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Basics 
1 Basic elements of nucleic acids  and their synthesis 
2 Sequencing of DNA  
3 3D structure of DNA 1  
4 3D structure of DNA 2  
 
Chemistry  
5) DNA alkylation 
6) Hydrogen abstraction 1 
7) Hydrogen abstraction 2 
8) Charge transfer 
 
Biology  
9) Epigenetics 1 
10) Epigenetics 2 
11) ATRX 
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１）ジェネティクス制御（塩基配列特異的結合）

２）エピジェネティックス制御

遺伝子発現の階層的な制御

エピジェネティックス：

DNAの塩基配列に依存しない遺伝子発現制御



Gene Regulation in Prokaryotes.

http://www.discoveryandinnovation.com/BIOL202/notes/lecture16.html	
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joined together by the polymerase to begin synthesis of the RNA chain. 
Chain elongation then continues until the enzyme encounters a second 
signal in the DNA, the terminator (or stop site), where the polymerase 
halts and releases both the DNA template and the newly made RNA tran-
script (Figure 7–9). This terminator sequence is contained within the 
gene and is transcribed into the 3މ end of the newly made RNA. 

Because the polymerase must bind tightly before transcription can begin, 
a segment of DNA will be transcribed only if it is preceded by a promoter. 
This ensures that those portions of a DNA molecule that contain a gene 
will be transcribed into RNA. The nucleotide sequences of a typical pro-
moter—and a typical terminator—are presented in Figure 7–10.

In bacteria, it is a subunit of RNA polymerase, the sigma (ı) factor (see 
Figure 7–9), that is primarily responsible for recognizing the promoter 
sequence on the DNA. But how can this factor “see” the promoter, given 
that the base-pairs in question are situated in the interior of the DNA 
double helix? It turns out that each base presents unique features to the 
outside of the double helix, allowing the sigma factor to find the promoter 
sequence without having to separate the entwined DNA strands. 

The next problem an RNA polymerase faces is determining which of 
the two DNA strands to use as a template for transcription: each strand 
has a different nucleotide sequence and would produce a different RNA 
transcript. The secret lies in the structure of the promoter itself. Every 
promoter has a certain polarity: it contains two different nucleotide 
sequences upstream of the transcriptional start site that position the RNA 
polymerase, ensuring that it binds to the promoter in only one orientation 

Figure 7–9 Signals in the nucleotide 
sequence of a gene tell bacterial RNA 
polymerase where to start and stop 
transcription. Bacterial RNA polymerase 
(light blue) contains a subunit called sigma 
factor (yellow) that recognizes the promoter 
of a gene (green). Once transcription has 
begun, sigma factor is released, and the 
polymerase moves forward and continues 
synthesizing the RNA. Chain elongation 
continues until the polymerase encounters a 
sequence in the gene called the terminator 
(red ). There the enzyme halts and releases 
both the DNA template and the newly 
made RNA transcript. The polymerase then 
reassociates with a free sigma factor and 
searches for another promoter to begin the 
process again. 
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t� "� UIJSE� EJTUJODUJWF� GFBUVSF� PG� USBOTDSJQUJPO� JO� FVLBSZPUFT� JT� UIBU� UIF�
mechanisms that control its initiation are much more elaborate than 
those in prokaryotes—a point we discuss in detail in Chapter 8. In bac-
teria, genes tend to lie very close to one another in the DNA, with only 
very short lengths of nontranscribed DNA between them. But in plants 
and animals, including humans, individual genes are spread out along 
the DNA, with stretches of up to 100,000 nucleotide pairs between one 
gene and the next. This architecture allows a single gene to be con-
trolled by a large variety of regulatory DNA sequences scattered along 
the DNA, and it enables eukaryotes to engage in more complex forms 
of transcriptional regulation than do bacteria.

t� -BTU�CVU�OPU� MFBTU�FVLBSZPUJD� USBOTDSJQUJPO� JOJUJBUJPO�NVTU� UBLF� JOUP�
account the packing of DNA into nucleosomes and more compact 
forms of chromatin structure, as we describe in Chapter 8. 

We now turn to the general transcription factors and discuss how they 
help eukaryotic RNA polymerase II initiate transcription. 

Eukaryotic RNA Polymerase Requires General 
Transcription Factors
The initial finding that, unlike bacterial RNA polymerase, purified eukary-
otic RNA polymerase II could not initiate transcription on its own in a 
test tube led to the discovery and purification of the general transcrip-
tion factors. These accessory proteins assemble on the promoter, where 
they position the RNA polymerase and pull apart the DNA double helix 
to expose the template strand, allowing the polymerase to begin tran-
scription. Thus the general transcription factors have a similar role in 
eukaryotic transcription as sigma factor has in bacterial transcription.

