
FS 2013 Cycle G: !
Molecular Biology  
Lecture H3: !
!
Chromatin and Epigenetics  
Thursdays 16:15 to 18:00 !
 

http://www.fmi.ch/Training/Teaching/ 
 

DATE   SPEAKERS	


28 Feb   Susan Gasser - Intro I	

  What is epigenetics? Introduction into principles and 
   molecules in chromatin and 

epigenetic control	


7 March  Dirk Schübeler - Intro II	


14 March  Marc Bühler	

  RNA, PEV and gene repression / student 

paper presentation	


21 March  Susan Gasser	

  Remodelers and chaperones / student paper 

presentation	


28 March  Gruendonnerstag – no lecture	


4 April   Dirk Schübeler	

  DNA methylation / student paper presentation	


11 April   Dirk Schübeler	

  Epigenetic regulation at the level of the genome / student 
  paper presentation	


18 April  Nico Thomä	

  Readers and writers: recruitment and 

regulation of epigenetic   modifier complexes / student 
paper presentation	


25 April  Renato Paro	

  Cellular memory	


2 May   Antoine Peters	

  Dosage compensation / student paper discussion	
9 May
  Auffahrt – no lecture	


16 May   Antoine Peters	

  Genomic imprinting / student paper discussion	
23 May
  Renato Paro	

  Cellular plasticity and stem cells	


30 May   Renato Paro	

  Paper discussion	


 End of university lectures: 31 May	




Cells are defined by the genes they express 



Different logic of transcriptional regulation in pro- and eukaryotes 
    

Working	  model	  :	  readout	  =	  sequence	  +	  “epigene7c”	  state	  



X	
X	


-  dynamic in development and disease 
-  reversible 
 

Transcription factors and epigenetic state of 
DNA define gene activity 

    

Premise : epigenetic regulation involved in 
  normal development and disease 

 



CH3 
X	
X	


TF TF 

X X 

X X X X 

X X X X 

same sequence - different readouts 

Orange	  locus	  on	  the	  X-‐chromosome	  	  
Xor	  inac7vated	  =	  black	  
Xor	  ac7ve	  =	  orange	  

Stochastic 

Heritable 

Covalent modification of DNA and 
histones can inactivate genes 

    



Chromatin and Epigenetics  

Same sequence - different readout 

Epigenetics 



Information on course !
http://www.fmi.ch/Training/Teaching/!
courseDetails.html?course=119!
!
Cornelia.albrecht@fmi.ch	


How to receive credit ? 
 
-  paper presentation / discussion  

-  please sign up 

-  details depending on turnout  
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Chromatin and Epigenetics  

“Molecules in chromatin and epigenetic control”	  
 
1.  Components and their structure 

-  Chromatin 
-  Conservation of histones 

2.  Chromatin remodeling : moving nucleosomes 
 around 

3.  Posttranslational modifications  

4.  Detection of modifications 

5.  (Functions of modifications – concepts) 

6.  (DNA methylation) 

 



Chromatin and Epigenetics  

Chromatin = DNA plus Protein in cells with nuclei 

from the Greek "khroma” meaning coloured and "soma" meaning body 

Histones = Greek 
for cell  

Isolated 1884 by 
Kossel 



Chromatin and Epigenetics  

Chromatin = DNA plus Protein in cells with nuclei 

from the Greek "khroma” meaning coloured 

Histones = Greek 
for cell  

Isolated 1884 by 
Kossel 

DNA 1869 by 
Miescher 
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Heterochromatin :  
Stays condensed 
throughout the cell cycle 
(Heitz, “Das 
Heterochromatin der 
Moose”, 1928) 

Opposite: 

Euchromatin -  

becomes decondensed 
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Nucleosomes as a repeating unit 

Repeating unit =  
Nucleosome 
(Dean R. Hewish and Leigh A. Burgoyne, 1973, using detergent)  
Markus Noll, 1974, Roger Kornberg, 1974 using nucleases 



