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DNA Packaging: Nucleosomes and Chromatin
®

At the simplest level, chromatin
is a double-stranded helical

structure of DNA.
< OTbIHH "‘ii;‘;ﬂy ‘]IL

Each nucleosome consists of
eight histone proteins around
which the DNA wraps 1.65 times,

DNA is complexed with histones

to form nucleosomes. ':"‘1,‘ Nucleosome core of G\
" eight histone molecules =/

A chromatosome consists
H1 histone of a nucleosome plus the
H1 histone.

,'Chromatosome

5

6

... that forms loops averaging
300 nm in length.

The nucleosomes
fold up to produce
a30-nm fiber...

30 nm
250-nm-wide fiber

o

7 8 1400 nm
The 300-nm fibers are Tight coiling of the 250-nm
compressed and folded to fiber produces the chromatid
produce a 250-nm-wide fiber. of a chromosome,

nature.com/scitable/topicpage/dna-packaging-nucleosomes-and-chromatin-310/



Chromosomes consist of heterochromatin and euchromatin

Densely packaged
heterochromatin

CENTROMERE

DNA around the Less densely
centromere is usually | packaged
packaged as euchromatin
heterochromatin. || \@

Epigenetics, The Plant Cell, Volume 22, Issue 1, January 2010




Chromosomes consist of heterochromatin and euchromatin

<DNA demethylation
DNA methylation >

@ < Histone acetylation
Histone deacetylat|0n>
<H|stone (de) methylation

Histone (de) methylation

<Histone variants>
@\f Eplgenetlc Silencing

Transcription

Epigenetics, The Plant Cell, Volume 22, Issue 1, January 2010



Histone complex

Linker Histone
H1

H3

Core Histones

Tetramer

Linker DNA

Nucleosome core
particle (NCP)

Nucleosome Chromatosome

Draizen et al. 2016 Database Liet al. 2014 Transgenerational Epigenetics



Arabidopsis thaliana histone-coding genes

Histone H3 Gene

Histone variants in plants

Histone H3
H3.1 Atbg65360, HTR1
At1g09200, HTR2
At3g27360, HTR3
Atbg10400, HTR9
Atbg10390, HTR13
H3.3 At4g40030, HTR4
At4g40040, HTR5
Atbg10980, HTR8
H3.6 At1g18370, HTR6
H3.7 At1g75610, HTR7
H3.10 At1g19890, HTR10
H3.11 At5g65350, HTR11
CenH3 At1g01370, HTR12
H3.14 At1g75600, HTR14
H3.15 Atbg12910, HTR15

Histone H4 Histone H2A
H4 At3g46320 H2A.1 Atbg54640, HTAT
At5g59690 H2A.2 At4g27230, HTAZ
At2g28740 H2A.10 At1g51060, HTA10
At1g07820 H2A.13 At3g20670, HTA13
At3g53730 H2A.X.3 At1954690, HTA3
At5g59970 H2A.X.5 At1g08880, HTA5
At3g45930 H2A.W.6 Atbgb9870, HTA6
At1g07660 H2A.W.7 Atbg27670, HTA7
H2A.W.12 At5g02560, HTA12
H2A.Z.4 At4g13570, HTA4
H2A.Z.8 At2g38810, HTAS8
H2A.Z.9 At1gb2740, HTA9
H2A.Z.11 At3g54560, HTA11

Histone H2B
H2B.1 At1g07790, HTB1
H2B.2 Atbg22880, HTB2
H2B.3 At2g28720, HTB3
H2B.4 At5g59910, HTB4
H2B.5 At2g37470, HTB5
H2B.6 At3g53650, HTB6
H2B.7 At3909480, HTB7
H2B.8 At1g08170, HTB8
H2B.9 At3g45980, HTB9
H2B.10 Atbg02570, HTB10
H2B.11 At3g46030, HTB11

Replicative/canonical: expressed during S-phase and deposited
during DNA replication in a DNA-synthesis-dependent manner

Replacement: expressed throughout the cell-cycle and are
deposited in a DNA-synthesis-independent manner



Three main H3 variants: H3.1, H3.3 & CenH3
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Probst et al. 2020 JXP Jiang et al. 2003 Trends Plant Sci., Stroud et al. 2012 PNAS; Shi et al. 2011 PNAS



Deposition of H3 variants by histone chaperones

ASF: Anti Silencing Factor

NASP: Nuclear Autoantigenic
Sperm Protein

s
-|—> @) CenH3-H4

A A
H3.1-H4

HIRA: Histone Regualtor A
UBN: Ubinuclein
CABIN: Calclneurin Binding Protein

FAS1 2

FAS2
MSI1

CAF-1: Chromatin assembly factor 1
FAS: Fasciata

MSI: Multicopy Suppressor of IRA

Probst et al. 2020 JXP



N-terminal tail

Histone H2A variants

Histone fold domain

C-terminal tail

Canonical H2A gu: Acidic ————
H2A.X =i " SQEF
H2A.Z L "KD/E
H2A.W KSPKKA
H2A.M : : .K/Sand acidic rich

H2A | KYAE/T |

2A.X

2A.Z = S/TAHG

|

KYAE

.’ . .
Dimer formation

Kawashima et al. 2015

Arabidopsis

Nucleosome stability

H2AC
terminal tail

Nucleosome array compaction

H3-H4
tetramer

H2A-H2B =%
dimer

Dhall et al. 2014, J. .Biol. Chem.

