


Lecture 3: Hallmark discovery and analysis of histone modifications

Chromatin comes in different flavors

Different types of chromatin

Chromocenter

(aggregates of centromeres
= constitutive heterochromatin)

euchromatin
(and facultative
heterochromatin)

heterochromatir

Constitutive heterochromatin:
+ constitute ~ 10% of nuclear DNA; telomeres, centromeres, and a considerable fraction of repetitive

sequences
+ highly compacted, replicates late in S phase, (transcriptionally inert)

Euchromatin + facultative heterochromatin:
« constitute ~ 90% of nuclear DNA
* less condensed, rich in genes, replicates early in S phase

however,
+ only small fraction of euchromatin is transcriptionally active
« the rest is transcriptionally inactive/silenced (but can be activated in certain tissues or

developmental stages) - these inactive regions are also known as “facultative
heterochromatin”
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In a typical MS procedure proteins are ionized, for example by
bombarding it with electrons. This may cause some of the sample's
molecules to break into charged fragments.

These ions are then separated according to their mass-to-charge
ratio, typically by accelerating them and subjecting them to an
electric or magnetic field:

lons of the same mass-to-charge ratio (m/z ratio) will undergo the
same amount of deflection. lons with different mass-to-change ratio
will show different deflection

->mono-methylated H3K9 has different defection than di-or tri-
methylated H3K9

The ions are detected by a mechanism capable of detecting charged
particles, such as an electron multiplier. Results are displayed as
spectra of the relative abundance of detected ions as a function of
the mass-to-charge ratio.

The molecules in the sample can be identified by correlating known
masses to the identified masses or through a characteristic
fragmentation pattern = m/z spectrum.

MW of all amino acids and all their possible modifications are know = identifiable by mass-to-change
ration: also when present in a series of aminoacids

MOST IMPORTANT: provide a sample with defined peptide fragments = achieved by digest with
proteases that cut peptides at defined positions (comparable with restriction enzymes)



Gel-electrophoresis+
purification of small
rotein fraction (contains histones)

Wild-type or
Suv39h dn cells

nuclear
extract

37 kDa —

25—

Digestion of fraction

containing histones with proteases
creates a “library” of

small peptides that are

derived from histones:

Protease= Trypsin

o o D% ) Trypsin cleaves after every
@@@® ﬁ&é&@- = _>\ \\ 7;‘)(\3;/) Tryp5| n Lysine (K) and Arginine (R)
Cee L =T = digest
= %
cells or tissue protein mixture 1DE digestion into peptides
ee¢ “ 00,
. ©eo X gc ’ IMPORTANT: we know already
Pt o — ¢ All proteins and the amminoacid
S °¢ :: : ’ "’_".pep"de sequence of all proteins of a cell!!!
peptide separation electrospray =addition of.proton That means we can predict all
ionisation (protonation) possible small peptide sequences

Highly informative fragments on H3

...

that result from a trypsin cleavage

Downstream MS analysis can focus on defined

fragmets! Note: the molecular weight:charge ratio
can be predicted/calculated for each fragment and
each type of mdification (same holds true for other

histones!!)

ARTKQTARKSTGGKAPRKQLATKMRKSAPATGGVKI?PHRYRPG... - histone H3

B 1 I

Cutting after Kand R

Arows indicate trypsin target sites for cleavage



ARTKQTA IESTGGI.(APRI.(‘QLATKAARK‘SAPATGG
1 a7

Table of amino acid residues .

Symbol Structure

Ala A
Arg R
Asn N
AspD
Cys C
Gln Q
Glu E
Gly G
His H
Tle I
Leu
LysK
Met M
Phe F
ProP
Ser S
Thr T
Trp W
TyrY
Val V

-NH.CH.(CH3).CO- 710

-NH.CH.[(CH,); NH.C(NH).NH,].CO- 156.1
-NH.CH.(CH,CONH,).CO- 1140
-NH.CH.(CH,COOH).CO- 1150
-NH.CH.(CH,SH).CO- 103.0
-NH.CH.(CH,CH,CONH,).CO- 128.1
-NH.CH.(CH,CH,COOH).CO- 129.0
-NH.CH,.CO- 570

-NH.CH.(CH,C3H;N,).CO- 137.1
-NH.CH.[CH.(CH3)CH,.CH;].CO-  113.1
-NH.CH.[CH,CH(CHs),].CO- 131
-NH.CH.[(CH,)4NH,].CO- 128.1
-NH.CH.[(CH,), SCH;].CO- 1310
-NH.CH.(CH,Ph).CO- 147.1
-NH.(CH,)3.CH.CO- 97.1

