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Figure 1.1 A brief history of genetics.

1865 Genes are particulate factors
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1910 _ _ Genes lie on chromosomes

1913 _ _ Chromosomes contain linear arrays of genes
1927 Mutations are physical changes in genes
1931 Recombination is caused by crossing over

1944 __ DNAIs the genetic material _

1945 A gene codes for a protein

1953 DNA is a double helix

1958 DNA replicates semiconservatively

1961 Genetic code is triplet

1977 DNA can be sequenced
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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

mitotic
nuclear envelope spindle
surrounding nucleus
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Packing of DNA into Nucleus

46 human chromosomes linked together—2 meters
packed into nucleus—6 um

40 km of extreme fine thread

6.7 cm in diameter




Packing of Mitotic Chromosome

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

Linker DNA
Linker DNA
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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

(A) N histone H1 (B)
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Dynamic Nucleosomes

wrapped nucleosome unwrapped nucleosome rewrapped
exists for 250 exists for 10-50 nucleosome
milliseconds milliseconds
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ATP-dependent chromatin
remodeling complex

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 x-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 and
Transcriptional initiation
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Chromatin Remodeling and
Transcriptional initiation

Extra- | Intra- Intra- Extra-
cellular # cellular cellular cellular
signal " mediator mediator signal
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Ordog T. et al., Neurogastroenterol Motil 2012
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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
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Variations in Human SWI/SNF Complexes
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SWI/SNF-Mediated Chromatin Remodeling

-
BAF170
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SWI/SNF-Mediated Chromatin Remodeling

-
BAF170
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SWI/SNF-Mediated Chromatin Remodeling
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SWI/SNF-Mediated Chromatin Remodeling

BAF170
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Regulation of nucleosome dynamics
by histone modifications

- Swib-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

Nucleosome

H3K9me

Nature Structural & Molecular Biology, 2013
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Loops of Chromatin

high-level
expression
of genes
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Chromatin loops decondense when
the genes within them are expressed

RNA synthesis: labeled with *H-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

nuclear neighborhood nuclear neighborhood
for gene silencing for gene expression

—
CELL
CHANGES
IN RESPONSE
TO SIGNALS

movement to different nuclear

nuclear envelope neighborhoods: genes A and C become

highly active and gene B becomes
silenced in heterochromatin

(R)

nuclear envelope

homologous chromosomes
detected by hybridization
techniques

specially
marked
gene

(B) GENE OFF GENE ON

30



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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One genome

but many cell types

Neuronal cell

genetics/

Breast
cancer cell

>20 Disrupted
DNA-methylation
and histone-
modification genes
in cancer

Chromosome
genetic information

Liver cell

Nature Reviews Genetics, (2007) 33



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.

34



Epigenetic Regulations

35



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

* 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”

N termini Modification Associated Function
Residue: state protein/module
14 91014 18 23 28
H3 Unmodified  Sir3/Sird/Tup1  Silencing
N; Acetylated Bromodomain Transcription
N r Acetylated ? Histone deposition?
SMC/ . .
N Phosphorylated Condensins? Mitosis/meiosis
N Phos/acetyl ? Transcription
Nu Methylated ? Transcription?
Nm Higher-order ? ?
t : combinations '
H4 N N - Acetylated ? Transcription
N+ Acetylated RCAF? Histone deposition
2 2
CENP-A N Phosphorylated ? Mitosis
7 17 27

Strahl, B.D. and Allis, C.D., Nature. 2000
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Code-Readers, Writers, and Erasers

- Proteins capable of adding (writers), removing (erasers), and recognizing

(readers) major enhancer-associated chromatin modifications, including
H3K4me1, H3K9ac, H3K27ac, and 5ShmC, are shown:

Writers Erasers >~ Readers

__BROMO
domain
proteins

Enhancer

Molecular Cell 2013
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Code-reader/writer complex

protein modules
binding to specific
histone modifications
on nucleosome

scaffold
protein

code-
reader
complex

covalent /\ CH,

modification ‘(

on histone tail

(mark)
CODE READER H,C N*
BINDS AND 0,
Ic\y;:: gﬁz"?:: ER protein complex with

catalytic activities and
additional binding sites

attachment to other components in nucleus, 41
leading to gene expression, gene silencing,
or other biological function



Spreading specific chromatin

modifications along a chromosome

gene regulatory protein

Y
N

histone modification (mark)
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Epigenetic Transmission

- Histone chaperones are key regulators of replication-
coupled and replication-independent nucleosome assembly.
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Histone Chaperones and Nucleosome Assembly

