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Chromatin/Transcription

3C Chromosome Conformation Capture
based on Proximity Ligation Assay (PLA)

Promotor Gone Torminados
Gene looping
e
, Crosslink
P
GENE LOOPING +
I Digestion
4
»,
m Ligation
4
- -
Reverse
crosslink
4

Ansari and Hampsay, GDev, 2005; El Kaderi et al., JBC, 2009



3C

Agarose gel  Real-time
detection qPCR

4l
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3C Chromosome Conformation Capture
AC Circularized CCC (enhanced 3C)
5C Carbon-Copy CCC with multiple ligation-mediated amplification (LMA)
GCC Genome CC (Hi-C — deep Seq); ChlIP version of GCC as 6C
ChIP Loop (indirect ChIP); 6C ChIP GCC

3C Open-ended3C 3C-DSL e4C Capture-3C
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DMase | digestion—;

site
RE cut site

[ Dilution proximity ligation In situ proximity ligation

Ligation Diluted protein

junction complex

Biotin In situ
Chromatin protein
complex

Schmit et al., Nat Rev Mol Cell Biol, 2016

3C 4C

X-links

Hi-C

£ Biotin pulldown 4 Illumina
1Reverse 3 Enzymatic

fragmentation

library
preparation

1 Reverse
X-links

2 Mechanical
fragmentation

o

4 |llumina
library

3 Biotin pulldown preparation




Hi-C

A

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

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

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

E Pulldown, adapter ligation
and deep sequencing

l)
had
= &
(5 ) -
S
g <
o

Belton et al., Methods, 2012



Assay Description

3C-based methods

3C Prosamity ligation and selection of
target regions with primers, detection
by quantitative PCR

4C Proximity ligation and enrichment
for contacts with one bait region by
inverse PCR, detection by sequencing

5C Proximity ligation and enrichment
for larger target region with primers,
dstaction by sequencing

Hi-C Provamity bigation and enrichment for
sll ligated contact pairs, detection
by sequencing

TCC Tethered proximity ligation and
enrichment for all ligated contact
pairs, detection by sequencing

PLAC-seq, Provamity ligation and pull-down of

ChiA-PET specific protein-mediated contacts,
detection by sequencing

Capture-C, Provamity ligation and target

C-HIC enrichment using probes for genomic
regions of interest, detection by
SECUECing

Single~cell Prosamity ligation and enrichment for

Hi-C sll ligated contact pairs, detection
by sequencing

I N

10-FISH Fixation to flatten cells, hybridization
of flugrescent probes to target regions,
measurement of 20 spatial distances

30-FISH Fixation of cells, hybridization of
fluorescent probes for target regions,
measuremnent of 30 spatial distances

Cryo-FISH  Fixation of cells, cryozectioning,
hybridization of fluorescent probes
for target regions, measurement of 20
spatial distances

Live-cell Flucrescent labelling of genomic loci

imaging in living cells, measurement of spatial
distances over time

Ligation-free methods

GAM Cryosectioning of ficed cells, DNA
extraction from nuclear sections and
sequencing, inferring spatial distances
from co-segregation of genomic
regions in nuclear sections

SPRITE Fixation of cells, identification of
crozslinked chromatin fragments by
split-pool barcoding and sequencing

ChlA-Drop  Fixation of cells, identification of

crazslinked chromatin fragments by
droplet-based and barcode-linked
SECUENCINgG

Number of
contacts par
experiment

One versus
one

One varsus all

Many versus
many

All versus all

Allversus all

Many versus

Allversus all

Between
Zand 52
regions®

Batween
2and 52
regions®
Batween

2and 52
regions®

Batween
2and 12

regions

All versus all

Allversus all

All versus all

Multipli city ihgla-cei:“

of contacts

Pairwiss

Fairwise

Pairwize

Pairwize

Pairwise

Pairwize

Pairwize

Fairwise

Pairwise or
mone

Pairwise or
mone

Pairwise or

more

Pairwize or
more

Pairwise or
moe

Many

May

Na

Mo

Na

Yas

Yes

Yes

Yas

Yaz

Yes

Mo

Na

Number of cells

100 million™*

Rebust: 10 million'™,
[REF.™)

Robust: 50-70
million™, low input: 2
millicn™®

Robust: 2-5
million™, lowinput:
100.000-500.000
IEFSJII‘I\H]

25 million**

Robust: 100 million'™,
low input: 500,000
[REF]

Robust: 100,000
[REF. ™). low input:
10,000-20,000 (REF.*")

Hundreds

Hundreds

Hundreds

Hundreds

Hundreds

Hundreds™

10 million'

