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Higher order structure of nucleosome arrays

Beads on a string



Micrococcal nuclease (MNase) 

digestion of chromatin

~300bp

~150bp

~450bp



Chromatin assembly



Histone chaperones



The Core Histones 

Luger, K., Mader, A. W., Richmond, R. K., Sargent, D. F. & Richmond, T. J. 

Crystal structure of the nucleosome core particle at 2.8 A resolution. 
Nature 389, 251-260 (1997).
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Conservation of histone proteins

Query: Budding yeast Histone H3

Subject: histone H3.3 [Homo sapiens]

 Score =   250 bits (639),  Expect = 9e-86, Method: Compositional matrix adjust.

 Identities = 123/136 (90%), Positives = 131/136 (96%), Gaps = 0/136 (0%)

Query  1    MARTKQTARKSTGGKAPRKQLASKAARKSAPSTGGVKKPHRYKPGTVALREIRRFQKSTE  60

            MARTKQTARKSTGGKAPRKQLA+KAARKSAPSTGGVKKPHRY+PGTVALREIRR+QKSTE

Sbjct  1    MARTKQTARKSTGGKAPRKQLATKAARKSAPSTGGVKKPHRYRPGTVALREIRRYQKSTE  60

Query  61   LLIRKLPFQRLVREIAQDFKTDLRFQSSAIGALQESVEAYLVSLFEDTNLAAIHAKRVTI  120

            LLIRKLPFQRLVREIAQDFKTDLRFQS+AIGALQE+ EAYLV LFEDTNL AIHAKRVTI

Sbjct  61   LLIRKLPFQRLVREIAQDFKTDLRFQSAAIGALQEASEAYLVGLFEDTNLCAIHAKRVTI  120

Query  121  QKKDIKLARRLRGERS  136

              KDI+LARR+RGER+

Sbjct  121  MPKDIQLARRIRGERA  136

Query: Budding yeast Histone H3

Subject: histone H3.1 [Homo sapiens]

 Score =   248 bits (633),  Expect = 8e-85, Method: Compositional matrix adjust.

 Identities = 121/136 (89%), Positives = 130/136 (96%), Gaps = 0/136 (0%)

Query  1    MARTKQTARKSTGGKAPRKQLASKAARKSAPSTGGVKKPHRYKPGTVALREIRRFQKSTE  60

            MARTKQTARKSTGGKAPRKQLA+KAARKSAP+TGGVKKPHRY+PGTVALREIRR+QKSTE

Sbjct  1    MARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTE  60

Query  61   LLIRKLPFQRLVREIAQDFKTDLRFQSSAIGALQESVEAYLVSLFEDTNLAAIHAKRVTI  120

            LLIRKLPFQRLVREIAQDFKTDLRFQSSA+ ALQE+ EAYLV LFEDTNL AIHAKRVTI

Sbjct  61   LLIRKLPFQRLVREIAQDFKTDLRFQSSAVMALQEACEAYLVGLFEDTNLCAIHAKRVTI  120

Query  121  QKKDIKLARRLRGERS  136

              KDI+LARR+RGER+

Sbjct  121  MPKDIQLARRIRGERA  136



Histone variants

Kavitha Sarma and Danny Reinberg

Nature Reviews Molecular Cell Biology 6, 139-149 (February 

2005)



Conservation of histone proteins

Query: Budding yeast Histone H3

Subject: histone H3.3 [Homo sapiens]

 Score =   250 bits (639),  Expect = 9e-86, Method: Compositional matrix adjust.

 Identities = 123/136 (90%), Positives = 131/136 (96%), Gaps = 0/136 (0%)

Query  1    MARTKQTARKSTGGKAPRKQLASKAARKSAPSTGGVKKPHRYKPGTVALREIRRFQKSTE  60
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Query  121  QKKDIKLARRLRGERS  136

              KDI+LARR+RGER+
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Query: Budding yeast Histone H3

Subject: histone H3.1 [Homo sapiens]

 Score =   248 bits (633),  Expect = 8e-85, Method: Compositional matrix adjust.