Table 1 Histone chaperones and their functions during nucleosome assembly

Histone chaperone Histone cargo Function during nucleosome assembly

Anti-silencing factor 1 (Asfl) H3-H4 Histone import; histone transfer to CAF-1 and HIRA;
regulation of H3K56ac

Chromatin assembly factor 1 (CAF-1) H3.1-H4 H3.1-H4 deposition; (H3-H4), formation

Death domain-associated protein (Daxx) H3.3-H4 H3.3-H4 deposition at telomeric heterochromatin

DEK H3.3-H4 Regulation of H3.3-H4 incorporation and maintenance
of heterochromatin

Histone cell cycle regulation defective H3.3-H4 Deposition of H3.3-H4 at genic regions

homolog A (HIRA)

Nuclear autoantigenic sperm protein (NASP)  H3-H4 Histone supply and turnover

Regulator of Ty transposition (Rtt106) H3-H4 Formation and deposition of (H3-H4), tetramer

Holliday junction recognition protein (HJURP) CENPA-H4 Regulation of incorporation of the H3 variant CENP-A

Facilitates chromatin transcription (FACT) H3-H4, H2A-H2B, H2A.X-H2B Deposition and exchange of H3-H4, H2A-H2B, H2A. X-H2B

Nucleosome assembly protein 1 (Nap1) H3-H4 and H2A-H2B H2A-H2B nuclear import and deposition

Chaperone for H2A.Z-H2B (Chz1) H2A.Z-H2B H2A.Z-H2B deposition

Aprataxin-PNK-like factor (APLF) Core histones and macroH2A.1-H2B Regulation of macroH2A.1 incorporation during DNA damage

Nature Structural & Molecular Biology, 2013 44



Two Epigenetic Regulation Controls
at Chromatin (DNA + Protein)

=

HISTONE active chromatin DNA unmethylated
MODIFICATION METHYLATION DNA region
inactive chromatin methylated DNA region
NEW NEW DNA
_< CHROMATIN METHYLATION
STATE STATE
INHERITED INHERITED
HISTONE MODIFICATION DNA METHYLATION
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Posttranslational histone modifications

ADP-ribosylation

Acetylation

DNA methylation

Methylation

/

M Arginine
Lysine

H3

Threonine

Phosphorylation

Ubiquitination

Sumoylation
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Acetylation
and

ADP-ribosylation
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Histone Acetyltransferases (HATS)

Table 1: HAT families and functions of selected members.

function

HAT organism
1. GNAT family
Gcen5 yeast, human
PCAF human
Elp3 yeast
ATF-2 yeast, human
2. MYST family
MOZ human
Ybf2/Sas3 yeast
Sas2 yeast
'Fip60 human
Esal yeast
MOF fruit fly
3. CBP/p300 family worm, human

coactivator
coactivator
elongation
activator

coactivator

elongation

silencing

DNA-repair, apoptosis
cell cycle progression
dosage compensation!®
global coactivator

[a] dosage compensation: a regulatory process to ensure that female and
male organisms have the same amount of X-chromosome products.
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Modular domains found in various histone acetyltransferases

a
® GNAT
179 282
yHat1 . 374 aa
yGenS 440 aa
86 361
hGenSL [ 837 aa
74 351
hPCAF L 832 aa
PCAF homology
o MYST
33 86 220 406
yEsa1 445 aa
101 125 314
ySas2 338 aa
301323 521
ySas3 { ] 831aa
261 284 477
hTip60 @l:_—‘—J 513 aa
76 7 572 595 784
dMOF ] IS ] 827 aa
CHD,
538 561
hMOZ %\ - S— /] 2004 aa
181 212 368 389 577
hHBO1 611 aa
Zn Zn A
MYST homalogy

TRENDS in Geneatics

1. Green — Bromodomains:

interact with acetylated-lysine

2. Orange — Chromodomains:

recognition of methylated-lysine

3. Red — GNAT HAT domain
4. Pink — MYST HAT region

5. Light Blue & Green — Zn fingers

49
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Ligand Bound form of a GCN5-type HAT

Rojas et al., 1999 tGCN5+-CoA+H3 peptide
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Catalytic mechanism of the HAT, GCN5
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Modulators of the HATSs:

0
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Histone deacetylases families and inhibitors

Table I. Classification of Mammalian Histone Deacetylases (HDACS)

