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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
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



PARE: Parallel Analysis of RNA End
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DRS: Direct RNA sequencing of Poly(A) sites
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Brouze et al, WIRESRNA, 2022

Poly(A) tail analyses, classical methods

(a) RNase H/oligo(dT) assay (b) RACE-PAT
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(a) Restricts poly(A) tail length Deadenylation

3’ end and 1"’“ | o
poly(A) tail

Alternative polyadenylation sites  AU-rich element GU-rich element

a n a I S e S Different protein isoform  Different 3UTR Induce rapid deadenylation
Increased
—’EAAAAA U degradation

Increased stability
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mAA Degradatiogl

Exonuclase

Translational activation in oocytes,
local translation in neurons

Cytoplasmic polyaldenylation

Readenylation

Extension of existing poly(A) tails mAAAAAAAAAAAAAAAAAA

Increased stability and translability

Brouze et al, WIRESRNA, 2022
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analysis

Brouze et al, WIRESRNA, 2022
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Brouze et al, WIRESRNA, 2022
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Nanopore long read sequencing
DNA and RNA-seq toal RNA (yeast)
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Ray and Hasselberth, Front Genet 2022; Tudek et al, Nat Comm, 2021 mapping



Nanopore
Poly(A) tail analyses RNA modifications
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Nascent RNA analyses

IP-based, formaldehyde crosslink Purification of transcribed RNAs
a Chromatin-associated RNA enrichment € Run-on RNA enrichment TSS, short
PRO-ca
* Cap enrichment Start seq p
* Size selection .""__
* Sequence ‘
Biotin
affinity
High-salt punﬁcatnon
washes
NTP-biotin run-on 37

L‘]\A -~

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

TT-seq
4sU HO—0—9¢-

b Pol ll-associated RNA enrichment pulldown

Sequence \
Pol Il IP RNA
— —p  MNET-seq

Feed cells 4sU Chemical
\, conversion Timelapse-seq

L€ —6-¢g-

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 I complex

Deplete poly(A) and rRNA .

Liu et al, Plant Cell, 2023




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 107107 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* #4874 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 oo

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

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

FLEP-seq FLEP-seq TAIL-seq FLEP-sec plaNET-seq o) 8

POINT-nano POINT-nano Poly(A)-seq FLAM-seq FLEP-seq TR

=%

Elongation Co-transcriptional splicing Polyadenylation Termination ‘g@ £

C



Analysis of Nascent Transcripts

NET-seq GRO-seq
l. Isolation of Polll-bound RNAs Il. Nascent RNA labeling with 4sU
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RNA +

Library generationl isolation l Deplete rRNA

Sequencing primer
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5 Linker Insert 3’ Linker

1Fragment RNA

AL
AYAVAV

AATAY
VN A, 100-200 nt

Churchman and Weissman, Nature, 2011 AN

Spicuglia et al., Methods, 2013



Analysis of Nascent Transcripts: GRO-seq

0 3 run-on transcript h:Jman
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Y“"" ’ Core et al., Science, 2010



Nascent RNA
analysis in
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Nojima and Proudfoot, Nat Rev Mol Cell Biol, 2022



2-0-
methylation
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5" cap
modifications

RNA modifications
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RNA editing
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Sibbrrit et al, WIRESRNA 2013



RNA modifications

(a) Detection of meA (b) Detection of m5C
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m6A-specific Ab IP seq

m°A

assisted m6A seq

RNA

photo-crosslinking m6Aindividuag\ucIeotide

resolution crosslinking & IP

m6A-level and isoform-
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ma | [ & R
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Fragmentation with 4SU Fragmentation
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q. -’ m®A negative m°®A positive
Input N : \ w \/'\MA
control Proteinase K - .\/_\AM \/-LAAA
Etle. RA: Digestion and 1 Reverse control \/—\AAA .\/—T\AAA
Isolation transcription
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\}N \)‘ T — spike in spike in spike in
Truncation
Library construction Library or
v construction ? Library construction
c.; Misincomoration
Sequencing l Library l
construction Sequencing
Sequencin
Ma mmals/ \ Yeast l a 9 Sequencing 2
CITS miCLIP 3
3
@©
° g
i == G micLP 5 . L
= Input o
True False A negatuve positive
m°A peak positive  positive = .
@miCLIP-called sites
m®A-seq and MeRIP-seq PA-mfA-seq miCLIP m°®A-LAIC-seq
Xe o it fo o e 5

