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Outline

• Introduction to the Structures of Chromatin 
and Chromosome 

• Introduction to Epigenetics

• Chromatin Remodeling Factors: 

- Histone modification enzymes, mode of actions,   

and small molecule inhibitors/activators

- DNA Methylation
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Eucaryotic DNA is packaged into a 
set of chromosomes

-Chromatin: A filamentous complex of DNA, histones, and other
proteins, constituting the eukaryotic chromosome.

- Karyotype: the full chromosome set
- Chromosome painting: DNA hybridization with fluorescent labeled probes
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Chromosomes exist in different states

6



Packing of DNA into Nucleus

40 km of extreme fine thread

46 human chromosomes linked together—2 meters  
packed into nucleus—6 um
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6.7 cm in diameter



Packing of Mitotic Chromosome

Nucleosome

11 nm fiber

- In eukaryotic cells, DNA double helix can be packed by 
histone proteins into a structure, called Nucleosome.

(Beads on a string)
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The Structure of Nucleosome
- The DNA makes 1.7 turns around the Histone Octamer (H2A, H2B, 
H3, and H4) to form an overall particle with a disk-like structure, 
called Nucleosome. H1 and ~8-114 bp. of linker DNA between
nucleosomes.

- Interactions between DNA and the histone core: 
1. 142 hydrogen bonds are formed
2. Hydrophobic interactions
3. Salt linkages: positive charge amino acids (K or R) and the 

negatively charged DNA backbone
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Domain organization of 
the Core Histones

Handshake interaction
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Linker Histone, Histone H1

- 1-to-1 ration with nucleosome cores

- Less well conserved during evolution

- H1 is important for forming 30-nm chromatin
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Dynamic Nucleosomes
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ATP-dependent chromatin 
remodeling complex
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Nucleosome removal 
and Histone exchange
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Zigzag model for the 30-nm 
chromatin fiber

- Supported by χ-ray crystallography
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Solenoid model for the 30-nm 
chromatin fiber

- Supported by Cryo-electron microscopy
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Histone tails in the formation of the 
30-nm fibers
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Chromatin 
Remodeling Factors

Chromatin 
Remodeling Factors

Chromatin Remodeling and 
Transcriptional initiation
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Chromatin Remodeling and 
Transcriptional initiation

19Ordog T. et al., Neurogastroenterol Motil 2012



The SWI/SNF Complex

• ATP-dependent chromatin remodeling complex
• Yeast mating type switching (SWI) and sucrose non-

fermenting (SNF)
• Expression of 6% of yeast genes require SWI/SNF 

function
• 9-12 subunits - 2MDa
• Each subunit is required for function of the entire 

complex
• Evolutionarily conserved:  C. elegans, yeast, fly, rat, 

mouse, human
20



Variations in Human SWI/SNF Complexes
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Regulation of nucleosome dynamics 
by histone modifications
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- Swi6-mediated chromatin stabilization. Swi6 molecules 
dimerize via their chromodomains (CD) to recognize H3K9-
trimethylated histone tails in a single nucleosome. 
- These dimers then contact adjacent dimers via their chromo-
shadow domains (CSD) to stabilize nucleosomes and promote 
heterochromatin spreading

Nature Structural & Molecular Biology, 2013 



Loops of Chromatin
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Chromatin loops decondense when 
the genes within them are expressed

: labeled with 3H-uridine
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Chromatin can move to specific 
sites within the nucleus

- Chromosome territory:
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The position of a gene changes 
when it becomes highly expressed
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Epigenetics

• The term epigenetics refers to changes in 
appearance (phenotype) or gene 
expression caused by mechanisms other 
than changes in the underlying DNA 
sequence (genotype), hence the name 
epi- (Greek: over; above) -genetics
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The same genotype with different 
phenotypes
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Chromosome

Neuronal cell

Liver cell

genetic information

Breast 
cancer cell

epi
genetics

epigenetics

genetics/epigenetics

One  genome
but many cell types

>20 Disrupted 
DNA-methylation 

and histone-
modification genes 

in cancer

33Nature Reviews Genetics, (2007)



Epigenetics: Bookmarks in the book of life

• Specific epigenetic processes include 

Gene regulations by small RNAs, Imprinting, X 
chromosome inactivation, Position effect, 

Development/Reprogramming of somatic 
nucleus, Maternal effects, and Regulation of 
histone modifications and heterochromatin.
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Epigenetic Regulations 
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Epigenetic inheritance based on 
chromatin structures
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Heterochomatin vs. Euchromatin

