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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-seg - 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 (ChIP-chip, ChiP-Seq) - chromatin immunoprecipitation
indirectly reveal unknown ncRNAs

- RIP-Seqg - 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

MmRNA DEGRADOME RNA-seq
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DRS: Direct RNA sequencing of Poly(A) sites

AT3G02470 IXAT AT3G02480
3000
2000
RNA-seq 1000
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DRS _L :)0
TAIL-seq: RNA 3’ end sequencing

Total RNA> 200 nt, iRNAdepleted —— pgy(A) tail length and 3’ end modifications
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(251 nt) Sherstnev et al., Nat Str Mol Biol, 2012: Chang et al., Mol Cell, 2014




Poly(A) tail analyses

(A) TAIL-Seq

Total RNA (~100pg) Biotinylated

3’ adaptor

Poly{A)+ RNA

* 1. 3’ Adaptor ligation
2. Partial digestion

3. Biotin pull-down

4.5 Phosphorylation
‘ 5. Size selection

6.5 Adaptor ligation

WU FUSUAUA A

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

Nicholson and Pasquinelli TiCB 2018

(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 biotindUTP

<

R

=
TTUTTTUT

w

TTTTUTTT I

TTTTTTT T
[ AAAAAAAA

[ AAAAAAAA

(€) mTAIL-Seq

Total RNA (~1-5ug) Biotinylated

3’ adaptor

Poly(A)+ RNA

| —]
|
Non-poly(A) RNA

Splint oligo

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

Read1
RNA identifier —>
< Read 2
Poly(A) length



Poly(A) tail analyses Nanopore

(D) Nanopore direct RNA sequencing T TAAAAAAAAAA
Total RNA (<0.5pg) Well-translated / \ Poorly translated
I transcripts transcripts
Poly(A)+ RNA I Custom splint

I
Non-poly(A)RNA 1 3 Adaptor ligation
2. Optional reverse transcription
3. Attach sequencing adaptors

4. Sequence with nanopore

Nanopore readout

Current

Nicholson and Pasquinelli TiCB 2018



Nascent RNA analyses

IP-based, formaldehyde crosslink Purification of transcribed RNAs
a Chromatin-associated RNA enrichment £ Runon RNA enrichmerit TSS, short
* Cap enrichment Start seq PRO-cap
» Size selection e
* Sequence
Biotin
affinity
High-salt punﬁcatlon
washes
NTP-biotin run-on 37

L‘y\ﬁ 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 IP RNA
— w—p MNET-seq

Feed cells 4sU \. Chemical
conversion Timelapse-seq

66—

Wissink et al, Nat Rev Genet, 2019



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

* Canbeused 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

¢ |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

e Captures RNAs from transcriptionally
competent polymerases

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

* Allows de novo calling of putative enhancers

e Simultaneouslyidentifies 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
capping pausing RNA processing
Chromatin isolation-based methods
caRNA-seq No No No Yes 107107
Start-seq Yes* No Yes* No
mNET-seq No No Yes* " Yes 0204
SMIT-seq No No No Yes %1t
Run-on methods
GRO-cap and PRO-cap Yes** No No No
GRO-seq, PRO-seq and No No Yes* #4674 Yes'®
ChRO-seq
CoPRO Yes* Yes* Yes* No
Metabolic labelling methods
TT-seq No No No No

Imaging-based methods

Intron sequential FISH No No No No

Wissink et al, Nat Rev Genet, 2019

Transcription
termination

No
No
Yes
No

41

No

Yes*?

No

Yes*’

No

PollICTD
modification

No
No
Yes-%l‘b‘i

No

No
No

No

No

No

Transcription
bursting

No
No
No
No

No
No

No

No

Yes™



Analysis of Nascent Transcripts- GRO-seq

S : human
o run-on transcript
Hy s ““Jj labeing with 4-thioU/bromoU plant
o AT ke PN insect
o] iO? worm
OH OH OH H
4-thioU bromoU
Polymerase Promoter Terminator
Isolate and * Reverse Transcription

hyrdrolyze RNA

N }sL,‘ X cCapremoval _/—fﬂ}\'?:
A ~ /LTS

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

I~/

ol )»Y—’ - _’ 5' end MPSS

llumina 1G Genome Analyzer
Wash / Elute *

Y""" ’ Core et al., Science, 2010



Analysis of Nascent Transcripts

yeast
4-Thiouridine ! Biotin Ii]
4 . Total Unlabeled Labeled
1 )\Jj ¢ Streptavidin
HO
Nucleoside- |; _\J \
transporter y
hENT1 P 1t ‘
! ! ! Streptavndm
Expression of Incorporation Labeling of Cell ysisand  Biotinylation Unlabeled
human nucleoside- of 4-thiouridine nascent transcripts total mMRNA mRNA
transporter hENT1 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
l. Isolation of Polll-bound RNAs
m’G r
"l m’G
Freeze, Iysel
Polll-IP
Polll specific Ab
P Polll-tag
m’G
RNA
Library generationl 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