Figure 7–12 shows how the general transcription factors assemble at 
a promoter used by RNA polymerase II. The assembly process typically 
begins with the binding of the general transcription factor TFIID to a short 

TABLE 7–2 THE THREE RNA POLYMERASES IN EUKARYOTIC CELLS

Type of Polymerase Genes Transcribed

RNA polymerase I most rRNA genes

RNA polymerase II all protein-coding genes, miRNA genes, plus 
genes for other noncoding RNAs (e.g., those in 
spliceosomes)

RNA polymerase III tRNA genes 
5S rRNA gene 
genes for many other small RNAs

Figure 7–12 To begin transcription, eukaryotic RNA polymerase II 
requires a set of general transcription factors. These transcription 
factors are called TFIIB, TFIID, and so on. (A) Many eukaryotic 
promoters contain a DNA sequence called the TATA box. (B) The 
TATA box is recognized by a subunit of the general transcription factor 
TFIID, called the TATA-binding protein (TBP). For simplicity, the DNA 
distortion produced by the binding of the TBP (see Figure 7–13) is 
not shown. (C) The binding of TFIID enables the adjacent binding of 
TFIIB. (D) The rest of the general transcription factors, as well as the 
RNA polymerase itself, assemble at the promoter. (E) TFIIH then pries 
apart the double helix at the transcription start point, using the energy 
of ATP hydrolysis, which exposes the template strand of the gene (not 
shown). TFIIH also phosphorylates RNA polymerase II, releasing the 
polymerase from most of the general transcription factors, so it can 
begin transcription. The site of phosphorylation is a long polypeptide 
“tail” that extends from the polymerase. 

From DNA to RNA         

QUESTION 7–3

Could the RNA polymerase used 
for transcription be used as the 
polymerase that makes the RNA 
primer required for DNA replication 
(discussed in Chapter 6)?
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Gene	Regulation	in	Eukaryotes	
Eukaryotic	gene	expression	 is	 so	complicated	process	and	 it	 is	 tightly	 regulated	by	
complex	 epigenetics,	 and	 also	 at	 the	 transcriptional,	 post-transcriptional,	
translational,	and	post-translational	levels.	
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•  Epi-	 (greek:	 “over,	 above”)	 genetic:	 heritable	 changes	 in	 gene	 expression	 via	
mechanisms	 without	 a	 change	 in	 the	 DNA	 sequence	 and	 regulated	 by	
environmental	signals.	

•  C.H.	Waddington	coined	the	term	epigenetics	to	mean	above	or	 in	addition	to	
genetics	to	explain	differentiation.	

•  The	Epigenetic	Code	regulates	Chromatin	Structure	and	Gene	Transcription.	

•  Unique	epigenetic	signatures	characterize	specific	cell	lineage.		

Epigenetics	

Prof.	C.	H.	Waddington	
1905-1975	

transdifferentiation	

reprogramming	 reprogramming	

Brockdorff	Talks	
Epigenetic	landscape	



Tortoiseshell	is	a	cat	coat	coloring	named	for	its	similarity	
to	tortoiseshell	material.	Tortoiseshell	cats	are	almost	
exclusively	female.	
	
The	cells	of	female	cats,	which	like	other	mammalian	
females	have	two	X	chromosomes	(XX),	undergo	the	
phenomenon	of	X-inactivation,	in	which	one	or	the	other	
of	the	X-chromosomes	is	turned	off	at	random	in	each	cell	
in	very	early	development.		

Epigenetics	
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https://www.youtube.com/watch?v=Vfk45_VH-HY	

X Chromosome Inactivation (XCI) 



DNA Methylation & Histone Modifications 
Form the Epigenetic Code 
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Bacteria - protection against RE 

Eukaryota - numerous effects 

Bacteria - protection against RE 

Bacteria - wide range of functions 

Protista, Plantae, (Mammalia?) 

DNA	Methylation		



Heritable gene silencing by CpG DNA methylation

•  Methylation	patterns	are	established	by	Dnmt3a/b		
in	early	development.	

•  Faithfully	maintained	through	DNA	replication	(Dnmt1).	

CpG	
GpC	

Me	

Me	

Franchini et al. 2012	

Brockdorff Talks	





Critical	CpG	Sequences	in	
CpG	Islands	Near	Promoters	
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SUMMARY

Successful reprogramming of differentiated hu-
man somatic cells into a pluripotent state would
allow creation of patient- and disease-specific
stem cells. We previously reported generation
of induced pluripotent stem (iPS) cells, capable
of germline transmission, from mouse somatic
cells by transduction of four defined trans-
cription factors. Here, we demonstrate the
generation of iPS cells from adult human dermal
fibroblasts with the same four factors: Oct3/4,
Sox2, Klf4, and c-Myc. Human iPS cells were
similar to human embryonic stem (ES) cells in
morphology, proliferation, surface antigens,
gene expression, epigenetic status of pluripo-
tent cell-specific genes, and telomerase activ-
ity. Furthermore, these cells could differentiate
into cell types of the three germ layers in vitro
and in teratomas. These findings demonstrate
that iPS cells can be generated from adult
human fibroblasts.