- Heterochomatin: highly condensed form, genes within are silenced
- Euchromatin: less condensed form, genes within are more active 

(Position Effect)
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Posttranslational modifications of 
the histone proteins 
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Histone Code Theory
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• As proposed by David Allis: “that multiple histone 
modifications, acting in a combinatorial or sequential fashion 
on one or multiple histone tails, specify unique downstream 
functions”

Strahl, B.D. and Allis, C.D., Nature. 2000 



Code-Readers, Writers, and Erasers
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- Proteins capable of adding (writers), removing (erasers), and recognizing 
(readers) major enhancer-associated chromatin modifications, including 
H3K4me1, H3K9ac, H3K27ac, and 5hmC, are shown:

Molecular Cell 2013



Code-reader/writer complex
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Spreading specific chromatin 
modifications along a chromosome
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Epigenetic Transmission
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- Histone chaperones are key regulators of replication-
coupled and replication-independent nucleosome assembly.

Nature Structural & Molecular Biology, 2013 



Histone Chaperones and Nucleosome Assembly

44Nature Structural & Molecular Biology, 2013 



Two Epigenetic Regulation Controls 
at Chromatin (DNA + Protein)
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Posttranslational histone modifications
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Sumoylation

ADP-ribosylation

CpG

Threonine



Acetylation 
and 

ADP-ribosylation
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Histone Acetyltransferases (HATs)
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1.

2.

3.



Modular domains found in various histone acetyltransferases

GNAT

MYST

1. Green – Bromodomains: 

interact with acetylated-lysine

2. Orange – Chromodomains:

recognition of methylated-lysine

– GNAT HAT domain

– MYST HAT region

5. Light Blue & Green – Zn fingers 

Fr. Carrozza et al. Trends Genet 2003
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Rojas et al., 1999

Ligand Bound form of a GCN5-type HAT
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Catalytic mechanism of the HAT, GCN5
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Transition state Nucleophilic attack 

Tetrahedral
intermediate

acetyl-CoA



Modulators of the HATs:
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Bisubstrate Analogue
and inhibits the HAT p300

An inhibitor of PCAF

inhibits both p300 and PCAF

An activator

cell-permeable inhibitor 
of the human Gcn5



Histone deacetylases families and inhibitors

Mai A. et al., Med Res Rev 2005 53

IIb

IIb
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Catalytic mechanism of class I and II HDACs

Nucleophile

oxyanion

Central zinc ion to 
stabilize the tetrahedral 

intermediate



- Combinatorial approach:
HDAC paralog-selective inhibitor from a diversity-oriented 
synthetic process (Schreiber SL. et al. in PNAS 2003, Chem. Biol. 2003 and JACS 2003)

- The crystal structure of the HDAC catalytic core from
Aquifex aeolicus (hyperthermophilic bacterium) and HDAC 
inhibitors, suberoylanilide hydroxamic acid (SAHA) 

Development of HDAC inhibitors

Finnin MS. et al., Nature 1999 55
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Some HDAC inhibitors
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Class III Deacetylases
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Sirtuin substrates:

Histone and 
non-histone proteins!
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The Proposed Mechanism of Sir2 
Protein Deacetylases
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Structure of a Sirtuin bound to 
Acetylated Peptide and NAD+

Rossmann-fold domain (yellow)

Zinc-binding module (light blue) 

Helical module (royal blue)

Acetylated peptide (red)

NAD+ (green)
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Sirtuin-catalyzed both Deacetylation
and ADP-ribosylation reactions
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Modulators of sirtuins:

Activators:

Inhibitors:
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Methylation



64

Histone Lysine Methylation

Structure of lysine and its methylated derivatives: 

Histone lysine methyltransferase (HKMT)

mono di tri
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1.

2.

3.

4.

5.
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General chemical mechanism of 
SAMe-dependent HKMT  

- Both SET domain and Dot1 methyltransferases use a similar 
mechanism of methyl transfer:
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- Lysine Demethylases:
Proposed chemical mechanism of LSD/KDM: H3-K4, -K9

Demethylation of methyl-lysine



68Maes T., Curr Opin Pharmacol. 2015

Histone lysine demethylases 



69Maes T., Curr Opin Pharmacol. 2015

Histone lysine demethylase inhibitors 
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- Gene silencing through histone 
methylation: 

1. Deacetylation at H3-K9 by specific 
HDACs is necessary for subsequent 
methylation by HKMT activity, eg. SUV39. 

2. HP1 selectively recognizes
methylated H3-K9. The propagation of 
heterochromatin and gene
repression is mediated by HP1 recruitment of 
SUV39 and additional H3-K9 methylation.