Chromatin and Epigenetics  

The major protein component of chromatin. 
- small, very basic (lys, arg) proteins (to neutralize the highly 
charged DNA) 
- assembly of histones with DNA requires,  molecular 
chaperones (chromatin assembly factors) 

 
 
Five Types of Histones: 

H2A 
H2B 
H3 
H4 
H1  (Clamp for DNA wrapped around nucleosome) 

 

“Core” 
Histones 

Found in 2 copies of each in the 
nucleosome;  The DNA is then wrapped 
around the protein core made of these 
proteins -- together they form an octamer 

Histones (Components of the nucleosome) 



Chromatin and Epigenetics  

Histones 
are among the 

most conserved 
proteins in eukaryotes 

 
 
 
 
 
 
 

Histone-like proteins 
In archaebacteria 

 
 
 

A phylogenetic view of histones 

H4:  very highly conserved between species 
 (98% identical between cows and peas) 
 ~ 1% change in 600 million years (2 changes, Val to Ile,  Lys to Arg) 

H3:  also very conserved (97% identical) 
 ~ 1% change in 300 million years 
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Histones 
are highly conserved 
among eukaryotes 

 
 
 
 
 
 
 

Histone-like proteins 
In archaebacteria 

 
 
 

A phylogenetic view of histones 
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30 nm 
chromatin fiber 

11 nm 
(beads) 

Chromatin fibers 

SCR Elgin 
	


           Packing Ratio    Model 
Naked DNA    20A dia.  10 bp/turn           1           good 
 
Chromatin     100A dia.  ~80 bp/turn          6-7         good 
(100 A fiber) 

 
Chromatin   300A dia.   6 n, 1200 bp/turn    ~40        vague 
(300 A fiber) 

 
Domains (loops)          20-100 kb/loop      ~700       vague 
 
Chromosome          106 - 108 bp          ~10,000   defined 
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dsDNA 

Histones 

dsDNA wraps around the nucleosome two times. 

Luger et al., 1997 
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Histone variants 

The majority of nucleosomes are deposited during 
S-phase = replication coupled deposition 

 => “Canonical histones” 
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Nucleosomal deposition outside of S-phase utilizes variant histones 
 

Histone variants 

Where ? 
-  active genes (to compensate for nucleosomal loss, H3.3) 
-  at centromeres (required for kinetochore function, CenPA) 
-  at sites of repression (H2A variants) 

  - Different deposition machines are used 
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Histone variants 



Chromatin and Epigenetics  

Structure of the nucleosome: problems of accessibility for DNA-
binding proteins. 
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Structure of the nucleosome: problems of accessibility for DNA-
binding proteins. 

 
  Do they interfere with protein binding and transcription ? 

 
  Are they removed during the transcription process 
  or modified to allow access ? 

 
  Function beyond packaging ? 

    
    



          Carl Wu, Sally Elgin 
 
  Wu et al, 1979 Cell16: 797-806 
Wu et al, 1979 Cell 16: 807-814 

Using DNAseI as a sensor for accessibility,  
we can analyze the  
chromatin structure of specific genes 



Characterization of chromatin structure 
by nuclease digestion, indirect end-label mapping	


MNase cuts between nucleosomes; DNase I and  
restriction enzymes cut hypersensitive sites 



Assessing chromatin structure - genes are packaged 
 in nucleosome arrays with the active TSS  

in an open region – a HS site���
	


Analysis:  MNase cuts between nucleosomes; DNase I cuts nucleosome-
free sites  (HS sites).  Results shown for hsp26. 
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Transcription 
factor 
footprint 

Analysis of binding of transcription factor to naked DNA and 
nucleosomal DNA 

•  Assembling the DNA into 
a nucleosome strongly 
inhibits the binding of a 
sequence-specific 
transcription factor. 

•  Assembling the DNA into 
a nucleosome leads to 
cleavage by DNase I at 
10 nucleotide intervals. 