Catal. I;’fiechanis;m Subcellular
Class Enzyme domain aecat;::ittyy ase localization
2+
HDAC 1 one Zn nuclear
dependent
Zn2+
HDAC 2 one nuclear
I depenzclent
N HD Zn nucleocytoplasmic
(Rpd3-like) AC3 one dependent shuttling
2+
HDAC 8 one Zn nuclear o 0
dependent
Zn2+ fOH
HDAC 11 one nuclear
dependent
AC 4 Zn2* Bt Me. Me Me
HD one dependent n. shuttling rlJ
HDAC 5 one Zn* n. shuttling Me
depZe:nzcient ; trichostatin A (TSA)
II HDACG6 |lb two depel;—ln dent n. shuttling
(Hdal-like) ZnZt
HDAC 7 one n. shuttling
dependent
Zn%* .
HDAC 9 one dependent n. shuttling
Zn** .
HDAC.10 |lIb one dependent n. shuttling
SIRT 1 one NAD nucleus
dependent
NAD"
SIRT 2 one cytosol
dependent nicotinamide O
SIRT 3 one mitochondria
- dependent
NAD"
(Sir2-like) SIRT 4 one dependent NU | \ NH 2
NAD™
SIRT 5 one dependent NU N s
+
SIRT 6 one NAD NU
dependent
NAD"
SIRT 7 one dependent NU

Mai A. et al., Med Res Rev 2005 93



Catalytic mechanism of class | and Il HDACs
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Development of HDAC inhibitors

- 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)

cap group

'\\'\. 2
Zinc atom

14A cavity

I|-I O
NMN/OH
|
(T )
Protein surface Active site
recognition Spacer . iibiting grou
domain g group

Finnin MS. et al., Nature 1999 55



Some HDAC inhibitors

*W

scriptaid (12)
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Class lll Deacetylases

Table 1. Summary of the Biology of the Human Sirtuins, Sirt1-7

Disease Interacting
Sirtuin  Implication Localization = Substrates Partners Physiological Summary References
Sirt1 Metabolic, Nuclear, p53, Foxo1, Foxo4, AROS, DBC1 Overexpression is Hsu et al., 2008;
neurological, cytoplasmic ~ COUP-TF, CTIP2, cardioprotective Lagouge et al., 2006;
cardiovascular, NFkB, p65, NCoR, against oxidative Li et al., 2008;
renal, cancer Histone H1, Histone H4, stress and heart McBurney et al., 2003
Ku70, p300, BCL11A, aging.
Tat, PGC1a, MEF2, Increases mitochondrial
eNOS, AceCS1, E2F1, biogenesis by deacetylation
Androgen receptor, and activation of PGC1a.
p73, Smad7, NBS1, Rb, Overexpression shows
TLE1, IRS2, LXR, both a protective and
SUV39H1, WRN, pro-aging role in neurons.
TORC2 Murine knockout have
genomic instability and
severe developmental
defects.
Sirt2  Neurological, Cytoplasmic  Tubulin, Foxo, HOXA10, In cellular and Drosophila Quteiro et al., 2007
metabolic, Histone H4, 14-3-3 HDACG6 model of Parkinson’s
cancer disease, inhibition of Sirt2
has protective effects.
Sirt3  Metabolic Mitochondrial AceCS2 Unknown Murine knockout displays Lombard et al., 2007
hyperacetylated
mitochondrial proteome.
Sirt4 Metabolic Mitochondrial GDH, IDE, Unknown Murine knockout has Haigis et al., 2006
ANT2, ANT3 increased GDH activity.
Sirts Neurological Mitochondrial Unknown Unknown Murine serotonin receptor Sibille et al., 2007
knockout have increased
SIRT5 expression.
Sirt6  Cancer Nuclear Histone H3 Unknown Murine knockout have Mostoslavsky et al., 2006
genomic instability
displaying premature
aging and predisposition
to cancer.
Sirt7  Cardiovascular Nuclear RNA Pol |, p53 Unknown Murine knockout have Vakhrusheva et al., 2008

decreased lifespan with
inflammatory cardiac
hypertrophy.
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Sirtuin substrates:

Histone and
non-histone proteins!