10 rmllion™

Detectable
contacts

Protein-
mediated

Protein-
mediated

Protein-
mediated

Protein-
mediated

Protein-
mediated

Protein-
mediated
(specific)
Protein-
mediated

Protein-
mediated

Allin spatial
prevamity

Allin spatial
proximity

Allin spatial
proximity

Allin spatial
provamity

Allin spatial
proximity

Protein-

mediated

Protein-
mediated

Protocol

105196

B TR

BLIEE

0,39, 300,100

Methods to detect
chromatin contacts

Kempfer and Pombo, NatRevGenet 2019



| = ONA fragments  @Proteins  @Biotin  § Antbody (@ Streptavidin bead

Ligation Purification — .
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l Biotin labelling TN
W F F
£ 4C 5
Restriction
digestion
PCR — PCR
amplification T amplification
—2
Ligation

amplification
KN
el analysis or O
quantitathee PCR O
l Sequencing Sequencing

Genome-wide Genome-wide
all vs all mary vs all

One vs one Oine vs all Many vs many

Kempfer and Pombo, NatRevGenet 2019



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 Sed - high throughput sequencing of cDNASs

 GRO-sed - genomic run-on sequencing

sequencing of cDNA tags extended from nascent transcripts

e tiling arrays

microarrays with overlapping probes that cover the complete genome



METHODS TO STUDY TRANSCRIPTOMES

* ChIP (ChlIP-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

MRNA DEGRADOME RNA-seq

mAMNA
m ’GMF\P‘F%& a),

“OH 3
G ——— 3-End of cleaved mRNA

Wl\ Mg

microRiA
Poly(A) RMA purification

e MFJ MM I
™ — P*”MM“'AFAJ,,

l 5'RMNA adapter ligation

5 — | — M:‘T“‘Mwn

First 5trand Synthesis

ar DHA sdapser ﬁ — 5'

l Second Strand Synthesis

5 ¥
3 5
2obe l Mme digestion

5’ A" DHA adapoer - 3-
M — -
3

l 3'DMA adapter ligation

Zhai et al., Methods, 2014

5«w3:
3W 5

Fragment amplification by Indexed
TruSeq 3'PCR primer
5 ¥ 3 Inchex adaper
R —— g
——— !
3 Y e
l Sample pooling
R m—— ——efEE———
= . _F 3 e R
e e
| e T m— r

Humina sequencing



DRS: Direct RNA sequencing of Poly(A) sites

AT3G02480

AT3G02470 IKAT

RNA-seq 1000

DRS lL :}u
TAIL-seq: RNA 3’ end sequencing

TlalANA~> 200 iRNAdepisted — pgly(A) tail length and 3’ end modifications
Massanger HNA short neHMY _ -y
| & agaptor ngation (e.g. U-tailing)

[ A BN B

| Partial digestion with RNase T1

[ | [ aaa B )

PJLIIHDIHH with ETI'HFJ_IEI'I'Mh Cycle number 50 55 &0 65 70 75
5" and phosphorylalion A ! . . ! -
[ AAA. B ) TTTTTTTTTTTTTTTAATCGGTCCCT ] Original sequence
Geal purification (ACGT e [ (n (o0 [ [0 [0 [0 [ o [0 [ (o [0 [ o o [ [0 [0 [ (o # [ » | Rt ety
{E.'I:II:I- — 1000 ﬂl:l 00
z 1\ o —A—C—G—T
-‘L'l—ﬁ-I am} F“r Igaﬂﬂn E 300 I | I || I |||| | |I I|| || III || I II I|I II| || |II f A Ilﬂ'. ANAARA DA ] Fluorescence signal g
L
[ AMA. ] 45 o s, TTTTTTTTTTTTTTTTTTITTTTITTTT ] Base cal
AT PCH, o T ] T g
and sequencing Aot ] swlodocoding 3
| 64 7 Polyia) length cal 2

;F’lead1 (51 nt)
Aead 25

(251 m) Sherstnev et al., Nat Str Mol Biol, 2012; Chang et al., Mol Cell, 2014



Poly(A) tail analyses

(A) TAIL-Seq

Total RNA (~100ug) Biotinylated

3" adaptor

Poly{a)+ RNA

Uridylated RMA

s )

Short nc RNA

s

& 1. 3" Adaptor ligation
2. Partial digestion

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

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

Paly(A) length
AAAAAATT

Nicholson and Pasquinelli TICB 2018

(B) PAL-Seq

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

Poly(A)+ RNA T

Splint oligo
I
I
Mon-poly(A) RNA

1. 3’ Adaptor ligation
* 2. Partial digestion

3. Size selection

4. Biotin pull-down
+ 5.5 Phosphorylation

6. 5" Adaptor ligation

7. Reverse transcription

8. Cluster generation

9. Modified sequencing
with dTTP and biotin-dUTP

-

w

TTTTUTTT I

TTTTTTTT I
[ AAAAAAAA T

| AAAAAAARN

(€) mTAIL-Seq

Total RNA (~1-5ug) Biotinylated

3’ adaptor

Poly(A)+ RNA o
it Splint oligo

]
I
Mon-poly(A) RNA

1. 3’ Adaptor ligation
2. Partial digestion

3. Biotin pull-down

4.5 Phosphorylation
+ 5. Size selection

6.5 Adaptor ligation

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

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



(D)