-NH.CH.(CH,0H).CO- 87.0

-NH.CH.[CH(OH)CH3;).CO- 1010
-NH.CH.[CH,.CgH¢N].CO- 186.1
-NH.CH.[(CH,) .CgH,.OH].CO- 163.1
-NH.CH.[CH(CH3),].CO- 99.1

4 1 l

Mass (Da

Hac\i"jEH__
/o) Ho, o
HN
H
Lysine Mono-methyl  Dimethyl lysine  Trimethyl lysine
lysine
KSTGGK: MW= 577 g/mol CH;: MW= 15 g/mol

Kme;STGGK: MW=577 —3 + 45 = 619 g/mol

Kme,STGGK: MW= 577 —2 + 30 = 605 g/mol

Kme,STGGK: MW=577 -1 + 15 = 591g/mol

Molecular weight

For details: An Introduction to Mass Spectrometry
http://www.astbury.leeds.ac.uk/facil/MStut/mstutorial.htm

vgvnnr?s... - histone H3|

Protonation
changes MW
in a defined
manner

ionization



PROBLEM:

1.Trypsin cleavage after K is not complete because me2 or me3 on some lysines block
block cutting by Trypsin

2. K is frequent in histone tails --> result many cleavages (mostly at me0, mel) 2 many small
heterogeneous peptides 2 difficult to analyze

. ¥ . e ee
ARTKQTARESTGGKAPRI'(‘QLATKMRf(ﬁAPATGGV}GI}PHRTYRPG... = histone I-l3|
| | ll,

Proprionyl
Trypsin can cleave after Arg (R) group

(o]
Trypsin can cleave after K-unmethylated; K-mel A
Trypsin cannot cleave after K-me2; K-me3 ,/o
NH
f\: N
—C
propionyl lysine H2 H3

SOLUTION: In vitro Propionylation of unmodified or mono-methylated lysine prevents trypsin cleavage

—> now Trypsin can only cut after Arginine.

—> this allows a uniform cleavage of histone tails

—> creates a mass:charge ratio that allows to differentiate between fragments carrying me0, mel, me2 or
me3 marks (me0 + 3x propionyl groups; mel + 2x propionyl groups; me2 + 1 propionyl group; me3 + 0x propionyl groups)




ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKI?PHRYRPG... - histone H3| : .
7 propionylation
propionylation cuts by Trypsin
QQ bigger and
ARTK TARKSTG urmnxsn\pnccvx nvape ... - histone H3/ homogeneous
fragments
trypsm dlgesbon
s % 5 n'r mo eem
AR TKQTAR K R 5QLATKAAR K: KKPHR YR PG... - histone H3|

TRYPSIN cuts ONLY at Arg by Trypsin after propionylation

Now Trypsin can only cut after Arginine. This allows a uniform cleavage of histone tails

The number of methyl-groups/propinyl groups at the H3 peptide K9 — R17 decides on the deflection of this specific peptide in mass
spectrometry.

Important: All peptides cut at Arg by Trypsin are analyzed contemporarily!!!!
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Gel-electrophoresis+
purification of small
rotein fraction (contains histones)
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Detector | 3K9me2 +1 prop

Y

H3K9me3 + 0 prop x\+
2 heater to vapourise sample m\

3K9mel + 2 prop

(3) electron beam ionises charged particle beam
@ sample

inject
sample :
B )

electron
source

@ particles accelerated into
magnetic field

heaviest
H3K9meO + 3 prop.

® magnetic field separates particles
based on mass/charge ratio

Use of chemically synthesized peptides that reflect the

magnet product of Trypsin digestion of histones can be used to have a
m/z reference value

The method allows to quantify the numbers of H3K9me0, H3K9mel H3K9me2 and H3K9me3 in a sample > We can calculate the % of
each histone modification in the given sample.

Important: The analysis is not limited to H3K9 = other histone modifications can be
quantified in the same analysis



ART#QT AI?KSTGGI}APRF?QMTKAAI}E?APATGGVK?PHRVI}PG lhistone H3|

proplonylatlon

s ¥ oo rme

ARI‘I.(QT Aﬁl&STGGKAPRKQMTKAARKSﬁPATGGV"K‘K'PHRmPG... -

trypsin dlgestlon

s ¥ o o 0
AR TI‘(QTAR ; KQI.ATKAAR YR PG.. histaone H3

Suv39h

Suv39h1 and Suv39h2

ensure H3K9me3.