Table 1

Sirtuin substrates

Sirtuin
Substrate? Residue(s) Reference Role of sirtuin; comments class
Salmonella enterica cobB (sirtuin) U
Acs (acetyl-CoA synthetase) K609 (18) Activates catalysis
Sulfolobus sulfotaricus Sir2 U
Alba K16 91) Antitranscriptional
Enhanced DNA binding
Saccharomyces cerevisiae Sir2 I
Histone H3 K9/14 2) Antitranscriptional
Histone H4 K16 Antitranscriptional
Schizosaccharomyces pombe Sir2 I
Histone H3 K16 (92) Antitranscriptional
Histone H4 K9
Homo sapiens SirT'1 I
Histone H1 K26 (46) Antitranscriptional
Histone H3 K9 (46) Antitranscriptional
Histone H4 K16 (46) Antitranscriptional
ps3 K317/370 (48) Anti-apoptotic
K382 24
“9)
p300 K102/1024 (54) Antitranscriptional
FOXO3a K242/259/271/290/569 (23) Antitranscription
Anti-apoptotic
15)
RelA/p65 (NFkB) K310 (80) Pro-apoptotic
FOXO1 K242/245/262 (93)
FOXO4 ND (94) Protranscriptional
HIV Tat K50 (95) Protranscriptional
PGC-1x K77/144/183/253/270/ (56) Protranscriptional and
277/320 antitranscriptional
K412/441/450/757/778
PCAF ND (96)
MyoD K99/102/104 (96)
Ku70 K539/542 (11) Anti-apoptotic
SIRT2 I
o-tubulin K40 (38)
SIRT6 v
SIRT6 ND (90) Auto-ADP ribosylation reported
Mus mausculus Sir2 o I
TAFI)68 ND (17)
Trypanosoma brucei ThSIR2RP1 I
Histone H2A ND (89) Both deacetylation and ADP
ribosylation reported;
increased DNA repair?
Histone H2B ND (89) Both deacetylation and ADP

ribosylation reported;
increased DNA repair?
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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 ( )
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

A Deacetylation:

irtuins ADP
= NH. 0 ! . 0
C B G o
N @)
/

ADP o + NH OH O
NH O
| 2
OH OH SN

ADP-ribosylation:

O ADP
0
X

= | NH, sirtuins _ w
SF \‘ OH OH é
N

ADP o HX O
+
k } Z NH,
| X = NH (Arg/Lys)?
OH OH N S (Cys)?

N

+

NH;
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Modulators of sirtuins:

Inhibitors:
O »
o)
O \N ) HO ° O )
on o -0 L
S o oo
AN
C L
sirtinol (25) A3 (26) M15 (27) splitomicin (28)
Activators: OH
OH OH
HO N O HO O
@ Ol
OH OH O
resveratrol (29) butein (30) quercetin {(31)
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Methylation
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Histone Lysine Methylation

Structure of lysine and its methylated derivatives:

Histone lysine methyltransferase (HKMT)

HC, H,C. H.C.

H= N H'ITI/H H,c~ " Hem N
HKMT HKMT HKMT
ﬁiz )a —""7 - jC\Hz)zi —’4?— j\Hz )4 —"‘? (CH,),
+ - : + — : + — : + —
H,;N COO H;N COO Hs;N COO H;N COO
lysine e-N-methyllysine e-N-dimethyllysine e-N-trimethyllysine
mono di tri
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Histone lysine methyl transferases Histone substrate specificity

1. SET domain-containing

SUV39 family

SUV39H1 H3-K9
2. SETI family

SET1 H3-K4, -K79

EZH?2 H3-K27

MLL H3-K4
3. SET2 family

SET2 H3-K36

NSDI H3-K36
4. Riz family

RIZ1 H3-K9
S. SMYD3 family

SMYD3 H3-K4

* Non-SET domain-containing

DOTI H3-K4, -K79




General chemical mechanism of
SAMe-dependent HKMT

- Both SET domain and Dot1 methyltransferases use a similar
mechanism of methyl transfer:

NH3

i S-adenosyl-L-methionine
_O ________ N - 1 [
= NH,
O Nt »\@,N\%\\(

_O N
+ [~ NH,
O .:.n‘ '.": O N \8/\\<
SN
.'.-ll-’. . / N y

S 14
N -

HO OH
Lysine Monomethyl-lysine S-adenosyl-L-homocysteine
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Demethylation of methyl-lysine

- Lysine Demethylases:
Proposed chemical mechanism of LSD/KDM:  H3-K4, -K9

H20, O,

)
N N _O
) :[ Y
;EI(NH
N
O
FAD (»OH
H,C: H H3C.
HSC\ CH3 \ /‘ i .:N SC\N) i NH
5 o
> —_— —_— +
HJ\H
Formaldehyde
/S AN A
O O O
Dimethyl-lysine Imine Hemiaminal Monomethyl-lysine
intermediate intermediate
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Histone lysine demethylases