I VY YY Y Y

Poly(A) tail analyses Nanopore

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

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

m

4. Sequence with nanopore

Nanopore readout

g
b

Nicholson and Pasquinelli TICB 2018



Nascent RNA analyses

¢ Run-on RNA enrichment

PRO-cap

a Chromatin-associated RNA enrichment

* Cap enrichment Stﬂ" SEEI
* Size selection

* Sequence
High-salt ‘

washes

Biotin
affinity
purlﬁcatlon

NTP-biotin run-on 37

PRO-seq

L‘z\ﬂ- B

Sequence caRNA-seq d Metabolic RNA labelling

b Polll-associated RNA enrichment

Sequence \
Pol IlIP RNA

— —  MNET-seq

Feed cells 4sU \. Chemical
conversion Timelapse-seq

€ —€-¢-

Wissink et al, Nat Rev Genet, 2019



Nascent RNA
methods

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

EISH fluorescence in situ
hybridization

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

PRO-cap precision run- on with
cap selection

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

SMIT-seq single-molecule intron
tracking seq

TT- seq transient transcriptome
seq

Wissink et al, Nat Rev Genet, 2019

Method

caRNA-seq

Start-seq

Yeast NET-seq

mNET-seq

PRO-cap

PRO-seq

CoPRO

SMIT-seq
TT-seq

SLAM-seq and
TimelLapse-seq

Intron sequential
FISH

Advantages

* Can be used toisolate all chromatin-associated
RNA species

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

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

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

® |5 Pol Il specific (antibody enrichment)

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

* Canisolate Pol Il with different post-
translational modifications

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

* Captures RNAs from transcriptionally
competent polymerases

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

* Allows de novo calling of putative enhancers

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

Measures splicing status during transcription

» Captures RNAs from actively transcribing
polymerases

* Can be used to determine RNA stability

* |dentifies transcription termination sites

* Captures RNAs from actively transcribing
polymerases
* Can be used to determine RNA stability

* Detects transcription of thousands of genesin
single cells

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

Considerations

Also sequences non-nascent RNAs that stably
associate with chromatin

Does not report transcription beyond the first
~100 nucleotides

s limited to cells with epitope-tagged Pol Il

® Includes RNAs that are stably associated
with Pol I

* Does not currently include RNA
<30 nucleotides in length

* Has detected eRNA transcription from
previously called enhancers

Does not report transcription beyond the first
~100 nucleotides

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

Does not measure transcription beyond
promoter-proximal pause site

Limited to species with short introns

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

* Requires deep sequencing to measure
chemical conversionrate

* 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 Yeg*10m10
Start-seq Yes™ No Yes™ No
mNET-seq No No Yes*” Yeg*0%04
SMIT-seq No No No Yesg %10
Run-on methods
GRO-cap and PRO-cap Yes** No No No
GRO-seq, PRO-seq and No No Yes'H 5.7 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

No

Yes'?

No

Yes®

No

PollICTD
modification

Mo
No

\res-i],b'i

No

No
Mo

Mo

No

Mo

Transcription
bursting

No
No
No
No

No
Mo

Mo

No

Ye S.':l ]



Analysis of Nascent Transcripts- GRO-seq

o . human
0 i run-on transcript
N Br HN plant
IV e oPn insect
HO. ©F "N a
Lo g:? worm
oH OH CH H
4-thioU bromoU
Folymerase Promoter Terminator
Isolate and * Reverse Transcription

hyrdrolyze RNA

}\L( < Cap removal #
'F‘*—f ~ //\\("f‘* Ay

Bead Binding + + 5" adapter ligation
g —t | Amplification
~ ? + 3' adapter ligation FAGE Purifcation

v }-Y_,’ - -5 - 5end MPSS

Numina 1G Genome Analyzer
Wash [Elute

i Y‘_’ . Core et al., Science, 2010



Analysis of Nascent Transcripts

yeast

4-Thiouridne S
(4sU)

Nucleoside- 0

transporter
hENT1

ComCon( @

Labeling of
nascent transcripts

Expression of Incorporation
human nucleoside- of 4-thiouridine
transporter hRENT1

E Biotin
s Streptavidin

— tma - T

(=] = (=
Total Unlabeled LEDE!EEI'
11 \ i
! E! Streptawdln
2.0 m P09 ’y beads mHm:Emmn}
Cell ysis and  Biotinylation Unlabeled
total mRNA mAMNA
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

mG RMNAPII
@ r 'DIEIJ
J

m'G

RNA mG

Freeze, lyse l

IP

m'G

Library genaratiunl

Sequencing primer
5 Linker Insert 3’ Linker

Churchman and Weissman, Nature, 2011

Grow cells in
presence of 4s

lExtract total RNA

and biotinilyze 4sU
labeled RNA

M\ VAV AV
A/ \ARAAA
VNN ANANA AR

B AVAVAVA VLY

Purify biotinylated
+ RNA
1§ NN AR

2 AVAVAVA VAR SO0
' §-
Deplete rRNA

ANNNNN
ANNNNN AR

lFragment RNA

AL

AVAVAY

MVAYAY
W A, 100-200 nt

NN
Spicuglia et al., Methods, 2013



Comparison of different RNA-Seq approaches

(A) Short RNA-seq

(B) PolyA / Total RNA-seq

o<
%»?!F’

ann, VW

AVAVAV

Extract total RNA

AAAA

ANNS
AN\ AARA
AVAVAV)