Gene silencing through histone methylation:

- Histone methylation and 
transcriptional repression: 
E2F/Rb localize the histone lysine 
methyltransferase SUV39 at specific
promoter sequences, and HP1 initiates 
transcriptional repression at
euchromatin.

Heterochromatin Protein 1 (HP1)
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Histone/Protein Arginine Methyltransferases 
(H/P-RMTs)

1. Methylation of arginine groups occurs on histone H3 at R2, R17, R26 
and on H4 at R3. 

2.  The arginine guanidino function can be either mono- or dimethylated.

J Cell Sci. 2007 Dec 15;120:4243-6.
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PRMTs and inhibitor

Structure of the specific PRMT inhibitor AMI-1
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Phosphorylation
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Histone Phosphorylation
Signaling pathways that lead to H3-S10 phosphorylation and gene expression: 

mitogen- and stress-activated kinase



75

Histone Kinases
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Cross-talk between 
phosphorylation and acetylation
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- MSK1/2 phosphorylates H3-S10, which increases the 

binding affinity for Gcn5. Once bound, the HAT activity of 

Gcn5 results in the acetylation of H3-K14, which activates 

transcription.

Synergistic Model
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Parallel-Independent Model

- Lysine acetylation occurs equally on both phosphorylated 

and unmodified Histones.

- Acetylation at H3-K9 and H3-K14 is maintained by an 

equilibrium established by the activities of HATs and HDACs.
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Ubiquitination
and

Sumoylation



80



81

Cross-talk between 
ubiquitylation and methylation

- in S. cerevisiae

- Ubp8: Ubiquitin-specific protease
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SUMOylation

1) SUMO-specific proteases (SENP) 
removes C terminal residues.

2) ATP-dependent activation of 
SUMO by the SUMO-specific E1.

3) The SUMO moiety is transferred 
to the SUMO E2 ligase UBC9. 

4) Ubc9-catalyzed conjugation of 
SUMO to substrate. This step is 
enhanced by E3  ligases. 

5) SUMO conjugation is reversible 
through the isopeptidase activity 
of SUMO-specific proteases.
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SUMOylation antagonizes Acetylation
- SUMO molecule conjugated to K6 of one of the H2B N terminal tails. 
- The basic surface in SUMO essential for its transcriptional  
repressive function 



84Latham JA., Nat Struct Mol Biol. 2007

Cross-regulation of modifications

- in cis and in trans:
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Other types of histone modifications

- Citrullination
- Glycosylation
- Biotination
- Proline cis-trans 

isomerization
- others?

Latham JA., Nat Struct Mol Biol. 2007
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DNA methylation



- Catalyzed by DNA methylases/methyltransferases use S-
adenosylmethionine (SAM, SAMe) as methyl group donor.

- Adenine and cytosine are methylated more than guanine 
and thymine.

- Sequence-specific: (1) CpG island or (2) 5’GATC3’
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DNA Methylation
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Figure 7-80 Molecular Biology of the Cell (© Garland Science 2008)

DNA methylation patterns are inherited
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DNA Methylation and Gene Expression

•• Cytosine residues in 5’CpG are often 
post-synthetically methylated

•• CpG methylation is involved in long-term     
silencing of certain gene during development

•• The methyl-CpG-binding proteins MeCP1 and 
MeCP2 interact specifically with methylated 
DNA and mediate transcriptional repression.
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Self-Reinforced Model
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DNA methylation inhibitors



Identifying Methylation Sites

~ Bisulfite sequencing:
- Conversion of non-methylated Cytosine to 
Uracil
- No change to methylated Cytosine
- Sequenced through computer software identifying 

locations of methylation
- Two concentrations of methylation (low or high)

~ ChIP-seq by the Methyl-binding domain proteins
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- Conversion of unmethylated cystosines to uracil using  
Sodium Bisulfite

Bisulfite Sequencing
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Influence of Metabolism on Epigenetics

98Cell 153, March 28, 2013

- Metabolism and Acetylation/Deacetylation:



Influence of Metabolism on Epigenetics

99Cell 153, March 28, 2013

- Metabolism and Methylation:



Mitochondria as signaling organelles 
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Summary
• Chromatin structure plays a central role many  

cellular processes.
• Relevant to most aspects of gene expression as 
well as chromosome stability, DNA replication, 
recombination and repair.

• Chromatin regulated at local and global levels.
• Misregulation of chromatin and/or DNA 
methylation states leads to diseases.

• Chromatin is highly dynamic both in terms of 
structure & chemical composition.
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Summary