H3K4 H3K9 H3K27 H3K36 H4K20
2|2 (DB |S|B]|T(2|B|T[T|D
— - _ EIE ElE EIEIEIENENEIEIEIEIEE
KDM1A LSD1 AOF2
KDM1B LSD2 AOF1
KDVPA  [FBXL11 _ [JHDMHA
KDMeB FBXL10 JHDM1B
PHF2 JHDMHE
PHF8 JHDM1F
KDMB3A JMID1A  |JHDMRA
KDM3B JMID1B  |JHDMeB
JMID1C  |JHDM2C
KDMA JMID2A  |JHDMBA
KDMW4B JMID2B  |JHDM3B
KDM4C |JMID2C  |JHDM3C
KDW4D |JMJD2D  |JHDM3D
KDMW4E JMID2E
KDM5A JARID1A |RBBP2
KDMsB JARID1B |PLU-1
KDM5C  |JARID1C |SMCX
KDMsD  |JARID1D |SMCY
KDM6A UTX
KDMeB JMIJD3
KDMeC UTyY
KDM7A JHDM1D H
KDM8 JMID5
effective substrate replicated in vitro using histone tail peptide
not replicated in vitro with histone tail peptide, only detected in cells
binds this residue, may provoke a switch in substrate specificity

effective substrate replicated in vitro only when using intact nucleosomes
weak substrate affinity replicated in vitro using histone tail peptide

Current Opinion in Pharmacology

Maes T., Curr Opin Pharmacol. 2015




Histone lysine demethylase inhibitors

KDM1A inhibitors

NC
N 0\\..__CNH
P
N
Tranylcypromine* % OG-L002* HsC GSK690
MAOA/MAOB/KDM1A KDM1A KDM1A

o

RN-1* SP-2509
KDM1A KDM1A
\\ N /
o \\
OO
H
N
GSK2879552 4SC-202
KDM1A Dual HDAC1,2,3/KDM1A
NH,
A\ U R /©/A""NH2
Sa Sy
HO
ORY-1001 Compound 3*
KDM1A KDM1A/4C

- OH (\
- N\) N
- N s
H Cl ~ °N %
S H
o

o

Jm|C domain KDM inhibitors
COOH
(o] " o} H (0] Q
HO)S‘/N\)I\OH | ~ HO/NMH
) N7 NN Y
o)
NOG 2,4-PDCA SAHA
Pan KDM Pan KDM Pan HDAC/KDM
COOH
| S
N/ m/k \ H\
OH
10X-1 SD70 ML324
Pan-KDM KDM4C KDM4
O 0\/
Y
0 Aj\a X o |
Aoy e LA
I o (
Daminozide Compound 9 C-70
KDM2/7 KDM7(2) KDM4,5,6?
HO. o C@, H
N N OH
N g ) ™Y
P N s~ N 7
N = X N S
Compound 35 JIB-04 GSK-J1
KDM2(7) Pan KDM KDM 6 (5,4)

Current Opinion in Pharmacology

Maes T., Curr Opin Pharmacol. 2015



Gene silencing through histone methylation:

- Gene silencing through histone

methylation:
(i _ Suv3g - 1. Deacetylation at H3-K9 by specific
HP1 R o P HDACSs is necessary for subsequent
\,”“ . 200 e ) methylation by HKMT activity, eg. SUV39.

RE K9 510

2. HP1 selectively recognizes
i YN ey R 5 j ~_ >~ methylated H3-K9. The propagation of
heterochromatin and gene

Heterochromatin Protein 1 (HP1) repression is mediated by HP1 recruitment of
__________________ SUV39 and additional H3-K9 methylation.

- Histone methylation and

SUV39 HP1 transcriptional repression:
“ Me E2F/Rb localize the histone lysine
RES 3 L methyltransferase SUV39 at specific

promoter sequences, and HP1 initiates

A O . jj —__~_~ transcriptional repression at

euchromatin.
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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.

Methylation of arginine residues
Typel:  PRMT1
H,N ® ,NH PMRT3
N CARM1/PRMT4  +AdoMet
NlH PRMT6
| PRMT8
(CHy)s »
p Type ll: PRMT5
HSN‘*}ﬁ\COO@ PNRT?
FBXO11
Arginine
Type lll: PRMT7
Type IV: Type I:
RMT2 r/ + AdoMet
+ AdoMet
"
H,N¢ ® ,NH HN @ /N
2 \-?-/ 2 2 \-?/ \CH3
N—CH, NH
| + AdoHcy | + AdoHcy
(CTz)a (CHa)
® ®
M7 f\coc® N fN\cod
MMA(3) aDMA(0)

S EEEEE—

CH,

Hz“\%‘/N\H
I

| + AdoHcy

MMA(o)

Type Il
+ AdoMet
CH; CHj

@

Ne® /N
H/ NA/ \H

—_—C)

