallel Analysis of RNA Structure
RNA structure by enzymatic cleavages followed by RNA-seq

PARS used to establish structures of > 3000 yeast transcripts
Unexpected conclusion: coding mRNA regions are more structured than UTRs

/ e fo‘dlng \
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V1 .g RNase V1 digestion g S1 nuclease digastion
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O 5P
l Random fragmentation
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Kertesz et al., Nature, 2010
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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,"8 Zhengqing Ouyang,'-%¢ Michael Kertesz,® Jun Li,* Robert Tibshirani,* Debora L. Makino,®
Robert C. Nutter,® Eran Segal,”* and Howard Y. Chang"*
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Regulatory Impact of RNA Se;:ondary Structure across the
Arabidopsis Transcriptome™
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RNA—-RNA interactions

CLASH/hiCLIP

UV cross-linking

Protein-RNA purification
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Ye et al, Mol Cell, 2024



CLASH: intra- and intermolecular RNA-RNA interactions

e g e Expression of tagged protein
g{'OSS{lnklng ’rotein A6 xHis AGO1
Ligation and T |
Sequencing of s
Hybrids = =
l Tandem affinity purification
N =
lgG-resin (1)
= Nk
S R 8| NiNTA 2)
l °
>99 % i <1%
T e “Rgp
SN AR

~ RNAB

e 5= s
|
v |
e
" RNA A _RN/AB Protein interacts with RNAs:
A, B CandD

RNA A interacts with RNA B
Kudla et al., PNAS, 2011; Helwak and Tollervey, Nat Protocol 2014 BNA C interacts with RNA D




MARIOQO: intra- and intermolecular RNA-RNA interactions
Mapping RNA interactome in vivo

s Desired chimeric products

o ("\\"2 m Barcode
RNA1 RNA2 P7
0{ / \ﬂ =
P5

5
W Incomplete products

RNA2 P7

< o . _
s |llumina PE primer 1.0

mmmm ||lumina PE primer 2.0
mmmm | inker
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(1) cross-linking RNAs to proteins

(2) RNA fragmentation, protein denaturing and biotinylation

(3) immobilization of RNA-binding proteins via biotin at low density
(4) ligation of a biotinylated RNA linker to RNA 5’ end

(5) proximity ligation under dilute conditions

(6) removal of unligated RNA by RNase H activity of T7 exonuclease
(7) reversal of crosslink, protein removal, RNA purification

(8) biotin pull-down of chimeric RNA with biotinylated linker

(9) library construction



SHAPE, PARIS/SPLASH/LIGR: RNA structure in vivo

Chemical and enzymatical - based structure probing

SHAPE: Selective 2'- Hydroxyl Acylation and Primer Extension; SHAPE-seq: SHAPE and 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
PARIS/SPLASH chemicals: psoralen; AMT, 4°-aminomethyltrioxsalen

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 St 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-N3 single-stranded bases X g

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

PARIS AMT base-paired sequence X 3
partners E\

LIGR-seq AMT base-paired sequence X 3
partners %

SPLASH biotinylated psoralen base-paired sequence X (B

partners




RNA structure: maP, SHAPE, SHAPE-MaP, RING-MaP, Mod,

CRIS etc In Vivo RNA Modification ERNRENNNRNRERER Reverse Transcription TRNRERERRRRNE P lerar:(
o000 ¢
40 RNA Extraction RT Stop Analysis (Structure-seq, LASER-seq, icSHAPE) repa:ra =
Base-specific probes 34N N5 CDNA NextYGen
@DMS 5 NN NN PN N RNA :
:ERS Base or sugar modification ad SGQU?DCIHQ
FMNA NS NSNS v
@= Tts,fiszpsgecmc oo 5 NN QNN NSNS Structure
Prediction
Protein binding Mutational Profiling (MaPseq, LASER-MaF, SHAPE-MaP)
cDNA mutation
3 5 cDNA
5’ 3 RNA
Base or sugar modification
3 5
5’ 3
Probe Primary NH,
modification sites »Glyoxa
3N—»DMS
SHAPE N-methylisatoic anhydride (NMIA) 2’OH of all nts ‘g
-0—P—0—
1-methyl-7-nitroisatoic anhydride (1M7) 2’OHof all nts ) |; -\(l L EDC
5 NH — Glyo
1-methyl-6-nitroisatoic anhydride (1M6) 2’OHof all nts SHAPE'? ...... S NAZ N7 ° G 2 )\NHZ
Benzoyl cyanide (BzCN) 2’OH of all nts o— (,’?) —0 o NH,— Glyoxa
r . .
2-methylnicotinic acid imidazolide (NAI) 2’OH of all nts suga SHAPE) 20 NA’Z\ Nﬁg—»oms
“*OH 8 4 3
2-methyl-3-furoic acid imidazolide (FAI) 2’OH of all nts -O_E_o N
2-(azidomethyl)nicotinic acid imidazolide (NAI-N,)  2”OH of all nts © i E
SHAPE[ sl“JaNH«EDC
Base Dimethyl sulfate (DMS) GN7,AN1 and CN3 ] SEN
pairing base o_li_o o
N-cyclohexyl-N"-(2-morpholinoethyl) GN1and UN3 o} i
carbodiimide metho-p-toluenesulfonate (CMCT) SHAPE v. 3 -
OH™OH
Kethoxal and other 1,2-dicarbonyl compounds G N1 and C2-amine sugar
Solvent Hydroxyl radical (¢OH) Backbone . .
peishl RS A Mitchel Ill et al, Curr Op Struct Biol, 2019
Nicotinoyl Azide (NA2) GC8andAC8 base Strobel et al, Nat Rev Genet, 2018