Li at al, Nat Methods, 2017



antibody-free
mb6A-seq
DART-seq

mG

o ¥ 27

] "E o oo

o] e

APOBEC1-YTH- m'G £ 8 S
pressing cells mwG oy

i BE o m t -9

Q © 4=

. APOBEC1 o) ©

3 l!

A =

©

(o)

€

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

e APOBEC1-YTH induces C-to-U

deamination at sites adjacent to m6A
" RNA

e detected using RNA-seq

3 - 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
Fragmentation with 5-Aza-C

NSUN2-C271A
l Bisulfite treatment J\ ~ \)\ -
) n Overexpress transferase
% l IP with methyltransferase

anti-m®C antibody Covalent bond
Covalent bond formation
formation

=
= 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

Eaas - | "
A NAD™ capture B CapZyme-Seq High-throughput [ 5'ppp
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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 \‘

RNA &
5 & O end capplng

transcnptlon

. & pre-mRNA ﬁ@ .r
splicing mRNA RBPs
pre-RNA proccesing I O packaglng .
et 2 S

®
3’ end proccesing parai@f}f!e
7 Q{. &
S @
i o) T
’7 E. \ “ o""

nuclear mRNA export

.
.

~ -’

~ -
-------

nucleus

.................................

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

) C D pre- mlRNA
o’ %’V”h . g% proccesing
translation : ,: =, ; .

--------------------------------------
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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.



s o8 RNP Immunoprecipitation

/) source material \ Eri
> ¢ Tiosues (l P) With specific antibodies or
Generation of extract . d .
i
Immunoaffinity capture USIng tagge prOtE|nS
'F U snRNPs with anti-TMG cap antibody
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1 " o
Washing steps ZLE €N
i
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1 Western R 66.2
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£ 1 - primer extension ke E
Computationally aided
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J !l\J Bochnig et al, Eur. J Biochem. 1987
A— (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"
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Electron Microscopy
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IP of snRNPs with a-TMG cap

Applied Biological Sciences: Neubauer ef al.
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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
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Tandem Affinity Purification (TAP)

N

C-terminal TAP tag N-terminal TAP tag

p——— [l rev Il v
C
~ (©  TteEVprotease
Interacting clevage site
protems\\
© Protein A
/ Target
"o Binding protéin  Calmodulin Binding
Contaminating ‘/i Peptide
proteins
©
X © |
X Y First column
©@ &. IgG resin
TEV protease -
cleavage /{
X @‘;@
Second column
Calmodulin resin
Native elution |
with EGTA

& Purified complex

C

C

n2

18 —
19¢ —

gl boadn
TEV cisavege

— W SouTip
—== @« PrplSp « Prpd0p
== <—— Prpilp + Namlp
—== *—— SnuSép
w8 Snpip
=5 we
— pe
- P ield-
- 3= gow usual yield:
1mg of protein
complex from 300mg
. of total protein
=5 55 we win = (100 000 X purification
at 30% efficiency)
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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




MAGNETIC versus AGAROSE beads

e 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 254 nm s
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

S'P 3,

5' adaptor IigatV Reverse transcription
Primers containing two
——— , adapters (blue) and
5 3 barcode (green)
l Reverse franscription

Truncation

Deletion or mutation
1 L

— "¢cDNA

et cDNA lCircuIarization

Read-through
—
cDNA

l PCR

N
T

lLinean'zalion

| ' | Per

High-throughput sequencin¢ High-throughput sequencing

HITS-CLIP iCLIP




PAR-CLIP

PhotoActivatable ribonucleoside—
enhanced CLIP

Hafner et al., Cell, 2010

Z 699

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

-:g:-

'