H3K9mel is a preferred
substrate for Suv39h1/h2
Suv39h1/h2 methylate H3K9mel

Until reaching the tri-methylated
state



Very short peptides,
Non homogenouse
digest - difficult to

analyse in MS

ARF-.::TQT”‘FSTGG%‘PRF??MTKA“};;)APATGG%WRTY?PGM -|histone H3|

propionylation

a ¥ s a Pme eem -
ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPG... - histone H3| Propionylation of
Sl 5 3 o = unmodified Ks

trypsin digestion

¥
[~} ! B B P G e8m Propionylation of
“aw J L ol
AR-TONTANS 3 LOSATRARR KSAPATGGVKKPHR! YR PG... - histone H unmodified Ks

1. Identifying the enzymatic activity of a histone modifying enzymes

2. ldentification of “modifiable” amminoacids in histone tails

3. Functional link between histone modifications

4. Defining the ENTIRE epigenetic status of a cell type (for example: differentiated/stem cell)

5. Quantitative information on histone modifications (%)



* histone peptide pulldown assay:

or isotope labelled

Chemically synthesized peptides recombiannt protein or

avidin-bound peptides nuclear extract elution and SDS PAGE

K4 K3 e e
[\l ™ [ve}
. E T T I
Peptides ' T L= 2
with ®
terminal Bi® o + b.
biotin
group Y b : : :
" 28

a = candidate approach — identify by Western blotting
b = unbiased approach — color gel to locate protein bands, cut out band and identify protein by Mass Spec



Lecture 3: Hallmark discovery and analysis of histone modifications

HOW CAN EPIGENTIC READERS BE IDENTIFIED???

+ Using the peptide pull-down assay, it was found that Lys9-methylated H3 binds to heterochromatin

protein 1 (HP1)

%S-labelled His-HP1 —) '

1 2 3

b Peptide pull-down
O
%) @
(5@6 v\\“}& &\*\é

& &

3 &M & &

» S QP‘ "og

SR RS

Pull-down assay:

-Couple modified histone tail-peptides (methylated,
or unmethylated) to resin

-Incubate with recombinant 3>S-labelled HP1

-Wash resin

-Elute bound proteins, run gel and make radiography

- HP1 is a protein previously identified to be enriched at heterochromatin and important for heterochromatin
assembly = now we know that it is directly linked with H3K9me3

What part of HP1 is important for interaction with H3K9me3?

Bannister et al, Nature, 2001




« What protein domain is interacting with H3K9me?

~ HP1 HP1 HP1
b WT AC WT

Chromoshadow domain

Pull-down assay combined with deletion analysis:
-Couple modified histone

Tail-peptides (methylated,

or unmethylated) to resin

-Incubate with recombinant
-35G-labelled mutant versions of HP1

—AC; ACS; AH

-Wash resin

-Elute bound proteins, run gel
and make radiography

Lys9-methylated H3 binds to the conserved motif called chromodomain

Bannister et al, Nature, 2001



Lecture 3: Hallmark discovery and analysis of histone modifications

Where does Suv39h1 act in acell ???

IMMUNOFLUORESCENCE > MACROSCOPIC ANALYSIS
—> Localization of protein across large regions of DNA

b Suv39h dn

Wild type + SUV39H1
HP1ux

Control

Secondary Immuncflucrescence

Loss of Suv39h1/h2 causes delocalization
Of HP1 from chromocenters

Chromocenters are subnuclear regions where

Multiple centromeres aggregate

H3K9me3
. Chromocenters are DAPI intense regions

and represent tightly packed heterochromatin

Co-immunofluorescene (exicatiation with UV light):

DAPI (emission 461 nm)

DAPI / DA-DAPI 0-M31(HP1B) o-myc (SUV39H1)

Over-expression of

SUV39H1 in Hela cells

causes an accumulation
~ of HP1. Stabilization?

Is there a link between

Primary, mouse anti-HP1 + secondary rabbit anti-mouse-Cy3 (emission at 570 nm)
Primary, human anti-H3K9me3 + secondary donkey anti-human Alexa 488 (emission at 488 nm)

Suv39h1l — H3K9me3 and HP1??

myc-SUV39H1: myc-epitope tagged Suv39H1 Melcher et al, MCB, 2000



Lecture 3: Hallmark discovery and analysis of histone modifications

What are the target sites for Suv39h1l and H3K9me???

Suppressors and enhancers
- Wild-type
Wild-type .
E(var)
Another evidence for
HP1 and Suv39h interaction
Su(var)3-9 " came from Drosophila
Fly with white gene Su(var)-2-5 | e
inserted close to 3 - D '
t Ll
(low vsr?iTerZT;)erfssion) Su (Va r)-f:S

 back to early genetics studies
in Drosophila:

« Su(var) 2-5 (gene) codes for
heterochromatin protein 1

« Su(var) 2-5 shows similar phenotype
like Su(var)3-9

« HP1 in Drosophila is
localized to the chromocenter




Lecture 3: Hallmark discovery and analysis of histone modifications

SUV39h HMTase activity is important to build constitutive heterochromatin

Double null

| +Myc-  + Myc-SUV39h1
Vector SUV39H1 H324L

Loss of Suv39h1l expression
results in delocalization of

DAPI HP1 from chromocenters

Re-expression of Suv39h1 rescues

Localization of HP1 to chromocenters
Anti-Myc

—>The enzymatic activity of Suv39h1l
Is required for recruitment of HP1
to chromocenters