ANN\NNN

15 1o S0 nt

\ Sequence
specific capture

ook
%@O

Size-select small
RNA by PAGE

MATAY
AVAYAY 15 - 50 nt
MAVAVAY

Select polyA RNA
vand/or deplete

NS\ \PAAAA
NININININNSANAA

lFragment RNA
AATAY
NN

ANN
WV A, 100-200 nt
AVAVAV

(C)lNascent RNA-seql

NET—bS& f :'w

Grow cells in

presence of 45%

Extract total RNA
and biotinilyze 4sU

labeled RNA
2NN NN
AN\ AAAA
RSN\ AR
VAV A

Purify biotinylated
*% RNA
P AAAAN
0 AVAVAVAVAV +’W~
l Deplete rRNA

ANNNNN
ANNNNNPAAAA

1Fragment RNA

NN\
MYAVAVEY V. W
'VV\,,\M

AN\

100-200 nt

(D) GRO-seq

Extract nuclei and
( perform nuclear run-on
-',.-.‘ assay with Br-UTP and

.:: ) L/ Sarcosyl

Extract total RNA

LV, NN
AAAA
RAAZN, $ 4, Py T

AVAVAVAVAVAV

Purify Br-UTP
labeled RNA

rVAVAV

TR

Fragment RNA
y

AN YAV AW
MV 400-200 nt

ALY
MAVAVAV]

Ligate 5'and 3’
RNA adaptors

Synthesize
cDNA

AA=

A

Spicuglia et al., Methods, 2013



RNA MODIFICATIONS

meC NH; ¥ MG
mctn mPAMm A v hm=C A I meA AAAAAA
20 o ’L‘B

mathylation

HH;.

H.,-CHs Hoy - o
" ) vk, AL, HE A
@—FF‘ o _“”A_T_ A o, S—;"f;] " _ufwﬁ’ o f_nﬁ,.f: Jowe UL

F?NA editing L L on om W
med, r.r“c""" . . . . . _ . .
H N 2'-O-dimethyladenosing [mAm) No-methyladenosine (m%)  Inosine () 5-methylcytidine (m°C)
5 cap Moy
dificati on, Gl
modimcations N M, a o MM
o s o, e C L
¢ ls L
oHOH | " [Se \%—;& S e

oM OH oH oH  OH
F U N CT I O N S N'-methyladenozine (m'A) Pseudouridine (%) 5-hydroxylmethylcytidine (hm&C)
Modulation of RMNA Interdepandance

Block to Altamative structura or its - with
HEF binding splicing recognition microANA activity

“Wirtars®  Erasens
Ko7 S0 o
Ravearsible contaxt- mod.-specific Fidelity/afficiancy Effact on
specific mathylation HEF recruitmant of codon/anticodon termination of
Intaraction translation

Sibbrrit et al, WIRESRNA 2013

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




RNA MODIFICATION
(a) Detectionotmea @ (b) Detection ot m*c.

rx\M rRMA-depleted RMA sample w w

AMA Tragmertation Bisulfite treatment and \
Varfication by

d e
an 'and-polizhing’ of RMNA
InpLit RMA control locLS-specific saquencing

g8 8 . W

Lirary preparation, HTS, mapping to referance genoma

/ N\

meA peak dataction Detection of unconverted C's

CDSs ChsS — CINP

start and - a
E 8004 [ MAP3KT - g & &
% 250] ! i i
=T 2 » %
= - ?

-
—— 500t Chytosine residus

Sibbrrit et al, WIRESRNA 2013



m6A-specific Ab IP seq

mMSA RNA-se

photo-crosslinking

assisted m6A seq

/— mEA \\ /— meA I
o\/:\m \/LM
Feed
Fragmentation with 45U
L 4
meAP @450
\}“ -~ AAA
IP with IF' and
4 anti-m°A antibody U“"’ crosslink
Input —L \..;_‘ \/hm
control
Elute RNA Digestion and
Isolation
$ $ Y
Library construction Library
v v ! construction
A C
1 1
Sequencing
Sequencin
Mammals/ \ Yeast ¥ * ?

True False

mEA peak positive  positive

meA-seq and MeRIP-seq )

.
==
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==

PA-m®A-se
N q

mM6A individ

3 nucleotide

m6A-level and isoform-

resolution crosslinking and IP  characterization seq

/ mEA \
.\_/_kﬁm

lFragmentation

J‘-J"""

IP and
UV crosslink

3

l Proteinase K

Reverse
transcription

B

Truncation

or
Misincorporation
Library
construction
Sequencing
CITS miCLIP

il

CIMS miCLIP

VN

L
@miCLIP-called sites

\ miCLIP )

/ mea
meA \_/\AM;;'
IP with
anti-mfA antibody
Supernatant Eluate
méA negative méA positive
v w \/—\AAA
Input .\/\AAA .\/'LAAA
control .\/—\AAA \/—.I\AAA
ERCC ERCC ERCC
spike in spike in spike in
Library construction
Y
Sequencing
4 Y
g
L=
8
@
2
Input
negatwa p-:)mtwe
meA-LAIC-seq
. J