 Identities = 121/136 (89%), Positives = 130/136 (96%), Gaps = 0/136 (0%)

Query  1    MARTKQTARKSTGGKAPRKQLASKAARKSAPSTGGVKKPHRYKPGTVALREIRRFQKSTE  60

            MARTKQTARKSTGGKAPRKQLA+KAARKSAP+TGGVKKPHRY+PGTVALREIRR+QKSTE

Sbjct  1    MARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTE  60

Query  61   LLIRKLPFQRLVREIAQDFKTDLRFQSSAIGALQESVEAYLVSLFEDTNLAAIHAKRVTI  120

            LLIRKLPFQRLVREIAQDFKTDLRFQSSA+ ALQE+ EAYLV LFEDTNL AIHAKRVTI

Sbjct  61   LLIRKLPFQRLVREIAQDFKTDLRFQSSAVMALQEACEAYLVGLFEDTNLCAIHAKRVTI  120
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Histone point mutants in budding yeast

Cell 134, 1066–1078, 

September 19, 2008



Higher order structure of nucleosome arrays

Where are nucleosomes located ?



Meta-data

Annotating the genome



Nucleosome mapping using microarrays

Chromatin

Microarray
signal

Nuclease
digestion

DNA 
purification

Chromosomal coordinate 

Nucleosomes

~150bp 

~150bp 

Hyb to 
microarray

~150bp 

Sequence millions of fragments 
using a “deep sequencing”
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Jiang and Pugh 2009



Typical chromatin structure

around gene promoters

+1

mRNA

+2-1-2



{Bai and Morozov, 2010, Trends Genet, 26, 

476-83}

Nucleosomes are organized at the 5’ end of genes



What positions nucleosomes?

1. DNA sequence



DNA in the Nucleosome

Histone Octamer Nucleosomal DNA

Structure: Luger et al., 1997 

Image: Protein data bank



Nucleosome 

DNA

Native PAGE



AA

TT

TA

Flexible DNA is preferred

Rigid DNA is NOT!
eg AAAAAAAAAAAAAAAAAAAAAA



How do DNA sequences affect 

nucleosome positioning in vivo?

A genomic code for nucleosome positioning.  

 Segal et al., Nature 442:772-778, 2006.



Sequence directed nucleosome positioning

Average gene profiles



Nucleosomes are arranged differently 

in different organisms and cell types.

Lane 3 = K lactis

Lane 4 = S cerevisiae 



Is nucleosome positioning conserved?



Nucleosome positions are determined 

by the host organism



What positions nucleosomes?

2- DNA binding factors



What positions nucleosomes?

3. ATP dependent chromatin 

remodelling enzymes



Flaus et al., 2005

Tree view of SNF2-like ATPase superfamily members

Chromatin associated



ATP-dependent chromatin remodeling factors 

are classified by their ATPase subunits



Subunit composition of various ATP-dependent 

chromatin remodeling factors



Subunit composition of various ATP-dependent 

chromatin remodeling factors



Zhang, Z. et al. A packing mechanism for nucleosome organization reconstituted across a 

eukaryotic genome. Science 332, 977-980 (2011).

Free DNA

Nucleosome

in vivo

In vitro reconstitution of nucleosomes on genomic DNA



Free DNA

Nucleosome

in vivo in vitro

In vitro reconstitution of nucleosomes on genomic DNA

Zhang, Z. et al. A packing mechanism for nucleosome organization reconstituted across a 

eukaryotic genome. Science 332, 977-980 (2011).



Free DNA

Nucleosome

in vivo in vitro in vitro

In vitro reconstitution requires whole cell extract and 

ATP.

Zhang, Z. et al. A packing mechanism for nucleosome organization reconstituted across a 

eukaryotic genome. Science 332, 977-980 (2011).



Free DNA

Nucleosome

in vivo in vitro in vitro in vitro

In vitro reconstitution requires whole cell extract and 

ATP.

Zhang, Z. et al. A packing mechanism for nucleosome organization reconstituted across a 

eukaryotic genome. Science 332, 977-980 (2011).



Altering chromatin 

structure



Chromatin remodeling with ATP hydrolysis



activator
PIC

Pol II

Nucleosomes can inhibit multiple steps

in transcription



Functions of Swi/Snf complexes

Characterized in budding yeast as a 

transcriptional co-activator. 