Biswas et al. 2011, PLOS Comp. Biol.



H2A.Z and expression patterning

Stable expression Inducible expression
* Higher expression levels * Lower expression levels

* Lower responsiveness * Higher responsiveness

Coleman-Derr & Zilberman, 2012



H2A.Z and expression patterning

DNA Methylation
|—I"

Emm m T Gene mm

Stable expression Inducible expression
* Higher expression levels * Lower expression levels

* Lower responsiveness * Higher responsiveness

Coleman-Derr & Zilberman, 2012



H2A.Z regulates the responsiveness of heat stress induced genes

RNAP I
HSP70, FT, IND....

H2A.Z

+ histone modifications

Wu et al. 2019, Plant Phys; Kumar & Wigge 2010 Cell; Cortijo et al. 2017, Mol. Plant



H2A.Z in plant development and stress responses

v\~
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Flowering time \ ‘ / Plant immunity
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DNA repair —
and replication Meiosis

Temperature / \
sensor Phosphate starvation and

Regulation of ethylene response genes

metabolic clusters
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Jarillo & Pifieiro 2015 Plant Journal



Remodelling of chromatin by SWR1

Active gene
Inactive gene , >
|
SWR1/ |
. SRCAP / / /

complex

a

“ A

H2A. Z H2A

Y,

The histone variant H2A.Z promotes transcription and is
swapped into the nucleosome by the SWR1/SRCAP complex.

Epigenetics, The Plant Cell, Volume 22, Issue 1, January 2010



H2A.Z deposition by SWR1 complex

l NSNS NNAAAA

FLC protein

L

Floral transition

The Plant Journal, Volume: 83, Issue: 1, Pages: 96-109, 2015



Remodelling of chromatin by SWR1
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Cell 2010 143725-736DOI: (10.1016/j.cell.2010.10.019)
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Remodelers use energy to move/alter histone octamers

a . Repositioning
Deposition
. S Site
- Sliding Flection exposure
Remodeler + additional deposition
= assembly
ATP? A aADP
@ . (@ (E ;@ @ Unwrapping
Dimer C
exchange
Altered
- composition
Remodeler
Dimer
ejection

Clapier and Cairns 2009. Annu. Rev. Biochem.



Post-translational modifications of histones

Lysine Acetylation Lysine Methylation
0 \Lé

Histone Synthesis

Arginine Methylation

Beyer et al. 2021, ChemBioChem



Histone modifications in plants

Active marks Repressive marks
Histone acetylations, H2Bub H3K9me2/3, H3K27me3, H3T3ph,
H3K4me3, H3K36me2/3 H2Aub, symmetric H4R3

Ueda and Seki 2020, Plant Phys



Histone modification affects chromatin structure

Open configuration

Me P

Ac

H3

K4 S10 K14

Closed configuration

H3

Me

Me P

K9

K27 S28

© 2016 American Society of Plant Biologists



Acetyltransferases
Methyltransferases
Kinases
Ubiquitinases

Falkenberg & Johnstone, 2014 Nat. Rev. Drug Disc.

Writers, erasers and readers

Writers
e.g., HATs, HMTs
or PRMTs

e Transcriptional activation
or repression

Epigenetic
writer

Readers

e.g., bromodomains,
chromodomains
and Tudor domains

Epigenetic
eraser

Erasers
e.g., HDACs
and KDMs

e Changes in DNA replication
* Changes in DNA damage k\
repair )

Epigenetic
reader

Deacetylases
Demethylases
Phosphatases
Deubiquitinases

Recognize specific histone marks
Recruit other chromatin modifiers and
remodelling proteins to alter
chromatin architecture and function.



Acetylation of histone lysine is associated to transcription

Lysine Ac-Lysine Acetylation Reader Domains
o
l‘+:lH3 er:q::_c_—_c_H_ad
G G
Gy e
CHa CHz
Q::QgHa 'E::\\gHz
H H
HAT
S E—
‘_
HDAC
Bromodomain-containing
transcriptional activators
OFF

‘—V ON
Ac

HAT

Pol Il

HDAC

Ac

Grayson et al. 2010, Mol. Pharmacology



Transcriptional regulation by histone acetylation

A
! Flowiering thos H3K4 demethylation
[ 1 FLC. MAF4, MAF5 H3 deacetylation
—\ Leaf development @ @ @ @
[ 1 KNAT1, KNAT3, KNATM