Solexa sequencing

RNA labeling with
U derivatives

UV crosslinking
365 nm

Q )
NH | N
Ho. o /L'*‘o
o o
™ OH oM

4-thiouridine (4SU) 5-bromouridine (5BrU)
(-]

s
I H
A (L
R
0
o o
S-iodouridine (51U) 6-thioguanasine (6SG)

UV (nm) 254 65

- 48U 5BiU 51U

kDa
150 —

75—

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

UV 365 nm E"

Lysis
Partial RNase digestion

IP of crosslinked complexes
3" adaptor ligation
U

S Rep ¥

l Proteinase K treatment
lh'
5 z 2"
‘ 5’ adaptor ligation
-U
5 3
lReverse transcription

Transition
U

@ cDNA
Read-through

—
A
| pcr
G
-

l

High-throughput sequencing

cDNA




in vivo PAR-CLIP

\,\ 555
wy  AAapaa = ST

\-h.._.._ -

A

Labelmg UV-crosslinking Immunoprecipitation
RNAse treatment
radioactive labeling

NNNNNNNN T NNNNNNNNNNNN O >
—eeemeee-NN € NNNNNNNN- hituanlichos v ~ [
“"‘NNNNNN'_ NNNh‘I cDNA library —
—--———-—NNN © NNNNNNNN-----—--- deep seque‘ncing st
Computational Analysis SDS-PAGE

Jungkamp et al., Mol Cell, 2011



CRAC

CRosslinking and Analysis of cDNA

©
I
K%L
¢ ’
protein T IEIRRE HTP
RNase A and T1 digest lon-bead 5’ linker ligation
of TEV eluates
5" INVAG T e P S ddC-3’
l 5-InvddT——P—@8B—_ ddC-3'
Nickel purification under 5™InvddT ——P4@B—ddC-3'
denaturing conditions l SDS-PAGE
5.0H 5B 3.p + Transfer to
, y nitrocellulose
5 -OH—.-C} =P tag: HTP TAP
5'-0Hn3 -P ® - RNA crosslinked

membrane

on-bead alkaline
phosphatase treatment

to protein of interest

Autoradiogram

5-0H — S8R 3. 0H
5-OH—&- 3-OH
5"-OH 8- 3"-OH tag: HTPTAP
on-bead cut out band | <> - RNA crosslinked
3’ linker ligation of interest to protein of interest
5-OH v ddC-3' : . ,
e Proteinase K incubation
SOl ddC-3' l +RNA extraction
5-OH4&8 ddC-3'
5InvddT = ddC-3'

on-bead labeling
“P.yATP and
cold ATP
5.2p 8 dica3
5'32p @ ddC-3'
5"-9P e ddC-3'

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

5 Invdd T =t dd C-3’
5"-Invdd T =———t————ddC-3'

Reverse transcription, PCR and
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

Protei
Northern analysis roteinase K

treatment

Reverse
l transcription

cDNA
| Pcr

NGS



MRNA binding proteome

RBDmap RBR-ID RBR-ID |
uv - uv U S
X A RNoses == ———y
— s - =
RBP +4SU ) — == -
® *‘;‘fr o vs. T T
oo @ M 45U 4SU-labeled
..... S RNA
Mass spec

RNA binding domain identification

No 4SU

+4SU

RBDmap
UV Irradiation  oligo(dT) Protease  oligo(dT) RNase and RNA-Binding Region IDentification
capture digestion capture Trypsin proteomics
/l ®R®
‘\tg-AAA

- I - 'jP“‘ Identification of
",\Ji\/ f ~> } '!!l‘ h-‘ ’ )l
o o o / ) poly(A) RNA

' S .: Y, ? released / b' d' .
/ inding proteins
“WAD > M-AAA > 'NLAAA > "\LAAA _’ ﬁr(