Anti-HP 1o

Lachner et al, Nature, 2001

Re-expression of Suv39h1 that

Contains an enzymatic dead mutation
(H324L) in SET domain does not rescue the
localization of HP1 to chromo centers




Lecture 3: Hallmark discovery and analysis of histone modifications

Site specific methylation of the H3 tail has different functions

polycomb
CD
N\ | |
Me Me Me

H3: ARTg{QTARIé(STGGKAPRK ARg'gSA
/ . /

transcriptional transcription transcription
“competence” repression repression
I | I
euchromatin constitutive facultative

heterochromatin heterochromatin




Lecture 3: Hallmark discovery and analysis of histone modifications

What are the target sites for Suv39hl and H3K9me???

CHROMATIN IMMUNOPRECIPITATION > DETAILLED ANALYSIS
- Localization of protein at a defined region - seqeunce

The combination of Immunoprecipitation methods and PCR analysis
allows to define the histone code at defined sequences.
PCR primers define the site of analysis in the genome

acrocentric
mouse <
chromosomes

major satellites minor satellites
(234 bp) (120 bp)
repeat structure MinF1 repeat structure

pericentric centromeric

telomere

Chromocenter

162 bp ! | =centromeric
J e ST W Regions from
--------------- csmcnnnn- 402 bp P —
776 bp several chromosomes
Forward primer: unique multiple PCR amplicons containing
Reverse primer: binds single site in every repeat 1,2, 3 or more repeats

EXAMPLE: Pericentric heterochromatin in mouse cells




1. Cross linking with FA

Optimization is crucial.

B Formaldehyde will crosslink amino or imino groups within 2A, for example:

Lysine
°°°H _H Schiff base Crosslinked lysine—cytosine
H’ : (CHITN SH c“>oor|
H + _\ H\N c—(CHFh(C/H — ?“‘*Ur'l"“
Formaidehyde ' >C=0 H~ TOH LN
H Hw _H
i NN
~o* &
H” \N/c§o
Covalently
crosslinked
chromatin

Cross-linkable complex



2. Cross linking followed by sonication (fragmentation of chromatin)

A Formaldehyde |
crosslinked cells

HsKgm?‘MM%N”\JVMMQ\

Hskgmgﬂﬂﬂf\)’M‘NR\Jﬁ

H3K9me3

Chromatin is bulky = needs to be cut into small pieces
to become soluble



3. Immunoprecipitation (IP)

The protein of interest is immunoprecipitated together with
the crosslinked DNA: Modified histones; epignetic writers,
epigentic readers

Covalently
sterase crosslinked,

H3K9me3 Nl fragmented
& A < N L “  ch j
LN U el Nt} rometi

Anti-

Antibody-bead Cross-linkable complex

W Antibody is coupled to
g m a solid resin (agarose, V4
& magentic beads) O &> - "
’=(€ Coupled to ProteinA or
ProteinG that l
Bind Fc region of antibody
\)’ (Fragment crystallizable ~ 4
M region) N




4.Decrosslinking of PFA crosslinked chromatin and and purification of the DNA

- Wash beads

-Recover beads by centrofugation Antibody-bead I 3 i E
complex

g -
- Reverse the FA: 65C, high salt
concentrations: crosslink break C %
- RNAse and Protease treatment
Y N,
- Purification of DNA ANALYZE DNA TO
Ny e N W IDENTIFY
v R W N W REGIONS WITH
YA, o W N T HIGH H3K9me3

VA RN v Purify EAVARY (sequencing
N M"‘(\\ DNA N"MW,&N hybridzation, PCR

with gene specific
primers



5. Analysis of ChIP DNA

Identification of DNA
regions associated with
the protein/modification
of interest

D Summary of enrichment by ChIP
l Location of target
protein binding
— ChiP-enriched
— DNA fragments

Genomic
position

DNA from
chromatin
enriched in
H3K9me
- Correspond
to precise
sites in the

genome

Methods of ChiP analysis

# X

FTrrranTnm

.CC

C A

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

qPCR Microarray

\ Analysis of bound DNA

Ao

Sequencing
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DNA-protein
cross-linking

Cell lysis

Sonication or
enzyme digestion

£

A

Fragmented
chromatin

PC

Gene specifc primers

Immunoprecipitation
with specific antibody

Immune precipitate
(ChIP material)

DNA purification

\ Analysis of bound DNA

ALY

"M
CACCGCTT

Sequencing

Microarray

at any site in the genome

METHODS:

Cell model system:
i.e. Wild-type or Suv39 dn cells
that grow in cell culture dish

1. Crosslink chromatin
(treatment of cells with Paraformaldehyde

2. Sonicate crosslinked cells

3. Incubate chromatin fragments with antibodies
raised against
H3K9me3

4. Recover antibody-chromatin complexes using
a resin that binds to the constant region of antibodies

5. Elute chromatin at high salt concentration and
revert crosslinks at high temperature

6. Digest protein with protease K and RNA with RNase

5. Elute chromatin at high salt concentration and
revert crosslinks at high temperature

6. Digest protein with protease K and RNA with RNase
7. Purify DNA and precipitate DNA

8. Measure the amount of immunoprecipitated DNA
In control versus Suv39h dn cells

Quantitative PCR: design PCR oligos to amplify defined
sequences in immunoprecipitates. Per PCR reaction only one

Locus can be examined by real-time PCR



Lecture 3: Hallmark discovery and analysis of histone modifications

What are the target sites for Suv39hl and H3K9me???