2N\ VAV AW
A/ \AAAAL
VNV ANANAN A

Purify biotinylated

+ 1 RNA

+ AVAVAVAVAVAV, L
0 AVAVAVAVAVRE 0

.4

l Deplete rRNA

ANNNNN
ANNNNNLRAAR

lFragment RNA

A A

ATAVAV

MATAY
VNV an, 100-200 nt

AVAVAY

Spicuglia et al., Methods, 2013



Comparison of different RNA-Seq approaches

(A) Short RNA-seq

SR

(B) PolyA / Total RNA-seq

Pt

Extract total RNA

(C)lNascent RNA-seql

NET-S%“W

Grow cells in

(D) GRO-seq

Extract nuclei and
'“} perform nuclear run-on
~? .. assay with Br-UTP and

g 8

w

\_/ Sarcosyl

presence of 4s

D

ann, VWV
AAAA
MV AAARANA A
ANN
AN\N\N\NN \ Sequence
specific capture
1510 50 nt
Size-select small Select polyA RNA
RNA by PAGE vand/or deplete
N ANS\AAAAA
N, 15-50nt l\/\/\/\/\NAAAA
RAVAVAV)
lFragment RNA
AN AN
MV A, 100-200 nt
AN\

Extract total RNA
and biotinilyze 4sU
labeled RNA

W"\M

AAAA
NN ASAANMAR
NN o

Purify biotinylated
*é* RNA
< NN NAAAA
NARNANN ;N»
l Deplete rRNA

ANNNNN
ANNNNNPAMA

lFragment RNA

NN\
N AN,

AL IPPTS

YAVAV

100-200 nt

Extract total RNA

LV, RAVAVAV]
AAAA

N AARAANANAMA
LV, 7
\N\N\N\NN\
Purify Br-UTP
labeled RNA
L VAV,V

LA

Fragment RNA

AAYAY]
100-200 nt

| !

Ligate 5'and 3'
RNA adaptors

cDNA

lSynthesize

A=

Spicuglia et al., Methods, 2013
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RNA MODIFICATIONS
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Reversible context- mod.-specific Fidelity/efficiency Effect on
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Interaction translation

MRNA splicing, export, localisation, decay, translation, innate immunity
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Sibbrrit et al, WIRESRNA 2013



RNA MODIFICATION

(a) Detectionofm®A @ (b) Detectionofm’c @@

‘ ’\/x\h ‘ Poly(A}/ ol & mx
/q,\ ’X\M IRNA-Gapletod RNA sample W -

and Bisulfite treatment and \
A ‘end-polishing’ of RNA Vertfication by
IP with antl-m®A antibody Input RNA control locus-specific saquencing

|
LI SN

Library preparation, HTS, mapping to reference ganome

/ N\

m®A peak dataction Detection of unconverted C's
lCDS éosl 1
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start end R 00
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3 g g

Cytosine residus

Sibbrrit et al, WIRESRNA 2013



m6A-specific Ab IP seq

m°A RNA-seq

assisted m6A seq

\}N\/"

IP with
anti-m®A antibody

% A

Elute RNA

25
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Input
control
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Sequencing
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l Proteinase K

Reverse
transcription
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Truncation
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i
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A

®
@®miCLIP-called sites

\ miCLIP )

IP with
anti-m®A antibody
Supernatant Eluate
m®A negative meA positive
v .\/\AAA \)\AAA
Input \/\AAA \/"\AAA
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Li at al, Nat Methods, 2017



antibody-free
m6A-seq

O
>
A
o
0
®
o

RNA

modification targets

APOBEC1-YTH- /
exprassing cells /

deamination
adjacent to

APOBECH1

« Cytidine deaminase APOBEC1 fused
to mSA-binding YTH domain (reader)
« APOBEC1-YTH induces C-to-U
deamination at sites adjacent to m6A
« detected using RNA-seq

Detect C-to-U editing events

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



m°C RNA-seq

b c d
\/\ m°C
l Feed
Fragmentation with 5-Aza-C

SfzarG NSUN2-C271A
l Bisulfite treatment \}N ~ \)_\ methyl-

“ Overexpress transferase

U * IP with methyltransferase

\-}.\ anti-m°C antibody Covalent bond

m°C Covalent bond formation
formation

_ N

' . . . Immunoprecipitation Immunoprecipitation
Library c?nstmctlon l Library c?nsu'uctlon l Library construction & l Library construction
Sequencing Sequencing Sequencing Sequencing

T _"' = Called m*C site

[
C _.- E
l C
m°C peak
Bisulfite-seq m°C-RIP Aza-IP miCLIP

Li at al, Nat Methods, 2017



Identification of NAD* capped RNAs

A ’T\IAD+ capture

5'N™p p Ams 3
; clickablealkyne
alkylation | addition
5% A e— 3
pr

click chemistry
J biotinylation

3
biotinylated RNA

5, PPAm—
}

isolation
5 ppA=— 3

& High-throughput
> ¥ sequencing

Q

5 5’NAD"

ttreads
|

A

Total RNA — M7G decapping — RNA fragmentation —»

[ N, NAD* NH,
N “zNh Ho Y Nenen NN,
P Ay OH OH : e
: 0. 0-P-0-P-0 N"! 1-Azidopropan-3-ol NN
0 o i
OH O OH OH ! ADPRC
‘ (+ 4-Pentyn-1-ol )
RNA
I\ ? n—Bio(in NH,
“NM Nﬁ:"\
1 0 o OH OH
S NN
0__[0-P-0-P-0
SPAAC > a8 B