FLC chromatin wwwwwwwl

— Circadian clock . ® @
1 CCA1, LHY

B

_,\\ Seed maturation

1 7S1, LEC1, LEC2 l

= ; prote n
ower development
—

AG, AP3, SEP3

Chlorophyll biosynthesis
—
GUNS, CHLD, LHCB2.2

Floral transition

Liu et al. 2014, Mol. Plant



Importance of histone acetylation for plant immunity

WT PsAvh23 mutant
Phytophthora sojae

Plant cell

SAGA

Spt—Ada—-Gcn5 Acetyltransferase
PsAvh23

-~

‘! acetyltransferase
A
@D Immunity
il-x I > >
Defense gene suppression H3K9 acetylation Defense gene

Kong et al. 2017, Current Biology




Histone methylation

Active marks Repressive marks
Histone acetylations, H2Bub H3K9me2/3, H3K27me3, H3T3ph,
H3K4me3, H3K36me2/3 H2Aub, symmetric H4R3

Ueda and Seki 2020, Plant Phys



Arginine and Lysine methylation
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Effect of histone methylation
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Mum & Shi 2017, Nature Rev. Mol. Cell Biol.



Histone modifications are associated with genes and
transposons
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H3K4me is associated with actively
transcribed genes and mRNA.

|
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Red = high correlation
Green = low correlation

H3K9me is associated with methylated
DNA (Me-C) and transposons.

Reprinted by permission from Macmillan Publishers, Ltd: NATURE. Lippman, Z., Gendrel, A.-V., Black, M., Vaughn, M.W., Dedhia, N., McCombie, W.R., Lavine, K.,
Mittal, V., May, B., Kasschau, K.D., Carrington, J.C., Doerge, R.W., Colot, V., Martienssen, R. (2004) Role of transposable elements in heterochromatin and epigenetic © 2016 American Society of Plant Biologists
control. Nature 430: 471-476 Copyright 2004.


http://www.nature.com/nature/journal/v430/n6998/abs/nature02651.html

H3K27me3 is associated with genes

BLUE = Gene
density-

RED = Repetitive
element density’

't ; S

GREEN = H3K27me3" |
PURPLE = methylcytosine |

| “l; j

. m,. , MUIM

Zhang, X., Clarenz, O., Cokus, S., Bernatavichute, Y.V., Pellegrini, M., Goodrich, J., Jacobsen, S.E. (2007) Whole-
genome analysis of histone H3 lysine 27 trimethylation in Arabidopsis. PLoS Biol. 5: e129.

H3K27me3 in
Arabidopsis is
present within the
gene-rich region,
not the repeat-rich
region.

© 2016 American Society of Plant Biologists


http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.0050129

H3K27me3 methylation by Polycomb Repressive Complex 2

Active genes Drosophila PRC2
SU(Z)12 NURF55
Polycomb (methylase)
Repressive
Complex 2 Arabidopsis PRC2
FERTILIZATION-
CURLY LEAF (CLF) FERTILIZATION INDEPENDENT SEED 2 qipPRESSOR
SARPPAPI MEDEA (MEA) INDEPENDENT (FIS2) OF IRA1
ENDOSPERM
H3K27me3 (FIE) EMBRYONIC FLOWER2 ("0 2549
SWINGER (SWN) (EMF2)

Silenced genes VERNALIZATION 2 (VRN2)

© 2016 American Society of Plant Biologists



Plants make multiple PRC2 complexes with different targets

O > Seed development

MEA + FIS2 complex

O > Transition to flowering

CLF/SWN + VRN2 complex

O > Floral organogenesis

CLF/SWN + EMF2 complex

© 2016 American Society of Plant Biologists



LHP1 co-localizes with H3K27me3

PRC2 PRC1-like

O H3K27me3 ”

Active genes Silenced genes Stably silenced genes
A Chr4 ! ) i ! .
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© 2016 American Society of Plant Biologists



In plants LHP1 maintains H3K27me3

PRC2

o

IIAI7

Active genes

PRC1-like
H3K27me3 ”
AVDAY/ANY A AN/AY AN /AN
—
Silenced genes Stably silenced genes

Maintenance of silenced state
of FLC after vernalization!!!

© 2016 American Society of Plant Biologists



Control of flowering by epigenetic reprogramming

FLC maintained silenced:

Association with LHP1
FT is expressed
Flowering is induced

https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.12869

Resetting FLC expression:

Silenced during gamete formation

Reactivated during fertilization or early embryogenesis
SWR1 incorporates H2A.Z variant

(b) Embryogenesis

FLC resettlng /
J)

9] Germination

High FLC _
FLC expression:
H4 acetylation, H3K4me,

H3K36me, H2A.Z incorporation

Flowering Low FLC

Malntenance of

FLC sllencmg F[_C s:lencmg

Vernalization

FLC silencing

Expression of the VRN3 gene (part of VRN2-PRC2 complex)
Activating marks removed

Silencing marks (H3K9me, H3K27me3) added



Histone Ubiquination

In drought @2

Response phase

Ueda and Seki 2020, Plant Phys

Molecular Plant 12, 292-294, 2019
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