CHROMATIN IMMUNOPRECIPITATION FOLLOWED BY QUANTITTIVE PCR

Design PCR oligos that amplify major and minor satellite repeats

pericentric

acrocentric
mouse
chromosomes

telomere

major satellites
(234 bp)

inor satellites
(120 bp)

MinF1

Chromocenter

=centromeric

Regions from
several chromosomes

EXAMPLE: Pericentric heterochromatin in mouse cells
Min/Maj F1...: forward primer in unique region
Rev primer bind in every repeat




B wild type 0 Suv39h dn

Minor satellite repeats

type
Suv3iSh

dn

DNA precipitation (%)

H3-K9

&
.
\0¢§ v"”b 0’69 a‘b o

31

I

b

g K
[N

o.

,oo‘”g’ fp& o-&

&

{\

B wild type B Suv3oh dn

PCR amplification
of major/minor satellite
Repeats after ChiP using
Antibodies that are specific for
H3K9mel; H3K9me3; H3K9me3

Suv39h1l is required for imposition
of H3K9me3 at pericentric repeats



Fluorescence activated cell sorting (FACS)
to measure DNA content

? wild-type . double null

Number of cells

2N 2N 4N BN

>

DNA content

A knock-out model system
for Suv39h1 and Suv39h2 Fibroblasts from Suv39h1/2 null mice

- Loss of Suv39h1/2: smaller body size are aneuploidy



@
3

-
ho
—

chromosome number
I oo
o o

Loss of Suv39h1/2 results in

increased chromosome numbers

wi  , n=40dn .. \ n=82

5

”

l"".:..“...l..‘l...l-l..

10

]

ah
a®

.

/ c\; ;‘{

%"H_i L
I~

20
karyotype number

30

-

tllll"""}!!"""‘r;l"""-
s * ]

Genomic instability in Suv39h1/2 mice increases
lymphomas




perientric / Correct heterochromatin structure supports
chromosome segregation by the mitotic/meiotic

heterochomatin .
spindle apparatus

Small
Cell bod
/' death™ ] y
size
Loss of Genomic .
) e —>»  Aneuploid
Suv39h1/h2 instability ploldy
Cancer Cancer
driving

alterations



DNA-protein
+ cross-linking

Cell lysis
* Sonication or
O~ o enzyme digestion

AT Fomented
chromatin

v Immunoprecipitation
A with specific antibody

Immune precipitate

w (ChIP material)

+ DNA purification
\N—
o, S
N x
/ J \ Analysis of bound DNA
cAcCe T T
Sequencing

Microarray

Cell model system:

i.e. Wild-type or Suv39 dn cells
that grow in cell culture dish

1. Crosslink chromatin
(treatment of cells with Paraformaldehyde

2. Sonicate crosslinked cells

3. Incubate chromatin fragments with antibodies
raised against
H3K9me3

4. Recover antibody-chromatin complexes using
a resin that binds to the constant region of antibodies

5. Elute chromatin at high salt concentration and
revert crosslinks at high temperature

6. Digest protein with protease K and RNA with RNase

5. Elute chromatin at high salt concentration and
revert crosslinks at high temperature

6. Digest protein with protease K and RNA with RNase
7. Purify DNA and precipitate DNA

8. Measure the amount of immunoprecipitated DNA
In control versus Suv39h dn cells

METHODS:

Quantitative PCR: design PCR oligos to amplify defined
sequences in immunoprecipitates. Per PCR reaction only one
Locus can be examined by real-time PCR



Suv39h1/2
HP1
H3K9me3

- Anti-

Y H3K9me3
ChiP

Wild-type cells

H3K9me3 normal

Reverse crossling

DNA purification
Purified M VNN TNTNY
DNA )N TN TN TN

Suv39h dn cells

H3K9me3 strongly reduced




Purified Wild-type cells

DNA
FromchiP YOOI
T - Denaturalization of DNA;
o o o )": ] priming of DNA synthesis;
(e} N

Ho/i:o/ﬁ;o/i;o o incorporation of fluorescently labeled
w Nucleotides into newly synthesized strand
H H .