NH
| + AdoHcy
(CHy)3

® a
N7 iNcol
aDMA(w)

71
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PRMTs and inhibitor

Table 3: Known histone arginine methyltransferases (HRMTs) !l
HRMTP! specificity type of methylation
PRMT1F% 7] H4-R3 asymmetric
PRMT4/CAR|\/|1[366’367] H3-R2, H3-R17, H3-R26  asymmetric
PRMTS5/)BP1L¢%:3%% H2A, H4 symmetric

[a] PRMT2 is not identified as an enzyme;!®>°® PRMT3,>"7>° g Pl and
78P013%21 are not known as HRMTs. [b] PRMT=protein arginine N-
methyltransferase; CARM = coactivator-associated arginine methyltrans-
ferase; |BP=]anus kinase-binding protein.

O~ Na'
|
0=8=0

" 1. structure of the specific PRMT inhibitor AMI-1
OH

OH
g

o

X\ A

oYy H H 72

*Na ~
AMI-1 (39)



Phosphorylation
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Histone Phosphorylation

Signaling pathways that lead to H3-S10 phosphorylation and gene expression:

siress
UV radiation

]

MEKK3/6

MSK1/2  mitogen- and siress-activated kinase

P J nucleus

PKEB/AKL K9 510

—~—P_
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Histone Kinases

Histone kinase specificity

Histone kinases Histone substrate specificity
PKB/Akt H3-S10

Rsk-2 H2B; H3-S10

Mskl1/2 H3-S10, -S28

MLTK-a H3-S28

Aurora-A H3

Aurora-B H3-S10, -S28

Cdk2 HI

Mstl H2B-S14

This table highlights only those histone kinases discussed in the text and is not fully inclusive of all existing histone kinases.

Cdk2: Cyclin-dependent kinase 2; MLTK-a: Mixed lineage triple kinase-alpha; Msk1/2: Mitogen- and stress-activated protein kinase 1 and 2; Mstl:
Mammalian Sterile20-like 1; PKB: Protein kinase B:; Rsk-2: Ribosomal S6 kinase-2.
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Cross-talk between
phosphorylation and acetylation
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Synergistic Model

- MSK1/2 phosphorylates H3-S10, which increases the

binding affinity for Gecn5. Once bound, the HAT activity of

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

transcription.
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Parallel-iIndependent 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 HDAC:s.

B. __ - @ S @
GCN5/‘ Neerm K 180 1K4 \2/|sk1/2 N s 1K4
A ® Msk1/2 mutanon /inhibition
Nigm —K —S — @ N, — K—S —K—
9 10 14

M5k12\4 ® /SCN&S HDAC\< ®
N, —K—S—K N — K —S — K —
9 10 14

10 14

78



Ubiquitination
and
Sumoylation
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Table 1. The enzymes involved in the regulation of histone H3
lysine 4/79 methylation and histone H2B ubiquitination in budding
yeast (S. cerevisiae) and human [15, 29, 32, 41, 42, 47, 48, 149, 150,
152-154, 161, 162, 179].

Modification Enzyme Budding Human
site yeast

MLL1 (K4me,),)
MLL2(K4me, ;)
MLL3(K4me, ;)
Setl MLL4(K4me, ;)

Methylase (K4me ;) SetlA(Kdme,3)
Set1B(K4me, ;)
SMYD3(K4me,;)
H3-K4 SET7/9 (K4me,),)
LSD1 (K4me,)
SMCX (K4mes),)
Thd2 SMCY (K4mes),)
Demethylase (K4me,) RBP2 (K4me;),)
3 PLU-1 (K4me,),)
JHDM1B
(K4me,)
Methylase  Dotl DOTIL
e Demethylase 2 o2
E2 conjugase Rad6 HR6A, H6RB

Ub-protease Ubpl0 9

=
| |
i H2B-K120 (h) E3 ligase Brel RNF20, RNF40 i
: H2B-K123 (y) Ubp8 USp22 !
| |
| I




Cross-talk between
ubiquitylation and methylation

-in S. cerevisiae

- Ubp8: Ubiquitin-specific protease

@ _1 P2(3_ Cterm X AN

A Set 1\‘Set 2\, /Dot 1
Aradé | | rad6 @ @ @
Ubp8 | | Bre1
— K — K— K —
\ 4
Mem 4 36 79

._ K — Cterm ha a A
123
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/" 1)
SUMO Precursor \

SENP

AMP + PPiF 2) é ATP

SUMO-Cys-E1

><

SUMOylation

SUMO

(SAE1/SAE2)