CuAAC (+ biotin azide)
RNA

NAD tagging

W

OH O

Adres Jasche (2016); Yiji Xia (2018-2022)
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P 3 / n
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©
(3]
o
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Enzymatlc processing SP ¥
(2) 5' adapter ligation
+ gel extraction
$N//N' (3) cIDNA synthesis
OH OH [ ; Rai1 | + gel extraction
B [XbelafefN]om —— o= 5 =3
e % J (4) emulsion PCR
RNA pol”- p.p- | + gel extraction .
' 3 5|
/ | raction
NNNVQ;\{/O 1 Gel ext a ° J (5) sequencing
) y
e L i B
° % [ NNNNNNNNNNN BT
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barcode/UMI| 5'-end seauence

Vvedenskaya and Nickels, 2020, STAR Protocol



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



RBP - RNA binding proteins

transcnptlon ———
\ J 4 \ 77 \

.“,H DNA ,\’\‘

pre-mRNA ¥ W ‘r
_ RBPs

5' end cappmg

splicing O mRNA

pre-RNA proccesing T @ packaging .
R i

i
= kl
3’ end proccesing paraipf_(_:._.e
PP &

pre- mlRNA
proccesmg

Kilchert et al., WIRES RNA, 2020

~~

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

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



GENETIC SCREEN- YEAST THREE HYBRID

very artefactual

Gal4AD-prey

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).



OLD-FASHIONED BIOCHEMICAL PURIFICATION

Tae JournaL or BroLocicAL CHEMIBTRY
Vol. 249, No. 18, Jasue of September 25, pp. 5863-5970, 1974
Printed in US.A.

Isolation, Structure, and General Properties of Yeast
Ribonucleic Acid Polymerase A (or I)

(Received for publication, December 28, 1973)

JEAN-MARIE BUHLER, ANDRE SENTENAC, AND PIERRE F'ROMAGEOT
From the Service de Biochimie, Département de Biologie, Cenire d’Etudes Nucléaires de Saclay, 91 190 Gif-sur-

™ Yvette, France
g 05 —] v.ev
-
o TasLE I
-l e Jos E Summary of RNA polymerase A purification
g g Values are given for 300 g of yeast cells.
03 - oi
g w0 g Fraction or step in purification Volume | Proteins J;‘ﬁ,ﬂy fg‘::'lf;
02
'y ml mg uniis units/mg
"uk 1" g 1. High speed centrifugation..| 530 (2,300 | 21,000 0.9¢
e 2. Phosphocellulose bateh. ...} 290 185 | 38,000 203
_ v 3. DEAE-cellulose bateh. . ... 300 21 | 25,000 | 1,200
' A ] ] 1 ] ] vz 1 1° 4. DEAE-cellulose chroma-
e 0w W R w ¥ tography.................| 30 2.5 3,000 | 1,200
FRACTION NUMBER 5. Glycerol gradient.......... 5 0.5/ 900 | 1,800
Fi1a. 1. DEAE-cellulose column chromatography. Fraction 3
(15 ml, Ass0 »m 0.8) was applied to a column (5 cm?* X 16 em) of @ RNA 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-ul aliquots for 10 min under standard conditions.
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e :’“ RNP IMMUNOPRECIPITATION
w IP, co-IP With specific antibodies

¢ Tissues

Generation of extract

1 E e
Immunoaffinity capture or USIng tagged prOtelnS
= U snRNPs with anti-TMG cap antibody
J = . 5
2 E
1 <=2 =
Washing steps ZLE E M
1 ,
Elution 0k e 925
i Western B 66.2
§ SDS—PﬁGE BlottirE 45
N
z = 5 25
< — = = Ly -
S — | = - o E
e In solution In gel g &=
o Proteolytic digestion U2
@ 1 U1 C
g ; Mose spegtmmelry RNA analysed by: i 215
s g‘ - pCp labeling (3’ end) 5
S e | - northern blot Us U
m/z - -
§ 1 - primer extension de E
Computationally aided
§ protein identification - RT-PCR G
1] - RNASeq
; !I’\\_I Bochnig et al, Eur. J Biochem. 1987

(Luhrmann s lab)



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
70K>— A ‘&y B - f C 15SUS _I18S Ul
& & ® 12 13 14 15 16 17
< § \ad
AW D Ty & ,
A i $ O .
- - =
B’:= u2-, : 205 - == s
B U1 e
U e N . 6 =
C- U4 - | k=B 97- /
D U6 - 484 s 6:_’ USS - oot s o s
U1
E- — = 1-55 w
== -USL |- u

G

-Uss
45 -

31-

1 0 8

w15 D2 -
SN -12 E "=
|3 F
& i0 D3
9 G

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




TANDEM AFFINITY PURIFICATION (TAP)

C-terminal TAP tag N-terminal TAP tag

iy ce- Tev [BItA [Prota] rev LIl ex

C

. @ TEV protease
Interacting clevage site

S
© Nm
/ Target

" Binding protein  Calmodulin Binding
Contaminating Peptide

proteins

©
X ©
4 Xi First column
©(§_] 5 \ IgG resin
TEV protease —
cleavage V/{
Ye®©
X
Second column
Calmodulin resin
Native elution ‘
with EGTA

& Purified complex

C

C wa

n2
68

11¢
L1

— e Suiip

o == «—— PrplSp « Prpdip
— a—  Prpd2p + Namip
Snubep

o, —

E Snpip
s —
o D .
= — é-"'u'g?: usual yield:
1mg of protein
complex from 300mg
i ~ ' of total protein
e w wwwwww w (100 000 X purification
at 30% efficiency)
—= == g ==
B8== -
BSSE &- —
¥promacse o ~ . =_.