Li at al, Nat Methods, 2017



antibody-free
MOA-seq
DART-seq
<

m G

S 2 <Y
e - 20
B S xr o
c @ T
= 0 b
= Q]
APOBECA-YTH- S © c
axpressing cells O ®© 9
I
© @®
APOBECH1 o
=
©
(@]
=

* Cytidine deaminase APOBEC1 fused
to m8A-binding YTH domain

« APOBEC1-YTH induces C-to-U
deamination at sites adjacent to m6A

« detected using RNA-seq

CTA

Datact C-to-U aditing events

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



m>C RNA-seq

a b C d

C m*C

I S T~ \/E

mEC

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

5-Aza-C NSUN2-C271A

l Bisulfite treatment \}" ~ \}_\ “
“ Overexpress
% l IP with methyltransferase

anti-m*C antibody Covalent bond

U
\-/m?f:}\ Covalent bond formation
\/.L \_;—~ ‘/L formation

, _ 1 , Immunoprecipitation Immunoprecipitation
Library c?nstmctmn l Library c?nstructlnn l Library construction % l Library construction
Sequencing Sequencing Sequencing Sequencing

_II_ _"" v Galled m&G site

| I— - —
- N —
. msC peak c
Bisulfite-seq m*C-RIP Aza-IP miCLIP

Li at al, Nat Methods, 2017



ldentification of NAD* capped RNAS

A |IEAD'*:capture

5'N*ppA

5, ,PpPA
Zz

5 _ppA

®)

3[

clickable alkyne
addition

3’

click chemistry
J biotinylation
N

3!

biotinylated RNA
L, isolation

High-throughput
sequencing

streptavidin

ftreads

High-throughput "
sequencing p>

[«}]

#

P
N pp A
Standard 5’ RNASeq
Rpp 7
5'ppp 3
5'NAD* m3 Rp?
CapZyme-Seq NudC/Raif < PP ;
N*p/N*ppA

/\

5'ppp

5'NAD~

S'ppp
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INTERACTIONS: RNA-proteins
RNA-DNA

RNA-RNA

RNA structure




GENETIC SCREEN- YEAST THREE HYBRID

very artefactual

Gal4AD-prey

MS2 coat
LexA

IEXAOP 1207 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 Jorzwal oF B1oLoaicAT CHEMIBTRY
Vol. 249, No. 18, Tasae of S8eptember 25, pp. 6063-5070, 1974
Printad in '8 A.

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

{Received for publieation, December 28, 1973)
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L=
o TasLE 1
gur Hus 3 Summary of RNA polymerase A purification
g E Values are given for 300 g of yeast cells.
0 -
ped
g =L g Fraction or step in purification Volume | Proteins ;{t‘;ﬁﬂy iﬁ;ﬁ;
02
. mi me unils uwits /mg
- . B b 5 1. High speed centrifugation..| 530 [2,300 | 21,000 0.9e
5 2. Phosphocellulose bateh....| 200 | 185 | 38,000 | 203
» o 3. DEAE-cellulose bateh. ....| 300 21 25,000 | 1,200
" L2 | | ] | 17 1 ' 4, DEAE-cellulose chroma-
e W wm R R N W W tography.................| 30 2.5 3,000 1,200
FRACTION NUMBER 5. Glycerol gradient.. ... ...... 5 0.5 800 | 1,800
Fia. 1. DEAE-cellulose column chromatography. Fraction 3
(15 ml, Ass0 »m 0.8) was applied to a column (5 em® X 16 em) of @ RN A polymerase A and B are not separated at this stage.

DEAE-cellulose and eluted as described in the text. Fractions of
3 ml were collected and assayed for RNA polymerase activity on
10-l aliquots for 10 min under standard conditions.
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Biologcal "1‘ RNP IMMUNOPRECIPITATION

) source malerial \ £ P
i g

=

Cells +i55ues
. ‘ IP, co-IP P
Comeration of extract ’ With specific antibodies
1 - -
Immunoaffinity capture or USIng taggecI pr0t9|n5
U snRNPs with anti-TMG cap antibody
3 E
4 % r'“-; =
Washing steps ZLE E M
1 :
Elution 0k __925
4 Western 66.2
§ SDS-PAGE  Blotting &
S - |, -
£ - -
£ — - - LY -
S — | | = = N Kl
E In solution In gel BE -
iy Proteolytic digestion U2
@ 1 U1 C
g 5 Mo speciomely RNA analysed by: " 25
1) E‘ - pCp labeling (3’ end) 5
T g | - northern blot Us T
g 1 - primer extension us -
C tationally aided
€ rotein identification - RT-PCR 6
_ F - RNASeq
o !I’\J 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 ¢t al, Proc. Nad. Acad. Sci. USA 94 (1997) 387