SUMO-Cys-E2

I>E3<

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

Activation
H3
.. . SUMO
Effector \
SRS 6 STl o surface

Acetyl

. 83
Repression



Cross-regulation of modifications

- In ¢is and In trans:

(L~ 2N

S
*H2B N-SAKAEKKPASKAPAEKK..TKY..-C
6 7 10 11 1617 123

P ¢35

H3 N-ARTKQTARKSTGGKAP.GVKKPS.DFKTD..-C
4 14

36 38 79

*H2A N-.KKTE..-C

119

H4 N-SGRGKGGK.-C
5

Katie Ris-Vicari

Latham JA., Nat Struct Mol Biol. 2007 84



Other types of histone modifications

Citrullination
Glycosylation
Biotination
Proline cis-trans
iIsomerization
others?

d Acetylation @

SUMOylation €9
Lysine (K) = Ubiquitination @3

Arginine (R) == Methylation @9

\A Citrullination €9

Glutamic acid (E) =3 ADP-ribosylation @rd

Serine (S)
> Phosphorylation @D

Threonine (T)
Proline (P) = Cis-trans isomerization s9)

b &% Qp

H2A N-.GKARAKA..-C

H2B N-..AKS..-C

9% 40 340

H3 N—ARTKOTA TGGKA K

I3

[,
/
H4 SGRGK K LG GGAKRHRKVL...—C

Latham JA., Nat Struct Mol Biol. 2007

W

GVKK

19

*H2B N—SAKAEKKPASKAPAEKKP...—C

Katie Ris-Vicari
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DNA methylation

86



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’
Substra‘tes oj\ij‘\ Prod‘ucts oj\/r\jéHQ\

o] H le) H
|

|
5-Methyl-cytidine

Deoxycytidine
+ +
NH, NH2

N N N)\| N\
H . NH N N = -J"/\N/
2 H NH N
wo 4 ZI . © ’ HO._ /\2As LN ]
o @ I \ 87
o OH HO  ©OH

S-adenosyl-L-methionine (SAM) S-adenosyl homocysteine (SAH)



Cellular DNA Methylation Machinery

DNMT1 - ‘maintenance methylase’

DNMT3A

DNMT3B

me

|
NNNNCpGNNNN

NNNNSd?NNNN

2w

De novo methylation

me

|
NNNNCpGNNNN

NNNNOAONNNN

NNNNCpGNNNN

NNNNSd?NNNN

oWl

me

|
NNNNCpGNNNN

NNNNSOAONNNN
|

aWwl
me

|
NNNNCpGNNNN

NNNNSd?NNNN

aw
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de novo methylation

CH, CH,

5.GGCCACGTGACCGG-3>  methylated

> 3’-CCGGTGCACTGGCC-5’
CH, CH,
DNA maintenance
replication methylation
CH, CH,

| Hemi-
5’ -GGCCACGTGACCGG-3’ methylated

3’ -CCGGTGCACTGGCC-5

DNA replication
no maintenance methylation

5’-GGCCACGTGACCGG-3’
<

demethylation without DNA replication

3-CCGGTGCACTGGCC-5’

hypomethylated
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DNA methylation patterns are inherited

CH3 CHB
I |
ACGTATCGT ACGTATCGT
mathylated % ¥ methylation > ¥
Unmethyisted  oytosing — mlmE.EE-N >~ mEoE_EE-N
cytosine 3’ 5/ 3/ 5
\ CH3 TGCATAGCA T&REATAGE.A
I I
ACGTATCGT | | CH3
2 .-.-.--.-3 notrecognized recognized by
ymlmSoBE=l & Hyy by maintenance maintenance
TGCATAGCA replication methylasie methylase i
| | 3
CH; |
ACGTATCGT ACGTATCGT
3,-.I-l-ll-ls, 3,-I-I-II-I5,
TGCATAGCA TGCATAGCA
I I
CH3 CHB
90
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DNA Methylation and Gene Expression

e« Cytosine residues in 5’°CpG are often

post-synthetically methylated

e« 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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DNA Methylation can Template Histone
Methylation

ONMTs

Acetylation O

PN
q-
(O Methylated DNA
De nova
':] Hemi-methylated DINA, . ' [ﬂethy-]ation
A Methylated H3-K9 Active chromatin
(A HP1
DNA methyltransferase
(DNMT)
D Histone methyltransferase
(HMT)
HF1
MED, P
CO-repressors HMT
and HDAG L]
q #
Deacetylation Histone

methylation

Inactive chromatin



..... and histone Methylation can Template
DNA Methylation

& Acetylation
O Methylated DNA —
{J Hemi-methylated DNA
A Methylated H3-K9 DNA
replication
A HP1 Inactive chromatin