MODIFIED TAP tags

Original TAP tag

Modified TAP tag

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

mammalian cells

TAP cap@-| Proth || ProtA |

GS tag SBP ~ ProtG - ProtG

SFzZ 3xFlag @{ ProtA || ProtA |
SIS

mDYKDDDKgsaasWSHPQFEKgggsgggsgggsWSHPQFEK

B B [ -

WSHPQFEKgggsgggsgagsWSHPQFEKgasgeDYKDDDDK

Drakas et al., Proteomics, 2005

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

Oeffinger, Proteomics, 2012




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 P
S < r Secondary antibody
A '}‘ v"f A a
LI " P . (or Protein A, etc.)
4 P S 3
e e P e o -
. A Agarose beads and
magnetic beads
‘\}N ﬁ’ »
Washing Elution j’ Al v SDS-PAGE or
';m)_ V ) '«{s ‘( Western blotting, etc.
Dynabeads® M-280 Dynabeads® M-270
Tosylactivated Epoxy

AN-H-@GH.

G

Dynabeads Y Antibody
N ProtenAorG 9 Target protein

¢ Nonspecific protein

| Start with:
Dynabeads Protein A
or Y
Dynabeads Protein G !
Add antibody :
£
e @ Q') 10 min £
Add sample
o 10 min

Wash on net
Remove unbound protein

Elute

o 10 min

Finished in <40 min

Diameter 2.8 um volume 40 000 smaller than agarose/sepharose



PAR-CLIP

PhotoActivatable
ribonucleoside—enhanced *
CrossLinking and
ImmunoPrecipitation

HITS-CLIP:
High-Throughput Seq CLIP

500

HO
4-thiouridine (4SU)
-]
! \l)‘\'\m

5-iodouridine (5IU)

Nab3 PAR-CLIP

KS—EAO
_/O_

5-bromouridine (5BrU)

Kesd

o
O

o oH

6-thioguanasine (6SG)

500
Nrd1 PAR-CLIP

i .
I

5]

Nrd1 ChlIP-chip

IFINPUT

y -

R —

) YJR124C EN T3 VPS 70 : RSF2 B : YJR129C
g el TR e
24 *
g UU UA e LCUU-U
= i e o ! 23 456 78
Nrd1 motif 3 Nab3 motif

Creamer et al., PLOS Genet, 2011

Hafner et al., Cell, 2010

http://lwww.jove.com/index/details.stp?1D=2034

UV, 365 nm

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

|

o G

SDS-PAGE
autoradiography

'

electroalution

l proteinasa K treatment
2p U’d OH
cDNA library preparation,
PCR amplification
-:g:-
Solexa sequencing
UV(nm) 254 265 365

kDa
150 —

75—

- 48U 5BV 5IU




in vivo PAR-CLIP

—~ 555 L A
\ A/

Lysis
M ) AN = S
Labelmg UV-crosslinking Immunoprecipitation
RNAse treatment
radioactive labeling
NNNNNNNN TNNNNNNNNNNNN ey > g,
———NN CNNNNNNNN-—— _ @ TBDe ]
——NNNNNNC NNNN DNA Ebrarv
—--====-—-NNN C NNNNNNNN--------- deep sequencing e
Computational Analysis SDS-PAGE

Jungkamp et al., Mol Cell, 2011



CRAC technique:

CRosslinking and
Analysis of cDNA

u
It primer extension Ug-gu
] crAC 220 U-A
Rrp9_05 CBeeeTT6e- 12 Jen-230
Rrp9 06 TGCCGTTGE- 21 I
Rrp9_07 *-GCCGTTGC- 12 3:2 ,
Rrp9_10 IPT_GCCGTTGE- 20 ceu Helix2
Rrp9_15 [PTIGCCGTTGC- 13 ‘l}:g
Rrp9_33 PT-GCCGTTGCA 13 G-C
Rrp9_36 TEECCTTGC- 13 210-u-a
binding site: U3 193-GduuiGecGUUGC-206

Helix 4
170
160 | CU 180 yaa
A ecuy ol Ven™
0 GO GEE-§E0— RODHR &
ve ) cf—A B
7 Rrp9 130"
140 BoxB  ,.q
%} box B/C stem Il
1loi_§;§; 260
U3 snoRNA A 270 U 280
c-G G A
(U3a) ACCCA  UCCUAU
UGGGU ___GGGAUA
2 0o (15)
cE-0 D)
A-U \*31)0 A
U-A A
100-§ Nopsé
Y& <— Nopf
c-G
Helix 1a gt
U
A C
Box A 909ccu
. «— Nop58
Helix 1b ;ﬁx:%?b s '
, 16-C: hox C'/D stem ||
BoxC’ iJ¥.
ik UG-A Box D
U=A SO-UG
U-A
G-C
Cc-G -A- 330
50-U-A-60 70 U-A
G | c- | C-G
5’ -GppPGUCGA-UDACUCUUUGA CCACUGAAUCCAR-U
T 5' hinge 3' hinge
Nop58