INTRODUCTION

Embryonic stem (ES) cells, derived from the inner cell
mass of mammalian blastocysts, have the ability to grow
indefinitely while maintaining pluripotency (Evans and
Kaufman, 1981; Martin, 1981). These properties have led
to expectations that human ES cells might be useful to un-
derstand disease mechanisms, to screen effective and
safe drugs, and to treat patients of various diseases and
injuries, such as juvenile diabetes and spinal cord injury
(Thomson et al., 1998). Use of human embryos, however,
faces ethical controversies that hinder the applications of
human ES cells. In addition, it is difficult to generate pa-
tient- or disease-specific ES cells, which are required for
their effective application. One way to circumvent these

issues is to induce pluripotent status in somatic cells by
direct reprogramming (Yamanaka, 2007).

We showed that induced pluripotent stem (iPS) cells
can be generated from mouse embryonic fibroblasts
(MEF) and adult mouse tail-tip fibroblasts by the retrovi-
rus-mediated transfection of four transcription factors,
namely Oct3/4, Sox2, c-Myc, and Klf4 (Takahashi and Ya-
manaka, 2006). Mouse iPS cells are indistinguishable from
ES cells in morphology, proliferation, gene expression,
and teratoma formation. Furthermore, when transplanted
into blastocysts, mouse iPS cells can give rise to adult chi-
meras, which are competent for germline transmission
(Maherali et al., 2007; Okita et al., 2007; Wernig et al.,
2007). These results are proof of principle that pluripotent
stem cells can be generated from somatic cells by the
combination of a small number of factors.

In the current study, we sought to generate iPS cells
from adult human somatic cells by optimizing retroviral
transduction in human fibroblasts and subsequent culture
conditions. These efforts have enabled us to generate iPS
cells from adult human dermal fibroblasts and other hu-
man somatic cells, which are comparable to human ES
cells in their differentiation potential in vitro and in tera-
tomas.

RESULTS

Optimization of Retroviral Transduction
for Generating Human iPS Cells
Induction of iPS cells from mouse fibroblasts requires ret-
roviruses with high transduction efficiencies (Takahashi
and Yamanaka, 2006). We, therefore, optimized transduc-
tion methods in adult human dermal fibroblasts (HDF). We
first introduced green fluorescent protein (GFP) into adult
HDF with amphotropic retrovirus produced in PLAT-A
packaging cells. As a control, we introduced GFP to
mouse embryonic fibroblasts (MEF) with ecotropic retro-
virus produced in PLAT-E packaging cells(Morita et al.,
2000). In MEF, more than 80% of cells expressed GFP
(Figure S1). In contrast, less than 20% of HDF expressed
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dopaminergic neuron markers, such as aromatic-L-amino
acid decarboxylase (AADC), member 3 (DAT), choline
acetyltransferase (ChAT), and LIM homeobox transcrip-
tion factor 1 beta (LMX1B), as well as another neuron
marker, MAP2 (Figure 6C). In contrast, GFAP expression
was not induced with this system. On the other hand,
the expression of OCT3/4 and NANOG decreased mark-
edly, whereas Sox2 decreased only slightly (Figure 6C).
These data demonstrated that iPS cells could differentiate
into neuronal cells, including dopaminergic neurons, by
coculture with PA6 cells.

Directed Differentiation of Human iPS Cells
into Cardiac Cells
We next examined directed cardiac differentiation of hu-
man iPS cells with the recently reported protocol, which
utilizes activin A and bone morphogenetic protein (BMP)
4 (Laflamme et al., 2007). Twelve days after the induction
of differentiation, clumps of cells started beating (Fig-
ure 6D and Movie S1). RT-PCR showed that these cells ex-
pressed cardiomyocyte markers, such as troponin T type 2
cardiac (TnTc); myocyte enhancer factor 2C (MEF2C); myo-
sin, light polypeptide 7, regulatory (MYL2A); myosin,

Figure 3. Analyses Promoter Regions of Development-Associated Genes in Human iPS Cells
(A) Bisulfite genomic sequencing of the promoter regions of OCT3/4, REX1, and NANOG. Open and closed circles indicate unmethylated and meth-

ylated CpGs.

(B) Luciferase assays. The luciferase reporter construct driven by indicated promoters were introduced into human iPS cells or HDF by lipofection.

The graphs show the average of the results from four assays. Bars indicate standard deviation.

(C) Chromatin Immunoprecipitation of histone H3 lysine 4 and lysine 27 methylation.
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•  Histone octamer is composed of pairs of H2A, H2B, H3, and H4 proteins 

H2A H2B H3 H4 

90 o 

Nucleosome 

•  About 147 bp of DNA is wrapped around histone octamer to form nucleosome 

Lugar, K. et al. Nature 1997, 389, 251-60. 