Required for mating type Switching 

and Sucrose fermentation

The catalytic subunit is also known as (depending on the organism):

 Snf2p, Sth1p, snf21, SMARCA4, BRG1, BAF190, hSNF2beta, SNF2L4, SMARCA2, 

hBRM, hSNF2a, SNF2L2, SNF2LA, SYD, splayed, psa-4, brahma



Inhibitory effect of nucleosomes on 

DNA binding proteins

Activator

Utley, R. T., Cote, J., Owen-Hughes, T. & 

Workman, J. L. 

J Biol Chem 272, 12642-12649 (1997).



Inhibitory effect of nucleosomes on 

DNA binding proteins



Txn Factor

SWI/SNF

Txn Factor/nucleosome 

Txn Factor/DNA 

SWI/SNF overcomes the Inhibitory effect 

of nucleosomes on DNA binding proteins

{Utley et al., 1997, J Biol Chem, 272, 12642-9}



Chromatin remodeling with ATP hydrolysis

Swi/Snf

Swi/Snf

Swi/Snf



Functions of Swr1 class complexes



SWR 1 and Htz1

Science vol 303 16 january 2004



Some histone variants……

Typically only H2A and H3 are found as variants

Not strictly coupled to replication

Histone Description/functions
Escort and/or 
chaperone 
complex

H3, H4
Canonical core histones encoded by replication-coupled 
genes

CAF1, Asf1

CenH3 Centromere-specific histone 3 variant RbAp48

H3.3 Replacement histone 3 variant found in active chromatin HirA, Asf1

H2A, H2B
Canonical core histones encoded by replication-coupled 
genes

FACT

H2A.X
H2A form with a C-terminal motif that becomes serine 
phosphorylated at sites of double-strand breaks

INO80?

H2A.Z Diverged form of H2A enriched around gene promoters SWR1

H2Av
A single Drosophila melanogaster variant that is both H2A.X 
and H2A.Z

Tip60

MacroH2A
Vertebrate specific H2A variant associated with silent 
chromatin that has an additional globular domain

Unknown

H2ABbd
Vertebrate-specific H2A variant associated with active 
chromatin

Unknown

Sperm histones
Variants that have evolved to tightly package sperm or 
pollen

Unknown



Htz1

nature structural biology • volume 7 number 12 • December 2000



Cell, Vol. 123, 233–248, October 21, 2005,

Htz1 Nucleosomes in yeast 



Chromatin remodeling with ATP hydrolysis

Swr1 & Ino80

Swr1 & Ino80



Histone modifications 



How do modifications work?

“Writers”

Protein/domain Mark 

HAT histone acetyl transferase Acetylation

SET Suppressor of variegation, Enhancer of 

zeste and Trithorax

Lysine Methylation

Dot1 (methylase fold) Lysine methylation

PRMT Arginine Methylation

Kinase Phosphorylation

Ubiquitin ligase Ubiquitin



How do modifications work?

“Readers”

Protein domain Mark 

Bromodomain Acetylation

Chromodomain Methylation

PHD (zinc finger) Plant 

Homeodomain

Methylation

WD40 (after tryptophan and aspartic acid 

residues and length of approximately 40 
amino acids)

Methylation

Tudor domain Methylation Arginine

14-3-3 Phosphorylation

Domains are not exclusively involved in these functions eg WD40 of Cdc4 recognize 

phosphorylated serine and threonine containing peptides



How do modifications work?

“Erasers”

Protein or domain Function

HDAC histone deacetylase Deacetylation

Sirtuin Deacetylation

Jmj    Jumanji Demethylation

LSD SWIRM Demethylation

Phosphatase Dephosphorylation

Deubiquitylation Ubp8+10 Deubiquitylation 



How do modifications work?

Genome annotation of histone modifications 



PV Kharchenko et al. Nature (2010)

Chromatin patterns associated with transcriptionally 

active genes.



How do modifications work?

Massive potential combinatorial 
complexity

Correlation?

Causation?



Histone point mutants in budding yeast

Cell 134, 1066–1078, 

September 19, 2008



Histone genetics is now possible in drosophila: 



Most histone modifications 
associated with gene activation 

have a modest, positive effect on 
transcription. 