Taylor et al (1991) Gene & Dev 5, 1285.  
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The presence of nucleosomes on a DNA template prevents initiation by 
RNA polymerase II in vitro 

 
 
 

A:  

reconstituted nucleosomes 

on plasmids 

 

B:  

In vitro transcription 

and detection of plasmid 
derived RNA (by S1) 

Joseph A. Knezetic and Donal S. Luse, CELL 1986 
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transcription - + DNA 

Disappearance of 
ordered nucleosomes 
upon transcriptional 
induction 

Transcripiton disrupts nucleosomal “order” 

Li & Reese(2001) JBC 276, 33788.  
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Structure of the nucleosome: problems of accessibility for DNA-
binding proteins. 

 
  Nucleosomes interfere with DNA binding ! 

 
  Just a consequence of packaging ? 
   

 
  Used in regulation ? 
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 Genome size and complexity 
 
Organism       Number of genes      Genome size 
 
Mammals        30.000         3x109 

 
C.elegans        14.000          108 
 
fruit fly        12.000       1.6x108 
 
S. cerevisiae         6.000                  1.3x107 
 
 

E.coli            4377         5 x 106 
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ACGTTGGCAGGCATGTAGGATGGTAGCTCGATACGATTAGCGCCATGTAAGTATGCTCC 

Problem: 
Sequence specificity of transcription factors sufficient  
to mediate specific activation in complex (large)  
genomes ? 
Too many of any given bindings sites (e.g. 6 bp)  

Genome size and complexity 
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Chromatin could function in reducing genomic complexity 

Chromatin structure 
 

X	
X	


ACGTTGGCAGGCATGTAGGATGGTAGCTCGATACGATTAGCGCCATGTAAGTATGCTCC 

How is access regulated ? 
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Structure of the nucleosome: problems of accessibility for DNA-
binding proteins. 

 
  How to regulate access ?? 
   

 
  Chromatin remodelling 

 
  Histone modifications 

    
    



Chromatin and Epigenetics  

“Chromatin remodeling complexes” and “Chromatin modifying 
complexes” are important for transcriptional activation 

Chromatin 
modifying 
complex 

Chromatin 
remodeling 
complex 
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Chromatin remodeling complexes.  
(e.g. SWI/SNF, ISWI, etc.) 

•  Couples ATP hydrolysis with altering the nucleosome 
structure so that DNA binding proteins can access 
the DNA. 

•  DNase I footprinting analysis shows that the 10 base 
periodicity of cutting disappears. 

•  chromatin remodeling complexes decrease the 
binding constant of proteins for nucleosomal DNA. 
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Remodelers “move nucleosomes around” 

Becker et al., 1999 
Wu et al., 1999 
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Variations in Human  
SWI/SNF Complexes 

Actin a 

BRG1/BAF	


BRG1 

BAF155 

BAF170 
BAF57 

BAF53a 
BAF250a 

BAF60 
a  

BAF47 

Actin 

PBAF	


BRG1 

BAF155 

BAF170 
BAF57 

BAF53a BAF180 
a & b 

BAF60 
a 

BAF47 

Actin 

BRM/BAF	


BRM 

BAF155 

BAF170 
BAF57 

BAF53a 
BAF250a 

BAF60 
a 

BAF47 

Actin 

BRG1 

BAF155 

BAF170 
BAF57 

BAF53a 
BAF250b 

BAF60 
a & b 

BAF47 

EBAF70 

EBAF140 
EBAF100 

Actin 

ENL 

EBAFb	


BRG1 

BAF155 

BAF170 
BAF57 

BAF53a 
BAF250a 

BAF60 
a & b 

BAF47 

EBAF70 

EBAF140 
EBAF100 

Actin 

ENL 

EBAFa	


Complex complexes… 
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…but highly relevant 
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Histones are posttranslationally modified: 
   

 
 

  Methylation (lys, arg) 
  Acetylation (lys) 
  Phosphorylation (ser, thr) 
  Ubiquitination (lys) 