The	Histone	Code	

Post-translational	 modifications	 of	 histones,	 along	 with	 deposition	 of	 histone	 variants,	
form	 a	 “histone	 code”	 of	 activation	 or	 repression	 of	 transcription	 in	 euchromatin	 or	
heterochromatin,	respectively.		

http://www.shechterlab.org/2009/science/chromatin-and-the-histone-code/	
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A	chromodomain	(chromatin	
organization	modifier)	is	a	
protein	structural	domain	of	
about	40-50	amino	acid	
residues.	
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SUMMARY

Heterochromatin plays important roles in transcrip-
tional silencing and genome maintenance by the
formation of condensed chromatin structures, which
determine the epigenetic status of eukaryotic
cells. The trimethylation of histone H3 lysine 9
(H3K9me3), a target of heterochromatin protein 1
(HP1), is a hallmark of heterochromatin formation.
However, the mechanism by which HP1 folds
chromatin-containing H3K9me3 into a higher-order
structure has not been elucidated. Here we report
the three-dimensional structure of the H3K9me3-
containing dinucleosomes complexed with human
HP1a, HP1b, and HP1g, determined by cryogenic
electron microscopy with a Volta phase plate. In the
structures, two H3K9me3 nucleosomes are bridged
by a symmetric HP1 dimer. Surprisingly, the linker
DNA between the nucleosomes does not directly
interact with HP1, thus allowing nucleosome remod-
eling by the ATP-utilizing chromatin assembly and
remodeling factor (ACF). The structure depicts the
fundamental architecture of heterochromatin.

INTRODUCTION

In eukaryotes, genomic DNA is packaged and accommodated
within the nucleus by the formation of chromatin, in which
nucleosomes are the basic repeating units (Wolffe, 1998). In
the nucleosome, histones H2A, H2B, H3, and H4 form an oc-
tamer containing two of each histone subtype, and about
150 bp of DNA are left-handedly wrapped around the histone
octamer (Luger et al., 1997). Nucleosomes are connected by
short linker DNAs in chromosomes, and they maintain an
open and dynamic chromatin conformation in actively tran-
scribed genomic loci (Luger et al., 2012; Venkatesh and
Workman, 2015). Histone modifications and histone variants

confer variations in the higher-order conformation and stability
of chromatin at the nucleosome level, and they may function
as major regulators for the maintenance of the transcriptionally
active chromatin conformation (Strahl and Allis, 2000; Bhaumik
et al., 2007; Kouzarides, 2007; Maze et al., 2014; Soboleva
et al., 2014; Talbert and Henikoff, 2014).
In contrast, heterochromatin ensures a condensed higher-or-

der chromatin conformation, and it suppresses genomic DNA
activities, such as transcription, replication, recombination, and
repair (Maison and Almouzni, 2004; Grewal and Jia, 2007; Simon
and Kingston, 2009; Saksouk et al., 2015). Methylations (mainly
trimethylation) of the histone H3 lysine 9 (H3K9) and/or 27
(H3K27) residues are known as indispensable hallmarks for het-
erochromatin formation (Strahl and Allis, 2000; Maison and
Almouzni, 2004; Kouzarides, 2007; Bhaumik et al., 2007; Grewal
and Jia, 2007; Simon and Kingston, 2009; Saksouk et al., 2015).
Heterochromatin is classified into constitutive and facultative

types (Grewal and Jia, 2007; Saksouk et al., 2015). Facultative
heterochromatin usually contains the H3K27 trimethylation
(H3K27me3), which may function to keep genes in a tran-
scriptionally silent state, and it may be dismantled upon develop-
mental cues (Simon and Kingston, 2009). In contrast,
constitutive heterochromatin containing K9-trimethylated H3
(H3K9me3) is epigenetically maintained at the same genomic
loci in every cell type (Maison and Almouzni, 2004; Grewal and
Jia, 2007; Canzio et al., 2014; Nishibuchi and Nakayama, 2014;
Saksouk et al., 2015). This is accomplished by heterochromatin
protein 1 (HP1), which specifically binds to the chromatin con-
taining H3K9me3 (Bannister et al., 2001; Lachner et al., 2001;
Nakayama et al., 2001; Jacobs and Khorasanizadeh, 2002; Niel-
sen et al., 2002; Nishibuchi et al., 2014). Three mammalian
isoforms of HP1, HP1a, HP1b, and HP1g, have been identified
(Canzio et al., 2014; Nishibuchi and Nakayama, 2014). HP1a
and HP1b predominantly exist in constitutive heterochromatin
in the nucleus (Minc et al., 1999; Nielsen et al., 2001). In contrast,
HP1g is uniformly distributed in the nucleus (Minc et al., 1999;
Nielsen et al., 2001). These HP1 isoforms share a common
domain composition with the N-terminal chromodomain (CD)
and the C-terminal chromoshadow domain (CSD), which
mediate the H3K9me3 binding and the homodimerization,
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tional silencing and genome maintenance by the
formation of condensed chromatin structures, which
determine the epigenetic status of eukaryotic
cells. The trimethylation of histone H3 lysine 9
(H3K9me3), a target of heterochromatin protein 1
(HP1), is a hallmark of heterochromatin formation.
However, the mechanism by which HP1 folds
chromatin-containing H3K9me3 into a higher-order
structure has not been elucidated. Here we report
the three-dimensional structure of the H3K9me3-
containing dinucleosomes complexed with human
HP1a, HP1b, and HP1g, determined by cryogenic
electron microscopy with a Volta phase plate. In the
structures, two H3K9me3 nucleosomes are bridged
by a symmetric HP1 dimer. Surprisingly, the linker
DNA between the nucleosomes does not directly
interact with HP1, thus allowing nucleosome remod-
eling by the ATP-utilizing chromatin assembly and
remodeling factor (ACF). The structure depicts the
fundamental architecture of heterochromatin.
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In eukaryotes, genomic DNA is packaged and accommodated
within the nucleus by the formation of chromatin, in which
nucleosomes are the basic repeating units (Wolffe, 1998). In
the nucleosome, histones H2A, H2B, H3, and H4 form an oc-
tamer containing two of each histone subtype, and about
150 bp of DNA are left-handedly wrapped around the histone
octamer (Luger et al., 1997). Nucleosomes are connected by
short linker DNAs in chromosomes, and they maintain an
open and dynamic chromatin conformation in actively tran-
scribed genomic loci (Luger et al., 2012; Venkatesh and
Workman, 2015). Histone modifications and histone variants