MaP, SHAPE, SHAPE-MaP, RING-MaP, Mod, CRIS etc...
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PARIS

LIGR-Seq SPLASH

AMT +
365 nM Irradiation

AMT +
365 nM Irradiation

Bio-Psoralen +
365 nM Irradiation

RNA structure

E E = PARIS, SPLASH, LIGR

G G ST
Proteinase RNA Extraction
RNase rRNA depletion Fragmentation
2D Gel Purification S1 digestion Bead Enrichment
Proximity Ligation Denature
GIrcRNA ligase Proximity Ligation
Reverse Crosslink RNaseR Reverse Crosslink

Reverse Crosslink

Eomog %omog

Library Preparation
Sequencing

E@@E

Library Preparation
Sequencing

Library Preparation
Sequencing

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

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

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

- crosslink reversal
- RNA-seq

[AMT = psoralen derivative 4’-
aminomethyltrioxalen]

Graveley, Mol Cell, 2016



RNA-protein interactions and RNA structure

A HiCLIP B PARIS
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ICSHAPE: RNA structure in vivo
icCSHAPE: click selective 2’-hydroxyl acylation and profiling

Single-nucleotide structure probing

SHAPE-MaP and

-seq methods Sequencing

M

Modification-induced
mutation or termination
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PARIS LIGR-seq
S UV365nm : Uva365nm
Same RNA Different RNA
:rl\;)temase rRNA depletion
e S1 digestion
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MRNA fluorescent labeling

FRET: fluorescent (Forster) resonace energy transfer
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RNA fluorescent labelling for imaging
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Mannack et al., F1000 Res, 2016
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Imaging of nascent RNA R
in living cells

smFISH — single molecules FISH X MS2/MCP labeling
a
Orrrrrrrrrrrrrrrrrr — O [T .

> PPPPPPPPALLAL,

endogenous reporter

RNAs RNAs
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Wissink et al, Nat Rev Genet, 2019



RNA fluorescent labelling for imaging
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FISH: Fluorescent in situ hybridization
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RNA localization

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

S. cerevisiae CHO cells

Larson et al., TiCB, 2009

MDN1 mRNA DAPI  doxycyclin induced reporter

at transcription sites (nucleus)

Constitutively expressed genes are transcribed
by single events separated in time.

Regulated genes (e.g. by SAGA) are expressed
by transcriptional bursts

Multi-colored smFISH:

nucleus

cvtoplasm

<

stress granules

Adivarahan et al., Mol Cell 2018

nucleus, cytoplasm and SG

Nuclear mRNAs are partially extended
Translating mRNAs usually do not have a
stable circular form

MRNAs in stress granules are more
compacted than translating mRNAs



FRAP and FLIP: RNA localization

Analysis of molecule kinetics in living cells
FRAP - Fluorescence Recovery After Photobleaching
FLIP - Fluorescence Loss In Potobleaching
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MRNA release

Edouard Bertrand, Montpellier, RIBOSYS



FRAP: RNA localization

cleavage and
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MRNA release
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Edouard Bertrand, Montpellier, RIBOSYS



FRAP: RNA localization

- transcription rates
- 3’-end formation
- transcript release
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N and release

fluorescence
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Edouard Bertrand, Montpellier, RIBOSYS



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

reporter RNA

m II m Intact
mRNA
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STOP
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Ago2- cleavage
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Horvathova et al, Mol Cell, 2017



SunTag: translation of single mRNAs in vivo

GFP
SunTag system reporter Sun7ag »
SUperNova antibody RNA '
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Translatome analyses

Start codon selection

Scanning dynamics
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Michat Swirski, 2024



. Polysomes in
’.-TV buffered lysate
—.t..
.\ MNase
c® e ‘@~ digestion

Ribosome isolation p— :

Size selection _ Ef)no'(te;)rrlnt

Linker ligation = 3'adapter

) \J\ - 5'adapter
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Reverse transcription m—————
Circularization
rRNA depletion

PCR
amplification

DNA
sequencing

Potential Pause site

sORF
Jt_-...lluw.Mm
i Annotated ORF y

Relative read depth

Translatome analyses

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



Translatome analyses

a Polysome profiling

Gradient centrifugation and
fractionation of cell extracts

Sequence
enriched
mRNA

/o

b Ribosome footprinting
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APEX and BiolD

Proximity biotin-based labeling methods
APEX BiolD

Peroxidase B‘O‘i"‘Phe"O' Biotin liqase

(e.g., APEX, HRP) lower catalytic Biotin
OH activity atp + B

%Q G
io- & & &

Proximal
endogenous protein H,0, toxicity

/| ) |Distal
./ \_ |endogenous proteins

* An enzyme (BiolD- biotin ligase; APEX- engineered ascorbate
peroxidase) is targeted to a specific subcellular location (e.g.
mitochondria) via fusion with protein markers or signal peptides.