TT®  RNA-bound
¥r Crosslink © RBP ( denatured RBP @& LysC/ArgC ™ trypsin ® RNase
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 p1
OOPS phenol  phenol:toluol
extraction extraction

[

pH<5
pH<b5 ' S pH

RNase digestion protein digestion
|

I
MS sample prep  RNA-Seq library prep

v v

MS ID RNA-seq
crosslinked RBP target
proteins transcripts

pTEX

OOPS, XRNAX, pTEX
RNP interactome, RPBome

OOPS - orthogonal organic phase separation

$ 254 nm Aqueous  \ [ ) s R
ST m | Acee s L $ L ’ =
1’\‘—; lysis
o T et | = : : : -
a_ . e [
owaric ) \_ )
XRNAX - Cross-Linked RNA eXtraction
\ B ) . .
UV Xlinking ‘
---.___,_.}_W wesg interphase ; |
. TRIZOL fé z
extraction -

DNA free free protein
protein  RNA  Xlinked RNA

—
washing
solubilization s - % { 4
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 w G G R ) )
RNase EoceasamaR Tt LC-MS/MS
d Trypsin
00 | ® ||| 100 > o0 — X0 Trypsin
® [ ® A ]—» A }iv
XRNAX single TRIzol DNase silica-based columns
uv S —_ proteinase
* —_— DNase Ptartilal | Si02 RNase
e, proteolysis LC-MS/MS
; N o > | 9 D Trypsin
: o L4 ]_> \4 = l | =¥ I I RNase Trypsin
° " 3 9
=0 = 22
\ )\ ) e (N .
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[ ) ( \ )
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" L ]_’> Tr;”in LC-MS/MS
® A ]_,

z/m
o —~— T i XXX
Proteins RNA Protein:RNA DNA Aqueous Organic Organic
(Phenol) (Phenol-Toluol)

Smith et al. Curr Op Chem Biol, 2020



TRAPP RNP interactome, RPBome

TRAPP/PAR-TRAPP - RNA-associated protein purification

TR APP RNase digestion ~ nuclease P1and
| trypsin digestion
RBP MS sample prep
with or + o
w/o 4-SU TiOz2 %I‘J)
S —
: 4 .
L phospho-nucleotide
I enrichment
v I ‘
crosslink
l MS ID
crosslinked
proteins
Si0z2
N

silica capture

RNA binding site map

RNA digestion

T Silica § i -
[1206] K protein PAGE
[2CJR _5?__@ { ; ﬁ % m

o i
One st : R
(+ 41U for w L)} % ne siep Elution

b) 5
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13 SILAC
[13C.~,] K ® o] Sarkosyl quantitative &
[ CG] R Na Acetate pH 4 stable isotope MS/MS analysis

labelling with amino
acids in cell culture

Shchepachev et al, Mol Sys Biol, 2019
Nechay and Kleiner, Curr Op Chem Biol, 2020

Queiroz et al, Nat Biotech, 2019

Trypsin
in-gel
digestion



RNA-protein interactions

HITS-CLIP

-

254 nm
crossllnk

IP of crosslinked
complex

S

RNA and
protein digestion

1
adapter ligation

1
reverse
transcription

-
deletion/
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PCR
RNA-Seq
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Chemical Crosslinking
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1
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1
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hay and Kleiner, CurrOChem Biol
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RNA-protein interactions

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

Oligo(dT)
o with or

w/o 4-SU
S

s

uv
crosslink

oligo(dT) capture
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1
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I
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v
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MS ID RNA-seq
crosslinked RBP target
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®  TRAPP

R
with or
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silica capture
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N

| 1
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v
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[
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\
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MS ID
crosslinked
proteins

RNA binding site map

Nechay and Kleiner, CurrOChem Biol’20



RNA chromatography in vitro

RNA/ specific
DNA incubation _ proteins
linker with washes separation
biotin protein extracts & \
I N
beao!s e ! ‘,"' - :&
(e.g. magnetic NN o, C* -
streptavidin) Y 4 Y,
contaminants contaminants