confer variations in the higher-order conformation and stability
of chromatin at the nucleosome level, and they may function
as major regulators for the maintenance of the transcriptionally
active chromatin conformation (Strahl and Allis, 2000; Bhaumik
et al., 2007; Kouzarides, 2007; Maze et al., 2014; Soboleva
et al., 2014; Talbert and Henikoff, 2014).
In contrast, heterochromatin ensures a condensed higher-or-

der chromatin conformation, and it suppresses genomic DNA
activities, such as transcription, replication, recombination, and
repair (Maison and Almouzni, 2004; Grewal and Jia, 2007; Simon
and Kingston, 2009; Saksouk et al., 2015). Methylations (mainly
trimethylation) of the histone H3 lysine 9 (H3K9) and/or 27
(H3K27) residues are known as indispensable hallmarks for het-
erochromatin formation (Strahl and Allis, 2000; Maison and
Almouzni, 2004; Kouzarides, 2007; Bhaumik et al., 2007; Grewal
and Jia, 2007; Simon and Kingston, 2009; Saksouk et al., 2015).
Heterochromatin is classified into constitutive and facultative

types (Grewal and Jia, 2007; Saksouk et al., 2015). Facultative
heterochromatin usually contains the H3K27 trimethylation
(H3K27me3), which may function to keep genes in a tran-
scriptionally silent state, and it may be dismantled upon develop-
mental cues (Simon and Kingston, 2009). In contrast,
constitutive heterochromatin containing K9-trimethylated H3
(H3K9me3) is epigenetically maintained at the same genomic
loci in every cell type (Maison and Almouzni, 2004; Grewal and
Jia, 2007; Canzio et al., 2014; Nishibuchi and Nakayama, 2014;
Saksouk et al., 2015). This is accomplished by heterochromatin
protein 1 (HP1), which specifically binds to the chromatin con-
taining H3K9me3 (Bannister et al., 2001; Lachner et al., 2001;
Nakayama et al., 2001; Jacobs and Khorasanizadeh, 2002; Niel-
sen et al., 2002; Nishibuchi et al., 2014). Three mammalian
isoforms of HP1, HP1a, HP1b, and HP1g, have been identified
(Canzio et al., 2014; Nishibuchi and Nakayama, 2014). HP1a
and HP1b predominantly exist in constitutive heterochromatin
in the nucleus (Minc et al., 1999; Nielsen et al., 2001). In contrast,
HP1g is uniformly distributed in the nucleus (Minc et al., 1999;
Nielsen et al., 2001). These HP1 isoforms share a common
domain composition with the N-terminal chromodomain (CD)
and the C-terminal chromoshadow domain (CSD), which
mediate the H3K9me3 binding and the homodimerization,
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Covalent modification of the N-terminal tails of histone pro-
teins forming the protein core of the nucleosomes that pack-
age DNA in eukaryotes is a fundamental mechanism of 

epigenetic gene regulation. Histone-modifying enzymes catalyze 
the deposition or removal of histone marks, which can in turn be 
bound by specific recognition modules within larger protein assem-
blies that serve gene regulatory functions1. The faithful orchestra-
tion of gene regulatory patterns, for example, during development, 
critically relies on the interplay of sensing and altering the chroma-
tin state. Consequently, both of these activities are typically found 
in gene regulatory complexes. The dynamic nature of chromatin 
poses a challenge to studies aiming to elucidate these processes, 
both in cellular context and in reconstituted systems, and detailed 
structural studies of epigenetic regulators have so far been limited 
to histone peptide-bound complexes or single functional modules 
bound to nucleosomes2,3.