* A probe (biotin or biotin-phenol) is enzymatically converted to

biotin-conjugated reactive intermediates that react with nearby e 22

proteins/RNAs. - b.onﬁhzo.
* Biotinylated proteins or RNAs are enriched with streptavidin beads ——

and identified by mass spectrometry or RNA-seq, respectively. ' m;‘%;};;w

radical

Qin et al, NatMethods, 2021; Li et al, Cell Chem Biol , 2020



* Quench

*Lyse Cells

« Streptavidin Beads
* RNA-seq

APEX in cell lines

€ = APEX, Engineered

Ascorbate Peroxidase ‘(,

28 kD :

Outer Mitochondrial
Membrane (OMM)

Not

Labe'?d/' Labeled  Labeled
Protein RNA

Clickable APEX in yeast

Alk-Ph probe
(Alkyne tyramide)

‘ APEX2 HO o
N * Alk-Ph Probe
IYSIS K eaction = e HJ\/\
Biotin or 1
flucrophore

Fazal et al, Cell, 2019; Trinkle-Mulcahy, F1000Research, 2020; Qin et al, NatMethods, 2021, Li et al, Cell Chem Biol , 2020



TurbolD
Engineered, high activity biotin ligase
Uses ATP to convert biotin into biotin-AMP

TurbolD
o [ W\ -
[ @ ‘\ that covalently labels proximal proteins
\ | _ ™™« Non toxic system.
\ 08/ mem * Gives higher temporal resolution and
" broader application in vivo.

Split-TurbolD
Consists of two inactive fragments of

TurbolD that are brought by protein-
protein or organelle-organelle interactions

endogenouspfotems . L
* Has better targeting specificity than full-
length enzymes.

a
Biotin
ity l
@CAMP—@
TurbolD
Biotinylated proximal
b endogenous protein Distal
endogenous proteins
Reconstituted . -

Biotinylated proximal
endogenous protein
Cho et al, Nat Protocols 2020

Protein A Tb(N) split-TurbolD
ATP +
‘\ A-B mteractnon C
awp-@ —

Proten B




Qin et al, Nature Methods, 2021

BirA*, BiolD2, biotin lysine
PrOxi m it 8 miniTurbO, TurbolD
©
Y g
® c HTWOH
l; H S
labeling systems 5
m
HRP, biotin-phenol tyrosine
o APEX, APEX2 (+ H202)
g k o H /\/@,O"
X Y i
[}
ol
Enzyme Type Size Labeling  Modification Advantages Limitations
(kDa) time sites
APEX Peroxidase 28 1 min Tyr, Trp, Cys, His  High temporal resolution; versatility  Limited application in vivo because of the
for both protein and RNA labeling toxicity of H,O,
APEX2 Peroxidase 28 1 min Tyr, Trp, Cys, His  High temporal resolution; versatility  Limited application in vivo because of the
for both protein and RNA labeling toxicity of H,0,
HRP Peroxidase 44 1 min Tyr, Trp, Cys, His  High temporal resolution; versatility ~ Limited application in vivo because of
for both protein and RNA labeling the toxicity of H,0,; limited to secretory
pathway and extracellular applications
BiolD Biotin ligase 35 18 h Lys Non-toxic for in vivo applications Poor temporal resolution as a result of
low catalytic activity
BiolD2 Biotin ligase 27 18 h Lys Non-toxic for in vivo applications Poor temporal resolution as a result of
low catalytic activity
BASU Biotin ligase 29 18 h Lys Non-toxic for in vivo applications Poor temporal resolution as a result of
low catalytic activity
TurbolD Biotin ligase 35 10 min Lys Highest activity biotin ligase; Potentially less control of labeling
non-toxic for in vivo applications window as a result of high biotin affinity
miniTurbo Biotinligase 28 10 min Lys High activity; non-toxic for in vivo Lower catalytic activity and stability as

applications; smaller than TurbolD

compared to TurbolD



APEX

intensity

Affinity Mass spec
purification Q Q analysis | |
I Il | |‘|

'y O~ d |
Q)QO _k'[ High ’

throughput  arcacacressacreer
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Zhou and Zou Curr Op Chem Biol 2020



APEX: applications

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

Followed by Sequencing Translation " . & . "® Stress e
: S : :
AN \NucearLamina COMPplexes % - &»& granules _ &,&
Nucleolus g K e A & o &Y o .
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Fazal et al, Cell, 2019; Padron et al, Mol Cell, 2019



APEX: applications

Protein-RNA (RNP) complexes
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mRNA
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Protease digestion and LC-MS/MS

Trinkle-Mulcahy, F1000Research, 2020
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