Granneman et al., PNAS, 2009

A 1 gram of cells, harvested at
oD, ~0.5

invivo: yv
extract preparation

IgG purification step

TEV cleavage
invitro:  yy —»

Nickel affinity purification
under denaturing conditions

/N

TCA precipitation

v

o
B &
[ Protein__ [IELZEY HTP
Q A
i
[ Protein | [[IENZCLY TAP

Proteinase K treatment,
RNA extraction

Western blot analysis Northern blot analysis

C

RNase A and T1 digest
of TEV eluates

lon-bead 5' linker ligation

5'-Invdd T =P 4dC-3’

l 5'-Invdd T —3?R ] ddC-3’

Nickel purification under
denaturing conditions

on-bead alkaline
phosphatase treatment

5.0H——@B 3 0H
5.0H—@B- 3-OH
5-OH-&8-3-OH
on-bead
3’ linker ligation

5-OH o ddc-3’
5-OH—@—— 44dC-3’
5-OH 48— ddC-3'
on-bead labeling
#2P.yATP and
cold ATP
5'.%2p & ddC-3’
5-32p ———— ddC-3’
5.52p 8B ddC-3'

5"-Invdd T =P 4dC-3’

SDS-PAGE
+ Transfer to
nitrocellulose
tag: HTP TAP
D - RNA crosslinked
to protein of interest

membrane

Autoradiogram

l

tag: HTPTAP
cut out band | <= - RNA crosslinked
of interest to protein of interest

Proteinase K incubation
l +RNA extraction

5-InvddT = ddC-3’

5™-Invdd T =t ddC-3’
5"-Invdd T =t ddC-3’

Reverse transcription, PCR and
TA cloning or lllumina sequencing



i i UV 254 nm
Tag
RBP

Lysis
Partial RNase digestion

lgG immunoprecipitation

TEV cleavage
IMAC affinity purification

3" adaptor ligation

5 RBP. 3

l 5" adaptor ligation

5' ‘ BP 3

lProteinase K treatment

5! 3’
' Reverse transcription

Li et al., Genome Proteome

Bioinformatics, 2014

cDNA
lPCR

l

High-throughput sequencing

CRAC

UV 254 nm
RBP

Lysis
Partial RNase digestion
IP of crosslinked complexes

3’ adaptor ligation

5' li!, 3
Proteinase K treatment

leaves polypeptide (@)
at the crosslink site
5' ' — — 3l
5" adaptor ligation Reverse transcription
Primers containing twc
p— £ adapters (blue) and
5 3 barcode (green)
Reverse franscription
Truncation
Deletion or mutation — A
I 1
3 cDt
- DA |circularization
Read-through
—
cDNA
l PCR
o~ Linearization
.

1
]
l | Per
High-throughput sequencin¢ High-throughput sequencing

HITS-CLIP iCLIP

4-thioU UV 365 nm
»

Lysis
Partial RNase digestion
IP of crosslinked complexes

3" adaptor ligation
3!

1 Proteinase K treatment

4
5,_‘@
‘ 5’ adaptor ligation

5 -0 3

lReverse transcription

"

Transition
;‘?l}"

G’
Read-through
-@

Jpcr

G
-0

l

High-throughput sequencing

PAR-CLIP

cDNA

cDNA




MRNA binding proteome (poly(A) BP)
M Peptides

RBDmap RBR-ID o
uv uv ——

\ ﬂ RNase + — e

protease = = T -

P RED, i 80
VSs.
Protease @ ‘ -4SU 4SU-labeled
S RNA
Mass spec

RNA binding domain identification

+4SU

No 4SU

RBDmap
UV Irradiation  oligo(dT) Protease  oligo(dT) RNase and RNA-Binding Region IDentification
capture digestion capture Trypsin proteomics
/ ®® J
= D L
g > H
AAA %
) input
> D » | QX 4,
/ )2

4 / / ) ®. /' T released /

“WAO i o .NQHAAA - ‘N‘LAAA > —\LAAA (
TTT. RNA-bound
¥r Crosslink © RBP .;jf‘ denatured RBP @& LysC/ArgC ™ trypsin ® RNase
peptides: ) released ¢ N-link & (RNA) X-link
L
RBDpep Castello et al.; He et al., Cell, 2016




OOPS, XRNAX, TRAPP RNP interactome, RPBome

OOPS - orthogonal organic phase separation

XRNAX

TRAPP/PAR-TRAPP - RNA-associated protein purification

OOPS

XRNAX

UV Xlinking

TRAPP/PAR-TRAPP
[12C6] K "‘
PR (a

(+ 4tU for Lysis
>AR-TRAPP)
[PCd K (@
[13CG] R ]

$ 254 nm

Aqueous ) ( \
3 - 5 ~— w
X s = AGPC ’
L~ lysis
e ’\' Protease s
digestion ° , >
@rgamc 5, - ‘
e m————— . .
interphase 1.‘.' o053
G washlng
solubilization \ ¢
DNase digest
DNA free protein concentration protein
protein RNA Xiinked RNA Xiinked RNA