 
  Identified biochemically in the 60’s  
  yet no molecular link to gene regulation 
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Histones are posttranslationally modified: 

Allfrey et al., PNAS 1964 
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DNAseI sensitivity and histone acetylation co-localize 
   
   

Hebbes et al, 1994 
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The first molecular links between histone modification  
and transcription 

   
   

GCN5 a “known” 
transcription factor 
has HAT activity 

RPD3 a “known” 
transcriptional regulator 
has HDAC activity 
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The first molecular links between histone modification  
and transcription 

   
   

GCN5 a “known” 
transcription factor 
has HAT activity 

RPD3 a “known” 
transcriptional regulator 
has HDAC activity 
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The first molecular links between histone modification  
and transcription 

   
   

HAT Activity gel assay: 
 
Gel contains histones :  
 
- Addition of labeled Acetyl-CoA 
- radioactive band at site of  
 active HAT 
 
- Circumvents purification but  
but requires enzymatic activity 
after denaturation - renaturation 
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Histones are posttranslationally modified: 
   

 
 

  Methylation (lys, arg) 
  Acetylation (lys) 
  Phosphorylation (ser, thr) 
  Ubiquitination (lys) 

 
 

   
 
 
Since then:  

   
HATs, HDACs, HMTs, Kinases…. 
Transcriptional control, replication, DNA repair…. 
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Acetylation of lysine : 

HAT = Histone-Acetyl-Transferase  

HDAC = Histone-deacetylase 

 

 

 

 

 

HAT	

	

HDAC	


Histone Acetyl Transferases 
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Histone Acetyl Transferases 

•  Multiple families 

•  Gene-specific or global activators of  transcription  
  
•  Distinct substrate specificities for different families 

•  Can acetylate non-histone proteins (transcription 
factors, tubulin) 
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•  Weakens interaction of basic tails with negatively 
charged phosphate backbone of DNA. 

•  Weakens interactions that occur between 
nucleosomes, thus promoting decondensation of 
the chromatin fiber. 

•  Provide a marker for recognition by other 
proteins.  For example, a conserved “bromo” 
domain found in SWI/SNF and other transcription 
factors recognizes this marker. 

How acetylation might contribute to activation 



Chromatin and Epigenetics  

A protein that can silence gene activity is a Histone-Methyltransferase 

Suv39 = increases gene 
silencing of transgenes in  
flies 

Jenuwein et al, Nature 2000 
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Yi Zhang et al. Genes Dev. 2001; 15: 2343-2360 

Lysine and Arginine methylation 

Different methylation states of the same residue 
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Methylation creates binding sites 
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Depending on modified residue and methyl-specific binder 
 Methylation is utilized in repression and activation 
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Covalent modifications have very different t 1/2 
 
Acetylation :  
turnover in 20 minutes = constant HDAC  

    and HAT activity 
 
Methylation :  
turnover very slow.  
t 1/2 in bulk similar to histone itself  
No Demethylase ? 

 
Is histone methylation reversible ?  
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Histone modifications are reversible - 	


Allis et al 2007 Epigenetics 
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The majority (but not all) described modifications 
are localized to the N-terminal tail of H3 and H4 

Not likely to be involved in histone-DNA interaction 

Allis et al 2007 Epigenetics 
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Methylation (lys, arg) 
Acetylation (lys) 
Phosphorylation (ser, thr) 
Ubiquitination (lys) 
 
 

 
 

 
How are marks set, read and propagated  ? 



Chromatin and Epigenetics  (Peters and Schübeler, 2005) 

 
How are marks set, read and propagated  ? 
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Marmorstein (2001) Nat. Rev.  
Mol. Cell. Biol. 2, 422. 