70 K = mm A P C 15SUS 188Ul
e 12 13 1415 16 17
" & —aiafed -
B’:: u2-. === =
B»— U1’ U1 » ‘ - g~ —
Cs U4 - 17 1 - -U1

9 Us-
DD-"= 6.

USL - | g s

USS - hesrcnstith qasnas

-UsL
-UsS

D 26-

Fi6. 1. Purification of U1 snRNPs from 8. cerevisiae. (A) Silver staining of saRNAs eluted from anti-m;G-cap (m7G eluate) and Ni-NTA affinity




TANDEM AFFINITY PURIFICATION (TAP)

C-terminal TAP tag N-terminal TAP tag

iy ce- Tev [BIIA N (Erota] rev N ex ]

C

A @ TEV protease
Interacting clevage site

proteins\\
o  ORE—
/ Target

L Binding protein  Calmodulin Binding
Contaminating Peptide

proteins

©
X © . A
b'd ‘}?, First column
©(§_] 8] i 1gG resin
TEV protease —
cleavage V/{
e ®©
h¢
Second column
Calmodulin resin
Native elution ‘
with EGTA

&’ Purified complex

C e

" —
1N —
11¢ —

Yhelp
- — ﬁ"' usual yield:
1mg of protein
complex from 300mg
. . of total protein
=5 5 w w s = (100 000 X purification
at 30% efficiency)
g — —
RS =
BERE == —
e -



MODIFIED TAP tags

Original TAP tag v
—{=h6] ser -
Weeren
Modified TAP tag - | $pep f6aHIS
—— BT | IRS-1 [CBP[ TEV | Protein A | Protein A —— LI
} cBp

mammalian cells

TAP cep@{ Proth || ProtA |
GS tag | SBP ~ ProtG -~ ProtG

SFzZ 3xFlag@-| ProtA || ProtA |

mDYKDDDKgsaasWSHPQFEKgggsgggsgggsWSHPQFEK _-

e [} Singlesep

WSHPQFEKgggsgggsgagsWSHPQFEKgasgeDYKDDDDK

Drakas et al., Proteomics, 2005

Van Leene et al., TiPISci, 2008; -'
*

Gloeckner et al, Proteomics, 2007
Oeffinger, Proteomics, 2012




MAGNETIC BEADS vs SEPHAROSE

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

Diameter 2.8 um volume 40 000 smaller than agarose/sepharose



PAR-CLIP |
PhotoActivatable § ?

ribonucleoside—enhanced & j
s el

CrossLinking and "oy wa%
1m m u n OEr eC I p I tatl O n 4-thiouridine :4SU] 5S-bromouridine (SBrl)

Iysis, IP,
RMasa T1 treaiment,
T4 PNK, -2 P-ATP

HITS-CLIP: ' o TSDS-;E

High-Throughput Seq CL| P e 60 parein 65 ooy

500 '
Nab3 PAR-CLIP Nl

500 g ' alectroalution
“l proteinass K treatment

¥L-HBP

Nrd1 PAR-CLIP
u}d

p OH

(4,

l cDMA library praparation,

2.
g Nrd1 ChIP-chip PCR amplification
L A e A -:E:—
———  YJR124C ENT3 VPS70 RSF2 D _YUR129C *
I '
1300 RPS5 ° — ' “NR3 ARG 0NN
2 * Solexa sequencing
w 2 1
= 1 U U A uCUU U UVinm) 254 365
o el _—— T - 45U sBWU sWU
0—1——2— 3 4 5 6 “7“ 8 5 2 3 4 5 6 7 83. kDa ‘
5 Nrd1 motif 3 Nab3 motif 1605

Creamer et al., PLOS Genet, 2011

75—

Hafner et al., Cell, 2010  Nttp://www.jove.com/index/details.stp?1D=2034



(a)

LIy 254 nm

| 'é(' uu;drm
LLU%

Lysis, FMaza A Teaimant,
llF‘,-,-“F labaled

e PN o ATF
PR o

BOS-P&GE,
o ogEsp hy

@

Mon-KL-RHA
Pt habrsa rarefor,
Proieinase K rearimes nk

N e S SUY e S0P
& Igaten, S n
| | .
- e I—-
4 *ul:\‘ul.l. cirzularizasen
5.4 or Eoleoa sequendryg o
+ Lingar bzrdon
—a
l FCA ampificaion
Sk i]l.mmg
UVv 254 nm HITS-CLIP iICLIP
ssDNA is
circularized

lmn.rpmm

[ [ m— |
Soko. sequanzing

ICLAP
RBP is Strep- and
polyHis tagged

UV 35 nm

%

BaB-CLIP

5

Lysk, RNass T4 Fastmant,
l%"#}ﬁm‘"ﬁ%
.