Y ININ TN INTNT S
YOOOA. YOO

Cy5- labeled
(~650 excitation, 670 nm emission)

Fluorescently
labeled probe

[

Hybridize
toa
genome array

Suv39h dn cells

Ntz Denaturalization of DNA;
o o o J\/ ] priming of DNA synthesis;
“°’i\°’i /i\° o incorporation of fluorescently labeled
W Nucleotides into newly synthesized strand

YK YA YRVA YA
ATNTNTNT R TNT NN

Cy3- labeled
(550 nm excitation, ~*570 nm emission)

Mix probes
T

Measure Green/Red ratio



Purified Wild-type cells Suv39h dn cells

DNA
From chip YORMIMIRY YOOTOTOO
Fluorescently  YOQUIMR YIQORMR M YR YR
labeled probe YA YIOOR | I NTNTNT N
Cy5- labeled Cy3- labeled

(~650 excitation, 670 nm emission) (550 nm excitation, ~“570 nm emission)

Site in Result fro
genome  WT Suv39dn array Mix probes
H3K9me3 ‘
Scan:
(Suv39h) ‘ 1. Red channel
aomes @ @ ol (rrormalie
(not Suv39h) 2. Green
channel
No H3KIme3 Measure Green/Red ratio (+normalize

H3K9me3 ‘. “ .‘ . Hybridize to a genome array signal)

high medium low Quantitative info



1. SUV39 WT
SUV3) genomic DNA

0=

cross-link
and shear

2.SUV39D

probe from
Suv39h dn probe from wt

hybridization

<00

Genomic sequence
represented by spot
Is enriched in H3K9me3

DNA microarray

A DNA microarray (also commonly known as DNA chip or biochip) is a collection of microscopic DNA spots
attached to a solid surface. Scientists use DNA microarrays to measure the expression levels of large
numbers of genes simultaneously or to genotype multiple regions of a genome. Each DNA spot contains
picomoles (10-12 moles) of a specific DNA sequence, known as probes (or reporters or oligos). These can
be a short section of a gene or other DNA element that are used to hybridize a cDNA or cRNA (also called
anti-sense RNA) sample (called target) under high-stringency conditions. Probe-target hybridization is
usually detected and quantified by detection of fluorophore-, silver-, or chemiluminescence-labeled
targets to determine relative abundance of nucleic acid sequences in the target

matrix

antibody

—
-
cells cells ChIP-on-chip wet-lab portion of the workflow Q

Each spot on a genome

Array contains a short genomic
Sequence. Genome arrays cover
a large part of the

Genome

A ChIP holds ca 20000 spots

purify,
amplify,
and label

®ma

fluorescence tag

Qetest
S0




p36.31 p3613  p3S3 pIM3 p341 p323  pA13  pd11 p223  p213 p211 pIAZ pina

Hybridization Scanning Normalization
and washes and analysis
Arrays do not contain the entire human/mouse genome
Are enriched for particular seqeunces according to need
(promoter, enhancer, etc...)

gi2 G211 g213 o233 q243 253 gI? gI21 gI23 Q4211 qdZ2 oi3 g4

12480 =

p mMR [ e espe  , wee . sme

H3K4me3_control_chr1

H3K4me3_treat_chri

H3K4me3_peaks.bed

H3K4me3_peaks.subpeaks.bed

l
I
D

hg19refGene

b 4+ ek

~

KHDRBS1 TMEM39B KPNAG



D651 0813 pd83 p.uapaupaa:.u p313  p3l0 pE23 p213 p2ia p1AZ pI1d qIF gRli G213 o233 qu4d g26d gIl@  ga2d gaea qaznqazzw a4
< 12440 >

H3K4me3_contral_chr1

Mey e — - I N
H3K4me3_treat_chri ' i
| s - e - - - - ~ = -

H3K4me3_peaks.bed
— - —
H3K4me3_peaks.subpeaks.bed
T LI =
hg19refGene KHDRBS1 TMEM39B KPNAG

Advantage: low tech, cheap
Disadvantage: low resolution, no data on number of molecules — just proportions;
laborious to reach a good genome coverage

Already outdated = state of the art: ChIP seq



DNA-protein
+ cross-linking
v Cell lysis
* Sonication or
A~ on enzyme digestion

AT Fomented
chromatin

Immunoprecipitation
with specific antibody

Immune precipitate
(ChIP material)

DNA purification

\ Analysis of bound DNA
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"M
CACCGCTT

Sequencing

gPCR Microarray

Cell model system:

i.e. Wild-type or Suv39 dn cells
that grow in cell culture dish

1. Crosslink chromatin
(treatment of cells with Paraformaldehyde

2. Sonicate crosslinked cells

3. Incubate chromatin fragments with antibodies
raised against
H3K9me3

4. Recover antibody-chromatin complexes using
a resin that binds to the constant region of antibodies

5. Elute chromatin at high salt concentration and
revert crosslinks at high temperature

6. Digest protein with protease K and RNA with RNase

5. Elute chromatin at high salt concentration and
revert crosslinks at high temperature

6. Digest protein with protease K and RNA with RNase
7. Purify DNA and precipitate DNA

8. Measure the amount of immunoprecipitated DNA
In control versus Suv39h dn cells

METHODS:

Massive parallel sequencing of immunoprecipitated DNA
Permits to obtain epigenetic information on the single
nucleotide level



Use immunoprecipitated DNA to generate
DNA libraries:

Fragmented DNA Input
5 — 3

3 — 5
5 O el
3 5 I _———5

End Repair, 5 Phosphorylation and dA-Tailing
5 S—— 3
Ky ==y
5 E—— 3 S
- VARSSSS S

fusion 5 \ 2 d
of DNA
with linker oligo H
¥ 5’

PCR Enrichment ac P7

RAEN: 198 &M, saoem. san

I R

READY FOR MASSIVE PARALLEL SEQEUNCING

Linkers serve as
uniform primer
binding sites.
This allows the
amplification of
the entire DNA
library using
only 2 types of
oligonucleotides

Amplified library



Lecture 3: Hallmark discovery and analysis of histone modifications

lllumina Massively Parallel Sequencing

ChIP seq: Analysis of epigenetic information on the single nucleotide level
—> GENERASTION OF GENOME WIDE EPIGENTIC MAPS

HiSeq 2000

https://www.illumina.com/company/video-
hub/pfZp5Vgsbw0.html
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The heart of the Illumina Massive Parallel Sequencer is the “FLOW-CELL". A surface
with millions of small wells that allow thousands of Sanger-sequencing reaction

In parallel = “massive parallel sequencing”. In each well a SINGLE MOLECULE of DNA
Is amplified and sequenced

lllumina offers the most potent massive sequencing
instruments — leader on the market

https://www.youtube.com/watch?v=pfZp5Vgsbw0




I

Flow cell contains surface with millions of
wells

—>Each well contains beads mounted with 2
species of oligonucleotides that hybridize with
adaptor oligos of DNA library

—>DNA library will be loaded onto the flow
cell in a determined concentration:

ONLY ONE MOLECULE OF DNA WILL BE
PROCESSED FOR SEQUENCING IN A SINGLE
WELL



-making DNA library (~300bp fragments)
-ligation of adapters A and B to the fragments

[E S
_
Common ends == -
[ -
C e—
1.
DNA
Flow cell

1 well, covered with

Common ends

millions of 2 types of oligos

- complementary primers are ligated to the surface
- pairing with ChiP ed ssDNA at random position in the well of the flow cell

1 well in a flow-cell with
billions of wells



Bridge amplification: takes place on surface of beads (each bead is mounted with
2 species of oligos; each oligo can hybridize to a DNA library fragment):
initiation

JL I N I N B N B

P7 S

Template Initial extension Denaturation
Grafted flowcell hybridization

New filament covalently
linked to surface

On the surface: complementary oligos

GeneCore



1% cycle 1%t cycle 1% cycle 21 cycle
denaturation annealing extension denaturation

2™ cycle 2 cycle
extension annealing

“m




Illumina Sequencing Technology
Robust Reversible Terminator Chemistry Foundation

In each round of sequencing a fluorescently labelled ddNTP will be used for
sequencing. ddATP carries different fluorphor than ddTTR, etc.. 3 5

Sequencing

DNA from 1 end
(0.1-1.0 ug)
—
Sample
preparation Cluster growth 5
Sequencing

1 2 3 4 5 6 7 8 9
(AU O S S O U L o ——
Base calling

Image acquisition



sequencing by synthesis:
“reverible terminator” nucleotides
blocked + fluorescently labeled

A 3 . 5 @
e 40 millign clusters per flow cell
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Laser

1. Synthesis = incorporation of fluorescent nucleotide: blocking synthesis
2. 4. Scanning of fluorescent signal

3. dye cleavage + elimination

4. wash step

1. Synthesis = incorporation of fluorescent nucleotide: blocking synthesis
READ LENGTH: ca: 150nt from each primer (2x150nt = 300nt)

illumina.com



https://www.y
outube.com/w
atch?v=9YXExT
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DU

Genomic DNA

l Fragment(200-500bp)
Z “Z\

l Ligate Adaptors
A1 SP1

SP2 A2
l Generate Clusters

7/ FLOWCELL

After 1° strand
. lSequence First End sequencing, Al anneals

N — A2 E to Al in nanowell-->DNA
synthesis --> template

‘ Regenerate Clusters and strand cleaved off 2

SpP2 Sequence Paired End

S N new strand sequenced

Figure 1-2-1 Pipeline of paired-end sequencing (www.illumina.com)