DNA methyltransferase
(DNMT)

D Histone methyltransierase
(HMT)

Maintenancs
methylation

Inactive chromatin 93



Self-Reinforced Model

- Recruitment of DNMT by an
H3K9 adaptor
- CpG methylation

Self-reinforcing cycle of
repressed epigenetic states

Ac
MBD
. ,Ine' ’ H3K9 |
- MBD binding to meCpG - Recruitment of H3K9 HMT by MBD
- Recruitment of HDAC by MBD - H3K9 methylation
- H3K9 deacetylation - Binding of an adaptor to H3K9me

Current Opinion in Genetics & Development
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DNA methylation inhibitors

Ho,  OH LH 0 > OH
0 o 0 I—>\/OH P& D\/
N)J\N/[(}\/ N)J\N O NI \ ©

M M HzN)\y/

H,N N H,N N :
5-azacytidine (32) 5-aza-2'-deoxycytidine (33) FCDR (34)
Ho,  OH 0 ﬁ on
0 g Y CH
L @*N/\/w\/ ij[
N" N7 O H HO O o
[ 2 *
Z 2 5
. . IO
zebularine (35) procainamide (36) OH 5 OH
OH
. EGCG (37) [,
OH OH
O H NI
| N/\/S\S/\/N
H
N O
HO OH

Br
psammaplin A (38)
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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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Bisulfite Sequencing

- Conversion of unmethylated cystosines to uracil using
Sodium Bisulfite

Allele 1 (methylated) Allele 2 (unmethylated)
m
--=-ACTCCACGG---TCCATCGCT-~-- --=-ACTCCACGG---TCCATCGCT--~-
---TGAGGTGCC-~-AGGTAGCGA-~~ ---TGAGGTGCC---AGGTAGCGA---

Bisulfite treament
Alkylation
Spontaneous denaturation

---AUTUUAUGG---TUUATCGUT--~- ---AUTUUAUGG---TUUATUGUT---

--—-TGAGGTGUU---AGGTAGCGA—--- ---TGAGGTGUU---AGGTAGUGA---

\/

Non-methylation-specific PCR
Methylation-specific PCR

:

Differentiation of bisulfite-generated polymorphisms 97



Influence of Metabolism on Epigenetics

- Metabolism and Acetylation/Deacetylation:

—

Pyruvate
Citrate
Acetate
Threonine

) (..

i Ac-CoA :
NH3 ....... . "““,'

— < FA Oxidation

B /CHS

CoA O_C\
N—H

( Sirtuins

O-acetyl-ADP-ribose NAD+
Nicotinamide S t
(Nam) - N"f”
Tryptophan

Cell 153, March 28, 2013
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Influence of Metabolism on Epigenetics

- Metabolism and Methylation:

( Choline h
Homocysteine l

p » 5-CH3-THF Betaine
5: 10 MTHF @I l@
THF< DMG
Methionine
0., |
Glycine Serine

Cell 153, March 28, 2013



Mitochondria as signhaling organelles

Cytoplasm Outer
mitochondrial
) . cIEETE e membrane Mito-nuclear gl
Inner mitochondrial signalling molecules
membrane R LnEEt
Acetyl-CoA i i @‘
i i Hist
P 8 G N - b ncery—— {0 [opAe Visore,
Matrix i i
TCA | | M
ADP cycle | |
R I oK G RS = = = = 7/~ T=» oKG =—————>

Histone
demethylation

| KDM

H: / ;
O . I .
2 -Succmate -------------------- ==r»Succinate ——|
,é:HZO * NADH i

FADH,  FAD

Wt

H Ve
Ha-

H- Transcription
factor regulation

NF-xB, HIF 1o

mMROS —and NFAT

____________

Changes in
cell function
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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.

e Misregulation of chromatin and/or DNA
methylation states leads to diseases.

e Chromatin is highly dynamic both in terms of
structure & chemical composition.
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epigenetic

Summary

PHENOTYPE

EPIGENETIC EFFECTS Y

code DNA methylation
histone modifications
histone variants
non-/chromatin proteins

h genetic code DNA sequence

=

o, mutation
epimutation aberrant epigenetic

states

GAMETIC EPIGENETIC
INHERITANCE

persistance of  DNA methyla- COMPLEX
epigenetic tion (IAPs)? ID'S SES
marks histone
in germline modifications?

GENETIC EFFECTS

duplication
translocation
transposition etc.

| ] acquired effects

[: inherited effects

[:] potentially pathological effects
(acquired or inherited)
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