EOE-FAGE,
e raphy

Enﬂpﬂ:
Mon-X

L-RHa
Frokairasa K rearimank

e =L
T and &' adapierligation,
ST

:

S0l SEQUENCiNg
PAR-CLIP

4-thioU
UV 365 nm

Ascano et al., WIREs RNA, 2012



in vivo PAR-CLIP

A 4su
UV, 365 nm

(
v \ - é § é A /\ﬁu

Lysis NSU -
A AN NAIANAA - = S

Labeling UV-crosslinking Immunoprecipitation

RMAse treatment
radioactive labeling

—

NNNNNNNN TNNNNNNNNNNNN Electrosiution v =)
NN € NNNNNNMM-—— Proteinase K ~ E
———NNN C NNNNNNNMN-——-—-- deep sequencing _
Computational Analysis SDS-PAGE

Jungkamp et al., Mol Cell, 2011



A 1 gram of cells, harvested at

C RA C teC h n i q u e : e :x\t/ra::{le;a;ation B \gx 4
%O S S I I n kl n g an d oG purifiiation aibp [ Protein 2 TN HTP

An al yS I S Of QD NA TEV ciavage | Protein [| I |2x Ty TAP

invitro: yy —»

L ) Nickel affinity purification
e AN SRS under denaturing conditions

L1 crac

Repd_05 ---------Gcﬁ\-f;EpcGTTGc- 12 / \

RCpd_06 GARBATTTTGCITIGCCGTTGC- 21

Rrpd_07 -=-=-=----GCFT-GCCGTTEC- 12 P Proteinase K treatment,
Rrpd_10 ~AAAATTTTGONTECCGTTGC- 20 TCA precipitation RNA extraction
Rrpd_15 MPTIECOGTTEE- 13

Rrpd_33 IT-GCCGTTGCA 13

Rrpd_36 FTIECCGTTGC- 13

binding site: U3 193-GQUUYGECGUUGC-206 Western blot analysis  Northern blot analysis

Helix 4 s g
_— iad C RNase A and T1 digest lon-bead 5' linker ligation
160 ieu, I _URA of TEV eluates
A gghug 85550 Wpay 5"INVAQ T 2P S ddc-3'
}‘-—A 1 5-Invdd T ——?P— S ddC-3’
140 PO Nickel purification under 5™InvddT =P -4——ddC-3'
_a ﬁ box B/C stem Il denaturing conditions l S_IE-)S-P;:\GE
llore gf 260 s.oH—3IR___ o5 + Transfer to
U3 snoRNA A 270 U 280 5.0H—ER- 3 p BT nitrocellulose
U3a “Caccen  vecuar® Peuic™y 8 3P tag:
( ) V0000 GOTAA | GAAG U 5-OH ) ® - RNA crosslinked
g-§-310 |g€i1:/' G50 on-bead alkaline membrane to protein of interest
=1 DY N s phosphatase treatment
100-§7 Nop56 Autoradiogram
U < Nopf 5-OH — 3-OH
69 i 5-OH—@B- 3'-OH
Helix 1a P 5-OH-&8-3-0H tag: HTPTAP
Bk ‘\ c on-bead cut out band | < - RNA crosslinked
91)-ccU % e 3’ linker ligation of interest to protein of interest
Helix 1b Szgd s oP L - ,
Box C’ ‘§§ box C'/D stem Il B-0H s dc:3 Proteinase K incubation
a Gex Box D 5-OH—@B— ddC-3 l +RNA extraction
SR g H: 5"-OH-4&8—— ddC-3’
U-A ? . : ddC-3’
0S8 o G- 330 on-bead labeling i :
3 eg A& Bl pATP and 5"INvddT =i dldC-3
5'-CpppGUCCk-Lg\§U:UUUGA ccu;u;:uuccu-u cold ATP 5-Invdd T =t dd C-3’
' hinge nge
t 5-2p @ ______ jcs3
Nop58 5'-32p ———— ddC-3’

¥ : Reverse transcription, PCR and
Granneman et al., PNAS, 2009 5P 4g—ddC-3 TA cloning or lllumina sequencing



Li et al., Genome Proteome

Bioinformatics, 2014

CRA

UV 254 nm

Lysis
Partial RNase digestion

lgG immunoprecipitation

RBP

TEV cleavage
IMAC affinity purification
3" adaptor ligation

3|

l 5" adaptor ligation

5' -1 3

lProteinase K treatment

5' 3!
‘ Reverse transcription

cDNA
lPCR

l

High-throughput sequencing

UV 254 nm

Lysis
Partial RNase digestion
IP of crosslinked complexes

3 adaptor ligation

5 .Hl’ Ky
Proteinase K treatment

leaves polypeptide (@)

at the crosslink site

y

_3,

3" adaptor Irng

G —_
lRe'u-erse franscription

Reverse transcription

Primers containing bwe
adapters (blue) and
barcode (green)

Truncation

Deletion or mutation F—
|

v ' "eD!
cDNA lﬂimular‘izatiun
Read-through
?
cDMA
— — Il.lnaamahun
:
| PcR

High-throughput sequencing High-throughput sequencing

HITS-CLIP ICLIP

UV 365 nm B

Lysis
Partial RNase digestion
IP of crosslinked complexes
3' adaptor ligation
S
S Rep ¥

l Proteinase K treatment
4S50y
5
l 5’ adaptor ligation
5 8
lReverse transcription

"