Multiplicity of non-enzymatic domains in histone modifying 
enzymes 

=> potential for extensive crosstalk  
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The “histone code” hypothesis :  
 
 
the pattern of post-translational modifications occurring on the histone tails 
serves as binding sites for specific proteins, which signals specific 
responses  

•  Turner, 1993 

•  Strahl and Allis, 2000 

•  Jenuwein and Allis, 2001 
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Experimental approaches to study Histone modifications 
 
1.  Detection of modified nucleosomes due to biochemical   
Characteristics 
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How to detect acetylation and its half-life time 

Alfalfa histone H4 
Lysine acetylation at 

5, 8, 12, 16 and 20 

©
 W

at
er

bo
rg
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Experimental approaches to study Histone modifications 
 
2. Detection by specific antibodies  

 (Western blot, immunostaining,IP, Chromatin-IP) 
 

Initially from autoimmune disease (H1) 
 Today mostly peptide derived polyclonal sera 

 
 
 
 
 
 
 
 
 
 
 
Example: increase in H3S10 phosphorylation during the cell cycle 
 

S 

H3 
Phos-S10 

a-Tubulin 

G2 G1 
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Experimental approaches to study Histone modifications 
 
2. Detection by specific antibodies  
(Western blot, immunostaining, IP, Chromatin-IP) 
 

Initial from autoimmune disease (e.g. human H1) 
 Today mostly peptide derived polyclonal sera 

 
 
 
 
 
 
 
Immunostaining (IF) reveals differential nuclear distribution 
In eu- and heterochromatin 
 

α-H3-di-meK4 



Chromatin and Epigenetics  

Experimental approaches to study Histone modifications 
 
3. Chromatin-IP (ChIP): Mapping modifications to defined sequences 

Salomon and Varshavsky 
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Chromatin Immuno-
precipitation - ChIP   

qPCR	


ChIP-chip	


ChIP-seq	


1. Crosslink proteins to DNA 
	


2. Isolate chromatin and sonicate 
	


3. Incubate with antibody 
	


4. Isolate AB/chromatin complexes 
	


5. Isolate DNA from complexes 
	


N Riddle 
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Histone acetylation marks open chromatin and  
transcriptional activation in a mammalian mulitgenic locus  

X-ChIP on human beta-globin locus for H4 acetylation 

Acetylation depends on presence of enhancer and  

Transcriptional activity 
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input bound 

Spotted microarray 

Epigenomics: Chromatin profiling combining 
Chromatin-IP with genome-wide detection 
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E
nr

ic
hm

en
t f

or
 m

od
ifi

ca
tio

n 
 

transcribed non-
transcribed 

array 57% 43% 

H3-di-meK4 87% 13% 

transcribed 
(predicted) 

intergenic 
(predicted) 

overlay 

Epigenomics example  
H3 lysine 4 methylation is largely restricted to transcribed regions 
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What is the function of chromatin modifications 
 in vivo ? 

-  access to DNA  

(histone acetylation) 

-  binding sites for effectors  

(“histone code hypothesis”) 

 ==> Evidence for both 

  How can it be tested ? 
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Functions of histone modifications : 
 
1.  Change of biochemical properties of histones  

2.  Modifications create binding motifs which are 
  specifically recognized by other proteins 

 (Histone code hypothesis, Strahl and Allis 2000) 
 
3.  Signalling network model,  

 (Schreiber and Bernstein 2002) 
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SUMMARY  : 
 
Nucleosomal histones are highly conserved 
throughout eukaryotes 
 
Covalently modified at multiple residues 
 
Modification that affect charge, such as histone 
acetylation, appear to regulate accessibility of DNA 
 
Modification that do not change charge, such as 
Histone methylation create binding modules 
 
Nucleosomal modifications are involved in all DNA- 
templated events 
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Current questions: 
What reads histone modification patterns? 
Histone modifications in vivo? 
Replacement to reset states ? 
 
- transcription or repair coupled replacement would erase 
  histone marks 
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Current questions: 
What reads histone modification patterns? 
Histone modifications in vivo? 
Replacement to reset states ? 
 
Propagation of states ? 
 
 
 
 
 
 
 
 
 
 
 
 
 