Sili RNA digestion
Hnica WE

fﬂm
Trypsin
in-gel
digestion

% One step

Guanidine SCN lsolauon
Phenol SILAC
Sarkosyl S %ot
quantitative
Na Acetate pH 4 stable isotope MS/MS analysis ff— ,!_T’
labelling with amino e

acids in cell culture

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



OOPS, XRNAX, PTex — organic phase separation

OOPS tripple TRIzol RNase
f = — N 4N ) )

RNase R e LC-MS/MS

mm&{o > nwa&{ > m&d ]3> >00¢ T:;E:in
;/ ;./ x;) LLJ]_’;AJ]_’ =

— single TRIzol DNase silicabased columns
uv P proteinase
f S DNase _Partial | Si0z RNase
LN proteolysis LC-MS/MS
: &4 % o > | - $ Trypsin
o e }_’ \4 i I l = l l RNase Trypsin
® > d 9
o s ]__>
-— ey (A ar
henol:toluol Benzonase:
P double TRizol
PTex * - H7 RNase+DNase
Y —— () )
ez e = Benzonase
/’ Y [ ) \4 ’ LC-MS/MS
L S ]-’ ] Trypsin
@ ® A ‘ bl >
- 4 \— ;) 4 o
m
O —~— ) e XX
Proteins RNA Protein:RNA DNA Aqueous Organic Organic
(Phenol) (Phenol-Toluol)

Smith et al. Curr Op Chem Biol, 2020



RNA-protein interactions

HITS-CLIP

RBP,

&

254 nm
crosslink

IP of crosslinked
complex

ST

RNA and
protein digestion

1
adapter ligation

1
reverse
transcription

deletion/ =

mutation  cDNA
I
PCR
RNA-Seq

UV Crosslinking

iCLIP/eCLIP
RBP,
254 nm
crosslink

IP of crosslinked
complex

K

|
RNA and
protein digestion
1

3’ adapter ligation

1
reverse
transcnptlon

truncatnon

cwcularlzatlon or
5’ ligation (eCLIP)
PCR
RNA-Seq
l

PAR-CLIP

365 nm
crosslink

IP of crosslinked
complex

£

|
RNA and
protein digestion

1
adapter ligation

1
reverse
transcnptlon

/— Uﬂ

mutatlon\j

cDNA

PCR
RNA-Seq

v |V «

CRAC

254nm
crosslink

1gG purification

|
TEV cleavage

denaturing nickel
purification

HlSs: Ni

|
RNA and

protein digestion
1
adapter ligation

1
reverse
transcription

cm&

|
PCR
RNA-Seq

RNA-RBP
target transcripts

Chemical Crosslinking

Aza-IP

miCLIP

C271A
NSUN2

covalent enzyme-RNA adducts

v

IP of crosslinked
complex

1
RNA and
protein digestion

'
adapter ligation

1
reverse
transcription

“ring-open”

= "4~ 5-aza-C
C\/
PCR
RNA-Seq

v

IP of crosslinked
complex

NO

1
RNA and
protein digestion

1
adapter ligation
1
reverse

transcription

polypeptide

I
circularization + PCR
RNA-Seq

LYK

RNA-MTase
target transcripts

Nec

Cc

RNA Tagging

RBP,
poly(U)

pol
</

uuuuy

|
RNA isolation
]
3’ G-I tail addition

poly(U)-selective
reverse transcription

\/\'UUUUU\

AAAAA=Y

|
RNA-Seq
library prep

v

LYK

RBP target
transcripts

Enzymatic Tagging

TRIBE

I
RNA isolation

1
reverse transcription

1
*Cv
cDNA

|
RNA-Seq
library prep

v

LK

RBP target
transcripts

hai and Kleiner, CurrOChem Biol’2




RNA-protein interactions

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

Oligo(dT)

w/o 4-SU
S

NH
SN | |N/go

uv
crosslink

oligo(dT) capture
@
1

RNase digestion

1
MS sample prep

v
|||

MS ID
crosslinked
proteins

b

RICK / CARIC
\\@o s S,

Vj

uv
crosslink

cuAAc | B\ N3

reaction - ;
biotin-azide

streptavidin
capture

Sav

RNase digestion

1
MS sample prep

v

MS ID
crosslinked
proteins

Cc

RBR-ID

RBP

+4-SU

uve
; ) crosslink

’

o

capture all
crosslinked proteins

1
RNase digestion

1
MS sample prep

v

no 4-SU

*
A
MS ID
crosslinked peptides

Phase Separation

RBP

with or
w/o 4-SU

4/

XRNAX
OOPS phenol
extraction

pH <5

1
RNase digestion

1 I
MS sample prep  RNA-Seq library prep

v

uv
crosslink
pTEX

phenol:toluol
extraction

|
protein digestion

v

LK

MS ID
crosslinked
proteins

RNA-seq
RBP target
transcripts

TRAPP

R
with or
w/o 4-SU

BP
uv
crosslink

silica capture

Si02

N

| |
RNase digestion ~ nuclease P1 and
1 trypsin digestion

MS sample prep *
PO3"
TiO2 *r—’ )

phospho-nucleotide

I I enrichment
* (iTRAPP)
MS ID
crosslinked
proteins

RNA binding site map

Nechai and Kleiner, CurrOChem Biol’20



RNA CHROMATOGRAPHY in vitro

RNA/
NA , '
incubation
linker i washes
biotir protein extracts
beads ’\ NPT \' N
(e.g. magnetic -", \ i
streptavidin) 2 0 \/
contaminants