Chromatin states

Chromatin remodeling factors

State A

(Histone acetylation,

H3 K4 methylation)

State B

(Histone deacetylation,

H3 K9 methylation)

Nucleosomes



Chromatin states

Chromatin remodeling factors

Histone modification enzymes

Transcription Factors

Gene ON

Gene OFF



Epigenetics in Yeast





Telomere Position Effect 



5-FOA is toxic to cells expressing URA3

Telomere Position Effect 



Sir complexes

Sir3 and Sir2/4 
bind deacetylated histone 
tails (H4 K16)

Sir3 forms high 

order oligomers



Stopping the spread 



Schizosaccharomyces Pombe

Differs from budding yeast (S. cerevisiae) in that it has no 

Sir complex, but does have H3K9 methylation which is a 

hallmark of heterochromatin in metazoa. Also has RNAi 

pathways.



Grewal, S. I. & Klar, A. J. Chromosomal inheritance of epigenetic states in fission yeast during mitosis and meiosis. Cell 86, 95-101 (1996).

Epigenetics in Pombe

K region is replaced by the ura4 gene. 

KΔ:: ura4 cells show interesting covariegation of ura4 

expression: most cells are capable of growing on -URA 

media (ura4 expressed), but a small proportion grow on 

FOA plates (ura4 repressed). 

Expression states were stable for many generations 

but switched at low frequency. 



Epigenetics in Pombe

Identical cells have different expression of the Ura4 

gene: ON or OFF

What would happen if you mated “expressing” and 

“non-expressing” haploids?



Epigenetics in Pombe

haploids are genetically identical at KΔ:: ura4

his+
his-



Epigenetics in Pombe

Sporulation and dissected of tetrads



Epigenetics in Pombe

Light and Dark Variegated States Are Meiotically Stable and Linked to the mat-Region

A diploid was constructed by crossing the indicated strains, allowed to grow for at least 30 generations, sporulated, and sub jected 

to tetrad analysis. The four spores from each ascus were placed on rich medium in a horizontal row by micromanipulation. Afte r 

growth for 3 days, they were replicated onto plates containing the indicated medium. All plates were photographed directly af ter 

overnight growth at 33°C except for the PMA+ plate, which was incubated for 3 days at 25°C and stained with iodine vapors 

before photography. Each ascus produced two Ura+, His− light-staining, two Ura−, His+ dark-staining segregants. Patches at the 

top and bottom indicate the phenotype of the parental SPG27(L) and SPG51(D) strains, respectively, used in the cross.

Classic 2:2 segregation of his2

1
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Epigenetics in Pombe

Light and Dark Variegated States Are Meiotically Stable and Linked to the mat-Region

A diploid was constructed by crossing the indicated strains, allowed to grow for at least 30 generations, sporulated, and sub jected 

to tetrad analysis. The four spores from each ascus were placed on rich medium in a horizontal row by micromanipulation. Afte r 

growth for 3 days, they were replicated onto plates containing the indicated medium. All plates were photographed directly af ter 

overnight growth at 33°C except for the PMA+ plate, which was incubated for 3 days at 25°C and stained with iodine vapors 

before photography. Each ascus produced two Ura+, His− light-staining, two Ura−, His+ dark-staining segregants. Patches at the 

top and bottom indicate the phenotype of the parental SPG27(L) and SPG51(D) strains, respectively, used in the cross.

Classic 2:2 segregation of epi-alleles! 



Epigenetics in Pombe

Hall, I. M. et al. Establishment and maintenance of a heterochromatin domain. Science 297, 2232-2237 (2002).

Classic 2:2 

segregation of 

histone 

methylation

(H3K9)



Epigenetics in Pombe



1930’s Muller zapped flies with X-rays

Identified a mutation called “white”

Epigenetics in Flies



Variegation suggests that “white” gene is not damaged.

Further treatment with X-rays can rescue back to red

Position effect variegation  (PEV)

Mutant WT



Cytological examination of polytene 

chromosomes showed a large inversion 

Position effect variegation   PEV

Cen



Screen for second site mutations

Suppressors of PEV (Suppressor of variegation) Su(var)

Resulting in loss of silencing (red eye in this case)

Enhancers of PEV (Enhancer of variegation) E(var)

Increase in silencing (white eye in this case)





Stopping the spread 



Antagonism and dosage 



Su(var)3-9 methylates H3-K9 (2me)

The methylation is bound by the chromodomain of 

HP1. In su(var)3-9 null, binding of HP1 to 

pericentromeric heterochromatin is impaired.