RNase-assisted RNA chromatography

RNAse A/T1

‘ A - - = -
/ \ 3 e

g E % g Ty

o - & ) - o

£ 8 & v E 8 & v

T 30 £ TR N

S &8 % E 8 8 3 E

- g 5y
- ° s' + RNases \5’ it
T / 5\

5

Y

beads

SDS/PAGE
MS

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
Crosslinking
- UV iradiation

p - Formaldehyde

l <— Antisense
biotinylated oligo

L

Streptavidin

(S,

Protein identification

(B) RNA aptamers

+ Q
>
Stem loops IGeneofintersst}- Coatprotein Tag
or
2e4 e

Transient transfection or
stable knockin

Crosslinking l '-
(optional) g H o

Cell lysis Incubate wtih biotin
A/\ Cell lysis

Proximity labeling

Immunoprecipitation

Streptavidin
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Elution

I 69

Protein identification x O

(C) dCas13-based approach
dCas13-biotin ligase gRNA

ORENe

l Transfection

l Cell lysis

O
4_
Streptavidin

'S’ beads
l Elution

O
@,

|

Protein identification
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RNA chromatography in vivo
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Oeffinger, Proteomics, 2012

Se?:::ti;n diges:.gfp:;teins e . .
Pyl "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



INCRNA-  CHART
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+ Sequence +
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Chu et al., Mol. Cell, 2011; Simon et al., PNAS " 11



Interactions IncRNA-proteins-chromatin

N
ChIRP CHART RAP
Crosslink Crosslink Crosslink
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Elute
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Yang et al, Cell Bioscience, 2015

Streptavidin breads



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

) Enzymatic

Chemical
probing

Enzymatic
probing

& One RNA
~ Vs genome

Nguyen et al, TiG, 2018



Intra- and intermolecular RNA-RNA interactions CLASH

Crosslinking
Ligation and
Sequencing of

Hybrids

\/\ \@“\
e =
A&
>99 % l <1%
A~
RNA A

\@/—\ / "—ﬁ\lA B

¥
\@/\ f@.’_o

I

i )
o RN g O A il

RNAA RNAB

Kudla et al., PNAS, 2011; Helwak and Tollervey, Nat Protocol 2014

Expression of tagged protein

rotein A6 xHis AGO1
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UV irradiation — protein-RNA
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Tandem affinity purification

\@ :<<| lgG-resin (1)
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A Y

Protein interacts with RNAs:
A, B CandD

RNA A interacts with BENA B
RNA C interacts with RNA D



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

Chemical and enzymatical - 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
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 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-N3 single-stranded bases X

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

PARIS AMT base-paired sequence X
partners

LIGR-seq AMT base-paired sequence X
partners

SPLASH biotinylated psoralen base-paired sequence X

partners

Graveley, Mol Cell, 2016



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

CRIS etc...

SHAPE

Base
pairing

Solvent
accessibility

In Vivo RNA Modification ~ sxsssssssnnnnns Reverse Transcription RRRRRRRRRRNR . lerar:(
: reparatior
40 RNA Extraction RT Stop Analysis (Structure-seq, LASER-seq, icSHAPE) P :
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:ERS Base or sugar modification ad SGQU?DCIHQ
Ribose-specific probes FUNA NN v
O= @ SHAPE 5 NN O NN NSNS Structure
Prediction
Protein binding Mutational Profiling (MaPseq, LASER-MaF, SHAPE-MaP)
cDNA mutation
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5’ 3 RNA
Base or sugar modification
3 5
5 NN QNN NSNS
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4 3N—> DMS
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“0—P—0—
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o
’ LEDC
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3 NH

2

O "OH B
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PARIS

LIGR-Seq SPLASH

AMT +
365 nM Irradiation

AMT +
365 nM Irradiation

Bio-Psoralen +
365 nM Irradiation

RNA structure

C 7 % 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

EWE

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
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