RNase-assisted RNA chromatography

+ ° S.E + RNases \ 5/
"’ /
o A9
SDS/PAGE
MS

Hegarat et al., NAR, 2010; Michlewski and Caceres, RNA, 2010

specific
proteins

separation i é

e

contaminants

RNAse A/T1
£ R =
: Pz 5 at
o ‘TS (o)) :é
E 8 © v E 8 & %
T 8§ L o T 8N x
& R ¥ F 88 8 E




RNA CHROMATOGRAPHY in vi S
In vivo omo®
O=0
@ (b) (c) (d) (e) . oos
Ny oA ” AG
\,_q l‘ ’ » U C 2 00 < U: <U
( A Cwd 10— g ' - < m-o "
/ 53, dd g'A o O < U=
:_f 128 it » £ S ¢ > S0 % o
P - "amn
l l.'h? é‘ 2 U= A 2’(: < OO0 < o o0=v
L & A H 2O gl
bmh c=G i i} -4 £ §. < O P ©
) ol L=y Cow @ e ® Vv - Qe 9
T 9 A=U ) ’ / C-G Q=0 Co-o
b=t b= A=) a=g | A - o) -
o SR o O o5 (G : ] c8-En <9
g ——Amy= g ——A®— g —U=A— * L | n ™ O=0
Teb o-0
MS2 Qp PP7 box B nut L/R U1A NRE Streptavidin I _

Streptomycin

RNP purification from cells expressing RNA with affinity tags

RNP:
UlIA
Ulhpll

N*‘]E]IgG beads
First affini %
- Washes Tev cleavage Washes

Anti-myc beads{ MYC |

Second affinity —_— '
binding o ELUTION e
- Washes Myc peptides

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

Y IgG beads

i
% I
“iJ—~ﬁ



in vitro methods in vivo methods

RNA chromatography
+ L

tagged RNA lysah

i K5 4'

immobilize RNA
to support

UV crosslinking

PAR-CL

Faoro and Ataide, FEBS Lett, 2014

capture proteins
from lysate .
+/- UV crosslink
w9 chemical
‘ crosslinking
» , capture RNA crosslinked Ab-conjugated
D to proteins from lysate magnetic
'wash unbound l beads
proteins |
Elute RNA-protein Denaturing
Elute RNA-protein from support elution
from support
—

w3
\

¥ »

»

mw

reverse crosslinking
separate in
PAGE gel

tandem
LC-MS-MS

{.

| o

0300 B0 B0 W0EH T 136 1300 1480 18D VG0 1790 186D 1980 2600

Q

Y \

Protein Tryptic
separation  digest of proteins
RNP isolation - i

via epitope tagged
apatmer binding protein

i
Interney

1000 oo
"z

Mass spectrometry

Oeffinger, Proteomics, 2012



CHART i

P ~pr

CHART Cross-link l

Crosslink S
Sonicate m.mP I n CR N A

Hybridize biotinylated

tiling oligos prOteins

Fragment

GBD%DD%DDDDDD@?DDD

z - C-Oligo (CO) /\ﬁ\ l Hybridize RNA to CO

- Linker SAV Immobilize on beads
- DSB or Biotin bead Rinse

(S (|

. A 2 . 45

Elute l

CHART enriched material

DNA Analysis Reverse Protein Analysis
cross-links
Isolate DNA

* Sequence +

|J J - N
S ——

o DNA
Rep j\\w

Purify on bead “
and wash streptavidin
magnetic beads

=f,

2XPME

RNase A, H)\
CR; X]DDWDE
~

RNA binding Genomic DNA
protein

+

Chromatin Isolation by RNA Purification

- P

ARANNNRN A

Capture Hybridization Analysis of RNA Targets

Western Blot

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



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

' Enzymatic
cut

Chemical
probing

Enzymatic

probing i l Ligation

UV365nm

o \ .
Fozyinate 5 Vs genome
cut i

Ligation

Psoralen
derivatives

Y One RNA
VS genome

Nguyen et al, TiG, 2018



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 mMRNA regions are more structured than UTRs!

mRNA
5 cap @————————AAAMAA

/ AL o1 \
b STal

a
V1 é RANasa V1 digastion S1 nuclease digastion
. 5P ' .— k—
l Random fragmentation l Random fragmentation
. 5P 5" 0OH .— 5'P W 5" OH
Library preparation Library preparation
l deep sequencing l deep sequencing
V1 profile S1 profile
i3 E
Ep £
LU ! 8 e B 8
AGGCAUGCACCUGGUAGCUAGUCUUUAAACT ... AGGCAUGCACCUGGUAGCUAGUCUUUARACC ...
B s . 1 1 C——— )
\ l s /
s s
PARS score
L d s

Kertesz et al., Nature, 2010
AGGCAUGCACCUGGUAGCUAGUCUUUAAACC ...