Other sites of H3 K9 me are not dependent on 

Su(var)3-9 so HP1 still binds to these regions. 

If you deplete HP1 then you lose Su(var)3-9 

association with pericentromeric heterochromatin.

How does Su(var)3-9 work?

in a complex…….

 

 Su(var)2-5 (HP1) chromo and chromoshadow domains

 Su(var)3-7 (Zn finger protein) 

 Su(var)3-9 (H3 K9 methyl transferase)



H3 K9 2/3me

HP1 (Su(var) 2-5)

Su(var) 3-9

Su(var) 3-7

nucleosome

Histone methyltransferase 

How does Su(var)3-9 work?



H3 K9 2/3me

HP1 (Su(var) 2-5)

Su(var) 3-9

Su(var) 3-7
Histone methyltransferase 

How does Su(var)3-9 work?



Telomere

Heterochromatin domains

Centromere
Telomere

Large heterochromatin domains are 

typically found at centromere and 

telomeres. 

Genes in or near these elements may 

have variegated expression.



Gene specific epigenetics

trithorax

polycomb



Polycomb- gene specific repression

Identified a mutations that alter homeotic (HOX) gene 

expression.

HOX genes are transcription factors that control the 

identities of body segments

PcG mutants were identified as repressors of HOX 

genes. 

PcG repression is established early in embryogenesis 

and will remain fixed for the remainder of an individuals 

lifespan. 



Polycomb complexes 

PRC1 complex :

contains structural proteins that bind chromatin (not found in C. elegans or 

Arabidopsis)

Polycomb   Pc  has a chromodomain and AT hook: binds 

   H3K27 3me H3K9 me3 and RNA!

Posterior Sex Combs   Psc Zinc finger  

dRing   dRing Ring finger: Ubiquitinates H2A K119

PRC2  complex:

Enhancer of Zeste - (E(Z))  H3 K27 and/or H3 K9 methyltransferase 

Extra sex combs -  ESC binds methylated histone tails
Histone binding protein - p55
Suppressor of Zeste - (Su(Z)12) possible txn factor (binds RNA!)

YY1, PHO and potentially other DNA binding proteins…….



Polycomb

Di Croce, L. & Helin, K. Transcriptional regulation by Polycomb group proteins. 

Nat Struct Mol Biol 20, 1147-1155 (2013).



Histone modifications are important for silencing



Trithorax proteins

Trithorax proteins antagonize polycomb proteins 



Trithorax proteins

Associated with active transcription



Polycomb: Bivalent domains

Di Croce, L. & Helin, K. Transcriptional regulation by Polycomb group proteins. 

Nat Struct Mol Biol 20, 1147-1155 (2013).



1) The study of the changes in gene expression 

which occur in organisms with differentiated cells, 

and the mitotic inheritance of given patterns of 

gene expression.

2) Nuclear inheritance which is not based on 

changes in DNA sequence.

Epigenetics 

Holliday definition

epi- (Greek: over; above) -genetics



What makes something epigenetic?

How do you maintain a chromatin state through generations?

1, DNA methylation

2, Trans acting factors: ncRNA, DNA binding proteins

3, Inheritance of histones



What makes something epigenetic?

DNA methylation



Replicating Chromatin

How is chromatin replicated?



Replicating Chromatin

Replication Fork

Leading Strand

Lagging Strand

A model



Replicating Chromatin

Replication Fork

Histone chaperones

Histone chaperones

A model



Replicating Chromatin

Histone chaperones

Ransom, M., Dennehey, B. K. & Tyler, J. K. Chaperoning histones during DNA 

replication and repair. Cell 140, 183-195 (2010).



Replicating Chromatin

Old nucleosomes 

Old nucleosomes 

Daughter 1

Daughter 2

A model



Replicating Chromatin

New nucleosomes 

New nucleosomes 

Daughter 1

Daughter 2

A model



Replicating Chromatin

Maintenance factors

Daughter 1

Daughter 2

Maintenance factors

A model



Replicating Chromatin

Daughter 1

Daughter 2

A model
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