Transition
20

b cDNA
Read-through

‘%a
A
}pcr

- -
c
|

High-throughput sequencing

PAR-CLIP

cDNA




MRNA binding proteome (poly(A) BP)
RBR-ID

Peptides

RNase + e
protease = = T -

&/_/ RBP il '“ o { y > el
AAAAAA D | -

. T
Protease @ ‘ -4SU 4SU-labeled
Ny S RNA

RNA binding domain identification

| lul I It hl

RBDmap

RBDmap RBR-ID
UVB

RNA-Binding Region IDentification

UV Irradiation  oligo(dT) Protease  oligo(dT) RNase and
capture digestion capture Trypsin proteomics
.,:=/ @ :\ P s )(
( > ﬁ
AAA (
_ mput
i ®®
f‘,J /, > / —_— "J 7
f} ,‘V’/ £ P
J / . 0 2 ? released
1 4."'1" \? / =&
g g _( A
O-WAO i WAA. > AAA = AAA (
& TT®  RNA-bound
¥r Crosslink © RBP .'if' denatured RBP @& LysC/ArgC ™ trypsin ® RNase
peptides: J released { N-link & (RNA) X-link
J

RBDpep

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



OOPS, TRAPP, XRNAX RNP interactome, RPBome

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

& 254 nm fiqueous \ - ) ( \
. S .__..-:,__
AR AGPC
OOPS Ca W | 3 L 3 L d
\‘ ',""‘"-.._..- _—1 >
.- Prote:
L" . dI;OES:IaOS: ™ P. »>
XRNAX \Qrganic y -

N —

_ ﬁ —— |r|t‘:'rp hase

e = conventional : .."::'T'-'T.:':-": : ; washmg ; ; ;
! y  TRIZOL solubilization ¢
extraction e —

DMase digest
DA free protein concentration protein
protein RNA Xlinked RMA Xlinked RMA

TRAPP/PAR-TRAPP
RNA digestion

0 @L"ﬁ Silica
[1206] K ) i:— pmtem PAGE
[2CJ]R N 4

)

(+ 41U for
’AR-TRAPP)

. . digestion
Guanidine SCN 'selation

’ Trvpsi
L}}*y ﬂh! f%[}ne s)tep Elutlan |E| IEI;SEIF

[1306] K

W
[1SCG]R ]

Phenol SILAC

Sarkosyl quantitative 1':__

Na Acetate pH 4 stable isotope MS/MS ana[ysm - ";
labelling with amino 1‘
acids in cell culture

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



RNA CHROMATOGRAPHY in vitro

RNA/I

specific
NA .
incubation | proteins
: with washes separation
linker >
biotin protein extracts l \
J J
beads °_ ", ';' ‘I ™ ;&
(e.g. magnetic LPL L Py C“.‘
streptavidin) .’ A/

contaminants contaminants

RNase-assisted RNA chromatography

RMAsze AT

: = B g

T =

] - 8 B &

g L m FTr 2w & =

= g o =2 =

+ RN o] % L e o PR

ases 8 2 3 E 8§ 2 8 E
—_—

©
QO — |
©

SDS/PAGE
MS

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



RNA CHROMATOGRAPHY in vivo

U=
@ b (©) (d) (e) L oo
\,_ \U,Az O n E,IA G-c o %) &}
v o L T
e p=p y=4 = 4 - Seod % o
G-c’; Gmg Y=a A o "amaE
| l"-:{ & e U= A - Qooy & L o9@
q | § bt .l . P<go T
t'J-I:« c-? :'.:é I_‘I; "t{ “ = E-S < ©
A= ¢-¢ A=l 1 a8 £-G o= (g Qv-0
$=8 ) A4 i l{ c8-En <% s
g —AmlU-=% Al T 5 —UmA— 7 B e o ©— e L in M ;:3
MS2 Qp PP7 brox B sut LR UIA NRE Tk Streptavidin l-lo
RNP purification from cells expressing RNA with affinity tags Streptomycin
RNP W
[I727] [¢G beads s
First affinity
i Washes Tev cleavage W ashes

binding

Anti-myc beads{ MYCT ()

d& 7
Second affinity *-'[:) )] A ”‘.
binding O ELUTION

- " Washes Myc peptides

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



Faoro and Ataide, FEBS Lett, 2014

in vitro methods

tagged RNA lysate

immobilize RNA
to support

capture proteins
from lysate

‘wash unbound
proteins

Elute RNA-protein
from support

%

separate in
PAGE gel

* C<
AR NN

*

in vivo methods

p RNA crosslinked

v to proteins from lysate

e
— g

Elute RNA-protein
from support

%o
M otson?

reverse crosslinking

tandem
LC-MS-MS

{

.
€0 300 B0 30 H0CH TIED 158 1300 1480 18D 10 170 1860

RNA chromatography

UV crosslinking

PAR-CL

chemical
crosslinking

1540 3000

-2 -

RNP isolation
via epitope tagged
apatmer binding protein

+/- UV crosslink

magnetic
beads

Ab-conjugated

Denaturing

elution

Q

Y \

Protein

Tryptic

separation  digest of proteins

v

Irteraty

1000 ao0e
i

Mass spectrometry

Oeffinger, Proteomics, 2012