Read length: 50 — max. 300 nt

Read does not necessarily cover entire library DNA fragment : Reference Genome Sequence
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Readnumber
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Reference genome
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Neuronal
progenitor
cell

Mapping the epigenetic landscape enables to define “key rules”

Embyonic stem
cells

define the epigenetic code of active and silent genes

Bivalent gene (regulated during differentiation)

Pluripotency gene
A T&l‘:S TEIS B TS|S/ TEIS
H3K27 H3K27me3
mhm_ Al e o Ll..ﬂ.iil W;TL?JJLL/MMMM.
H3K36me3 ! H3K36me3'
H» .......1...; .L-_..nu-lllul.“#.l._._.- ..L T,_‘T.‘,,.,H,h._l' e —— ——
Mw_g . ._: ..: R THPRY [P B W S TR A
H33 (native H3 3|na ive
L@Mlmm mm&-:h_lu'u-uwu
H3.3 ! '

H3.2 ' |

H3K27me3 ! !
u_L.nu-—_-ua.L_u_lLu_-uJ_u_u_.'_m-LLlu—_h.un_
H3K36me3
S S S R T I AN IR R T N SUITUNT B M PO —
e dhe D b db o B ouis v .'Jll.l.l.i .,I.. L. A
H3.3 ' '
mmm
H3.2 ' '

T VT B PN FRT W ap
chri2 ‘Esrrb[™

'67,700,(]]0 87 mD mo

87 ,Qoo,oop

ke bl .&...ul....i“mw

H3.2

| MM:‘J.M“M

H3K?_7me3l !

a e lil L kst el b
I

H3K36me3 | : “
»{ 1 1
EPRAETY T S TN

mmwm

H3.2 '
e ———

chri1 l—r Eqfr .
1'6,&)0(!)0 1671])(!].3

1'6,&)0,1130

active mark

repressive mark
active mark
active mark

active mark

active mark

repressive mark
active mark
active mark

active mark

GENE
OFF
(no
RNA
detect
ed)

GENE
ON
(RNA
detect
ed)

Goldberg et al., Cell, 140: 678-691. 2010






-

\

DNA-protein
+ cross-linking
v Cell lysis
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Cell model system:
i.e. Wild-type or Suv39 dn cells that grow in cell culture dish

1. Crosslink chromatin
(treatment of cells with Paraformaldehyde

O H H H
HO—+C—O1H HO
| MNH2 0 OH
H 8-100 MH2
Lysine Glutamine

Paraformaldehyde (PFA)
is a polymer of formaledyde,
And covalently links NH2 groups
of biomolecules

Example of crosslinking reaction

2. Sonicate crosslinked cells
—>DNA breaks in a random manner
until reaching a size of ca. 250 — 500nt

3. Incubate chromatin fragments with antibodies
that are specific for modified histones (i.e. H3K9me3) or
chromatin modifying enzymes (i.e. Suv39h1); another sample
with a non-specific, control antibody

4. Recover antibody-chromatin complexes using
a resin that binds to the constant region of antibodies

5. Elute chromatin at high salt concentration and
revert crosslinks at high temperature

6. Digest protein with protease K and RNA with RNase



Lecture 3: Hallmark discovery and analysis of histone modifications

CHROMATIN IMMUNOPRECIPITATION (ChIP) = DETAILLED ANALYSIS
—> Localization of protein at a defined region - seqeunce

@ 5. Elute chromatin at high salt concentration and
R oiat revert crosslinks at high temperature
-protein
+ cross-linking
6. Digest protein with protease K and RNA with RNase
v Cell lysis 7. Purify DNA and precipitate DNA
‘ 8. Measure the amount of immunoprecipitated DNA
v Sonication or In control versus Suv39h dn cells
O~ oo enzyme digestion
"Lo-cwrc -orr'o
T e . METHODS:
M A. PCR: design PCR oligos to amplify defined
ANt [T29merted sequences in immunoprecipitates. Per PCR reaction only one locus
AL~ ) can be examined by real-time PCR
v Immunoprecipitation B. ChIP on ChiP:
AN A A with specific antibody Immunoprecipitated DNA from control and Suv39h dn cells are
F 4 Irgmgne pre_cilpitate labeled with nucleotides that are fluorescently labeled
W ( ) (555nm emission fluorofoer or 488 nm emission fluorphore.
v DNA purification Samples are mixed and hybridized to an array that contains

spotted DNA probes that cover a large fraction of the genome.
488/555 nm ratio is measured —> relative enrichment of histone
modification at thousands of genomic sites in control/Suv39h dn
N AR cells
TARTATAVRTATA' B. ChIP Seq:
S Immunoprecipitated DNA is sequenced by massive parallel
Sequencing. Control vs. Suv39h dn cells reveals enrichment
of H3K9me3 at the ENTIRE genome level.
single nucleotide levels

Sequencing