Trimethylation of lysine 27 on histone H3 (H3K27me3), cata-
lyzed by PRC2, leads to gene silencing of developmental and cell-
fate-determining genes within multicellular organisms4. All four 
core PRC2 subunits, enhancer of zeste homolog 2 (EZH2), embry-
onic ectoderm development (EED), suppressor of zeste 12 (SUZ12) 
and RBAP46 or RBAP48, have been proposed to contribute to 
histone-tail binding4–9. Engagement of H3K27me3 by the recog-
nition module EED characteristically leads to allosteric activation 
of the catalytic su(var)3–9, enhancer-of-zeste and trithorax (SET) 
domain within EZH2, a mechanism that has been characterized in 
detail only using peptide ligands. Crystal structures of the catalytic 
lobes of a fungal9 and human10 PRC2, comprised of EZH2, EED, 
and the C-terminal VEFS domain of SUZ12, bound to stimulatory 
methylated peptides have offered clues about the structural rear-
rangements within PRC2 that lead to activation, which is thought to 
contribute to local spreading of H3K27me3 and the establishment 
of heterochromatin domains. Regulatory mechanisms controlling 
PRC2 function also include inhibition by active chromatin marks 

such as H3K4me3 (ref. 11) or H3K36me3 (ref. 12) or the interaction 
with noncoding RNAs13,14 and auxiliary subunits15–17.

Biochemical studies have shown that the activity of PRC2 is sig-
nificantly higher on dinucleosomes and higher-order chromatin 
structures than on histone tails or mononucleosomes, a property 
that is not mechanistically understood but may also contribute to 
the spreading of the PRC2 silencing mark4,18. Indeed, many ques-
tions have remained unanswered. How does PRC2 engage with 
its natural chromatin substrates, nucleosomal arrays? Does PRC2 
interact with core histones via the acidic patch used by many 
nucleosome-binding proteins? Does the interaction instead involve 
nucleosomal DNA? Can more than one nucleosome be engaged by 
a single PRC2? If so, can such engagement occur in the context of 
neighboring nucleosomes, and how does nucleosome spacing and 
geometry affect PRC2 engagement?

Here, we provide direct visualization of PRC2–chromatin inter-
actions through cryo-EM structures of PRC2 in the specific context 
of dinucleosomes containing one unmodified substrate nucleosome 
and one activating, H3K27me3-containing nucleosome. This com-
bination is particularly relevant for our understanding of H3K27me3 
spreading, as it functionally corresponds to a boundary condition in 
which the state of one nucleosome can directly affect the activity of 
the complex on the neighboring one. We find that PRC2 interacts 
with the histone H3 tails and with the nucleosomal DNA, but not 
with other histones or the histone core. Of special functional rel-
evance, our reconstructions show how the specific geometry of the 
assembly allows the simultaneous engagement of both nucleosomes 
by the same complex, even in the context of various linker lengths. 
Binding of the substrate nucleosome by a rigid DNA-binding inter-
face on the CXC domain of EZH2 positions the H3 tail optimally 
for modification by EZH2. On the other side of the complex, a more 
flexible binding surface involving the WD40 domain of EED allows 
for the recognition of an activating H3K27me3 in the context of 
geometrically diverse chromatin substrates. Our structures support 

Cryo-EM structures of PRC2 simultaneously 
engaged with two functionally distinct 
nucleosomes
Simon Poepsel! !1,2, Vignesh Kasinath1,2 and Eva Nogales! !1,2,3,4*

Epigenetic regulation is mediated by protein complexes that couple recognition of chromatin marks to activity or recruitment 
of chromatin-modifying enzymes. Polycomb repressive complex 2 (PRC2), a gene silencer that methylates lysine 27 of histone 
H3, is stimulated upon recognition of its own catalytic product and has been shown to be more active on dinucleosomes than 
H3 tails or single nucleosomes. These properties probably facilitate local H3K27me2/3 spreading, causing heterochromatin 
formation and gene repression. Here, cryo-EM reconstructions of human PRC2 bound to bifunctional dinucleosomes show how 
a single PRC2, via interactions with nucleosomal DNA, positions the H3 tails of the activating and substrate nucleosome to 
interact with the EED subunit and the SET domain of EZH2, respectively. We show how the geometry of the PRC2–DNA interac-
tions allows PRC2 to accommodate varying lengths of the linker DNA between nucleosomes. Our structures illustrate how an 
epigenetic regulator engages with a complex chromatin substrate.
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epigenetic gene regulation. Histone-modifying enzymes catalyze 
the deposition or removal of histone marks, which can in turn be 
bound by specific recognition modules within larger protein assem-
blies that serve gene regulatory functions1. The faithful orchestra-
tion of gene regulatory patterns, for example, during development, 
critically relies on the interplay of sensing and altering the chroma-
tin state. Consequently, both of these activities are typically found 
in gene regulatory complexes. The dynamic nature of chromatin 
poses a challenge to studies aiming to elucidate these processes, 
both in cellular context and in reconstituted systems, and detailed 
structural studies of epigenetic regulators have so far been limited 
to histone peptide-bound complexes or single functional modules 
bound to nucleosomes2,3.