PARS: Parallel Analysis of RNA Structure

volecular cell - Genome-wide Measurement of RNA Folding Energies
Rob TI\t/I)oIrz?cular Cgll 18, 163—:\;31i(00tober 26,2012
,4 Robert Tibshirani,* Debora L. Makino,®

Yue Wan,' Kun Qu,"8 Zhengging Ouyang,'->2 Michael Kertesz,® Jun Li
Robert C. Nutter,® Eran Segal,”* and Howard Y. Chang'*

»

RNase V1 )E heat
| = 3'OH @ 3'0OH
l library construction

deep sequencing

library construction
deep sequencing
V1 profile V1 profile O
2 ) O o g
S O o 3 opo O
o o O O o
* i *
UUUAGGCAUGCACCUGGUAGCUAGUCUUUA UUUAGGCAUGCACCUGGUAGCUAGUCUUUA
SCR1 }Q """" “
% e :
% - o i :
Voo A 3 g
$. A e
- 7\.Y> <120 0 ;r':‘ :
- R 3 $ i :
% hoset | gia 12
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P St 9907\ 11 _est N:imiw DU T - > - e G oo 8
a}&‘s{ ;fa: Wh5s s J:;}—g‘g“g‘gﬁ. »J--.m-;—ﬁ-m"* oy Ty )J d;’% :Jg‘;}‘/-’ J<I 5 ‘g-’fgﬂ?z : |
L P ) '
520 A ':r;’ b ?
Vod .
W “"@ o
o
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Tm —— [ro—

Regulatory Impact of RNA Secondary Structure across the 1hepiantce 2012

Arabidopsis Transcriptome™
Fan Li,ab.c.1 Qi Zheng,??:1 Lee E. Vandivier,2?-4 Matthew R. Willmann,2? Ying Chen,2::¢ and Brian D. Gregory?b.¢.d:2



CLASH (intra- and intermolecular RNA-RNA interactions)

Crosslinking os] e =
Ligation and Soo| e =
Sequencing of © 031
Hybrids % 0]
~ 0.2-
0.1
" i

Nop1 Nop56  Nop58 Brr2

>99 % <1% -
o o - \’ AAAUA Cc
RNA A 5 ke Ve e
GUA.I
= L
. RNA B g s
A
v | ", e, $23
A Ay
: ucfclcl”f””‘f”‘AW% i
\@,’\ g D Udddabeddhd Aalanua
i s
@c.';uc
¥ UCAGGE A GGUAC'\O, 4
i Uelil- 1111 A
o T i O TN r g AAUGCU  CCAUA
ALC A
RNAA RNAB :

Kudla et al, PNAS, 2011 U3- 18S rRNA interactions



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

Desired chimeric products
m Barcode
RNA1 RNA2
/ o TRl e
gy £ —— s ——
Xz Incomplete products

RNA2 P7
s |llumina PE primer 1.0
o s ||lumina PE primer 2.0
mmmm | inker
_R m=s- P5-specific fwd primer

* m=s- P7-specific rev primer
Cand \— » ( m‘ me=—e- | inker-specific rev primer

(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

‘II’E
|

9L02 ‘wwonjeN ‘e jo usAnbn



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 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 ©

icCSHAPE NAI-N3 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 5

SPLASH biotinylated psoralen base-paired sequence X O

partners




MaP, SHAPE, SHAPE-MaP, RING-MaP, Mod,

In Vivo RNA Modification EENRNRNRNNNENEE Reverse Transcription

Protein binding

R RNA Extraction RT Stop Analysis (Structure-seq, LASER-seq, icSHAPE)
Base-specific probes 3 AN NS5 CDNA
: gll_s)ncs; s'fwvvww\@ RNA
@®NAz Base or sugar modification ** y
Ribose-specific probes 3 5
9 SHAPE 5 3

Mutational Profiling (MaPseq, LASER-MaF, SHAPE-MaP)

cDNA mutation
3 A AAEA A5 DNA
5'IWWW3' RNA
Base or sugar modification

3'I\N‘.NV\M/\ 5
5 PN NI PN NSNS
Probe Primary
modification sites
SHAPE N-methylisatoic anhydride (NMIA) 2’OH of all nts
1-methyl-7-nitroisatoic anhydride (1M7) 2’OH of all nts
1-methyl-6-nitroisatoic anhydride (1M6) 2’OH of all nts
Benzoyl cyanide (BzCN) 2’OH of all nts
2-methylnicotinic acid imidazolide (NAI) 2’OH of all nts
2-methyl-3-furoic acid imidazolide (FAI) 2’OH of all nts
2-(azidomethyl)nicotinic acid imidazolide (NAI-N))  2"OH of all nts
Base Dimethyl sulfate (DMS) GN7,AN1 and CN3
airin
i . N-cyclohexyl-N"-(2-morpholinoethyl) GN1and UN3
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MaP, SHAPE, SHAPE-MaP, RING-MaP, Mod, CRIS

b Reverse transcription priming strategy
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PARIS LIGR-Seq SPLASH PARI S RNA
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RNA structure in vivo: icSHAPE

iIcCSHAPE: click selective 2’-hydroxyl acylation and profiling

SHAPE-MaP and
-seq methods
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