Trimethylation of lysine 27 on histone H3 (H3K27me3), cata-
lyzed by PRC2, leads to gene silencing of developmental and cell-
fate-determining genes within multicellular organisms4. All four 
core PRC2 subunits, enhancer of zeste homolog 2 (EZH2), embry-
onic ectoderm development (EED), suppressor of zeste 12 (SUZ12) 
and RBAP46 or RBAP48, have been proposed to contribute to 
histone-tail binding4–9. Engagement of H3K27me3 by the recog-
nition module EED characteristically leads to allosteric activation 
of the catalytic su(var)3–9, enhancer-of-zeste and trithorax (SET) 
domain within EZH2, a mechanism that has been characterized in 
detail only using peptide ligands. Crystal structures of the catalytic 
lobes of a fungal9 and human10 PRC2, comprised of EZH2, EED, 
and the C-terminal VEFS domain of SUZ12, bound to stimulatory 
methylated peptides have offered clues about the structural rear-
rangements within PRC2 that lead to activation, which is thought to 
contribute to local spreading of H3K27me3 and the establishment 
of heterochromatin domains. Regulatory mechanisms controlling 
PRC2 function also include inhibition by active chromatin marks 

such as H3K4me3 (ref. 11) or H3K36me3 (ref. 12) or the interaction 
with noncoding RNAs13,14 and auxiliary subunits15–17.

Biochemical studies have shown that the activity of PRC2 is sig-
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Cryo-EM structures of PRC2 simultaneously 
engaged with two functionally distinct 
nucleosomes
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Epigenetic regulation is mediated by protein complexes that couple recognition of chromatin marks to activity or recruitment 
of chromatin-modifying enzymes. Polycomb repressive complex 2 (PRC2), a gene silencer that methylates lysine 27 of histone 
H3, is stimulated upon recognition of its own catalytic product and has been shown to be more active on dinucleosomes than 
H3 tails or single nucleosomes. These properties probably facilitate local H3K27me2/3 spreading, causing heterochromatin 
formation and gene repression. Here, cryo-EM reconstructions of human PRC2 bound to bifunctional dinucleosomes show how 
a single PRC2, via interactions with nucleosomal DNA, positions the H3 tails of the activating and substrate nucleosome to 
interact with the EED subunit and the SET domain of EZH2, respectively. We show how the geometry of the PRC2–DNA interac-
tions allows PRC2 to accommodate varying lengths of the linker DNA between nucleosomes. Our structures illustrate how an 
epigenetic regulator engages with a complex chromatin substrate.
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(Supplementary Fig. 7d,e). The CXC zinc-coordinating loops and 
the interaction of the second zinc cluster with the DNA are well 
resolved, allowing the CXC–DNA contacts to be narrowed down 
to the region comprising EZH2 amino acids (aa) 561–570, which 

forms an arch-like density that, at its base, contacts both phos-
phodiester backbones at the minor groove of the DNA exiting the 
nucleosome (Fig. 3b). A large, well-conserved electropositive patch 
on the surface of the CXC and SET domains is ideally positioned to 
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crystal structures (nucleosome, PDB 3LZ1 (ref. 28); PRC2, PDB 5HYN (ref. 10)) shown in two different views. Nclmod, H3K27me3-modified nucleosome; 
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Fig. 1. Cryo-EM structures of the transcribing RNAPII-nucleosome 
complexes. (A) Elongated RNAs in the purified transcribing RNAPII-
nucleosome complexes were analyzed by denaturing gel 
electrophoresis. After the transcription reaction, the complexes were 
fractionated by the GraFix method (lane: GraFix), desalted on a gel 
filtration column (lane: Gel-filtrated), and concentrated (lane: 
Concentrated). (B to E) Cryo-EM densities of the RNAPII-nucleosome 
complexes paused at SHL(-6) (B), SHL(-5) (C), SHL(-2) (D), and SHL(-1) 
(E) with fitted structural models. The density for the Rpb4/7 stalk of 
RNAPII is weak, because of its inherent flexibility (31, 32). Focused 
classification clearly reveals the stalk density (fig. S11). RNAPII, DNA, 
H2A, H2B, H3, and H4 are colored gray, orange, magenta, pink, light blue, 
and blue, respectively. The arrows indicate the SHL(0) positions. 
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In eukaryotes, genomic DNA is packaged as chromatin, in 
which the nucleosome is the basic unit (1). In the nucleosome, 
a 145– to 147–base pair DNA segment is stably wrapped 
around a histone octamer, composed of two each of histone 
H2A-H2B and H3-H4 heterodimers (2). Since the nucleosome 
has an extremely stable architecture, it strongly affects 
genomic DNA functions, such as transcription (3–5). RNA 
polymerase II (RNAPII), a multi-subunit molecular machine 
(6), transcribes protein-coding genes, but the mechanism of 
nucleosome transcription remains obscure. 

To address this problem, we performed cryo–electron mi-
croscopy (cryo-EM) single-particle analyses of transcribing 
RNAPII-nucleosome complexes. In cells, RNA elongation by 
RNAPII is stalled at multiple sites within a nucleosome up to 
the nucleosomal dyad (7). After passing through the nucleo-
somal dyad, RNAPII transcribes the DNA without obvious 
impediments (7), because the histones may be removed from 
the DNA ahead of the RNAPII. To avoid the histone disman-
tling by RNAPII, we designed a nucleosomal template with a 
T-less sequence region, by which transcription elongation is 
stalled at the SHL(-1) position, a natural RNAPII pausing site 
located about 10 base-pairs upstream of the nucleosomal 
dyad, in the presence of 3′-dATP (fig. S1A). Widom 601, an 
artificial sequence with high nucleosome positioning power, 
was employed for the design (8). After reconstitution of the 
human nucleosome with the DNA, a linker DNA containing 
the transcription bubble was ligated to one end of the 

nucleosomal DNA (fig. S1, A to D). RNA elongation was per-
formed by RNAPII from the yeast Komagataella pastoris (fig. 
S1E). RNAPII predominantly paused at the entry of the nu-
cleosome [SHL(-5)], reflecting the rate-limiting step of the 
nucleosomal transcription in vitro (fig. S1F). In contrast, 
RNAPII elongated RNA until the SHL(-1) position in the pres-
ence of the transcription elongation factor TFIIS (fig. S1E), 
which facilitates the nucleosomal transcription (fig. S1F) (9, 
10). 

The obtained transcribing complexes, containing RNAPII, 
nucleosomes, and transcribed RNAs, were partially purified 
by the sucrose-glutaraldehyde gradient ultracentrifugation 
(GraFix) method (11). The RNAs within the RNAPII-
nucleosome complex mixture were then analyzed by denatur-
ing polyacrylamide gel electrophoresis (Fig. 1A). Significant 
pausing of RNAPII was observed near the entry [SHL(-5)] 
and before the dyad [SHL(-1)] of the nucleosome (Fig. 1A). 
These major pausing sites correspond well to the in vivo 
pausing sites within gene-body nucleosomes (7). In addition, 
minor, but clear, RNA bands corresponding to the paused 
RNAPII at SHL(-6) and SHL(-2) were detected (Fig. 1A). 

We then collected cryo-EM images of the transcription re-
action mixtures, and extensive 3D classifications delineated 
seven distinct states of the RNAPII-nucleosome complexes, 
which belong to the complexes paused around SHL(-6), SHL(-
5), SHL(-2), and SHL(-1) (Fig. 1, B to E; figs. S2 to S6; tables 
S1 and S2; and movie S1). These structures revealed the 
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Genomic DNA forms chromatin, in which the nucleosome is the repeating unit. The mechanism by which 
RNA polymerase II (RNAPII) transcribes the nucleosomal DNA remains unclear. Here we report the cryo–
electron microscopy structures of RNAPII-nucleosome complexes, in which RNAPII pauses at the 
superhelical locations, SHL(-6), SHL(-5), SHL(-2), and SHL(-1), of the nucleosome. RNAPII pauses at the 
major histone-DNA contact sites, and the nucleosome interactions with the RNAPII subunits stabilize the 
pause. These structures reveal snapshots of nucleosomal transcription, where RNAPII gradually tears 
DNA from the histone surface, while preserving the histone octamer. Interestingly, the nucleosomes in the  
SHL(-1) complexes are bound to a “foreign” DNA segment, which might explain the histone transfer 
mechanism. These results provide the foundations for understanding chromatin transcription and 
epigenetic regulation. 
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Fig. 4. Scheme of transcription elongation through a 
nucleosome by RNAPII. RNAPII encounters a 
nucleosome [SHL(-6); step 1], and then proceeds to 
SHL(-5), which is a major pausing site for RNAPII (step 
2). After passing through SHL(-5), the RNAPII pauses 
SHL(-2) (step 3), and proceeds to SHL(-1) (step 4). In 
the SHL(-2) and SHL(-1) complexes, an H2A-H2B 
dimer is exposed. Then, foreign DNA is bound to the 
DNA-peeled region of the nucleosome in the complex 
(step 5). Histones may be removed from the region 
ahead of the RNAPII, by transfer in cis/trans or 
eviction. The red DNA cartoons indicate possible 
orientations of the upstream DNAs. 
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