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Abstract

Genomic DNA in eukaryotes is organized into chromatin through association with core histone 

proteins to form nucleosomes. To understand the structure and function of chromatin, we must 

determine the structures of nucleosomes containing native DNA sequences. However, to date, our 

knowledge of nucleosome structures is mainly based on the crystallographic studies of the 

nucleosomes containing non-native DNA sequences. Here, we discuss the technical issues related 

to the determination of the nucleosome structures and review the few structural studies on native-

like nucleosomes. We show how an antibody fragment-aided single-particle cryo-EM can be a 

useful method to determine the structures of nucleosomes containing genomic DNA. Finally, we 

provide a perspective for future structural studies of some native-like nucleosomes that play 

critical roles in chromatin functions.

Genomic DNA in eukaryotes is organized into chromatin through association with core 

histone proteins to form repetitive nucleosomes [1, 2], the structural units of chromatin. 

Nucleosomes are the substrates of protein machinery responsible for essential processes of 

DNA replication, recombination, transcription, repair, and chromosome segregation. They 

differ from each other in their DNA sequences, histone components (variants), and post-

translational modifications. The simplest form of the nucleosome is the nucleosome core 

particle (NCP). It comprises an octamer of two copies of each of the four histones (H2A, 

H2B, H3 and H4) wrapped with 145–147 bp of DNA [3–5]. To date, our knowledge of the 

interactions of core histones and DNA is almost entirely based on the crystal structures of 

NCPs containing either of the two types of DNA fragments: a palindromic one half of the 

human α-satellite DNA and the Widom 601 DNA [6, 7].

However, there are well-known uncertainties in these crystal structures likely caused by 

crystal packing [8]. In the crystals, one type of the interactions between neighboring NCPs 

involves packing of the ends of the DNA that could affect the DNA conformation within the 

nucleosome core (Figure 1). The NCPs containing 145 bp and 147 bp DNA have the same 
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physical length in the crystal structures, leading to differences in the DNA conformations at 

regions that are the binding sites of the ATPase domains of chromatin remodelers [9–14]. 

Also, obtaining well-diffracting crystals of nucleosome core particles is strongly dependent 

on the DNA fragment used for NCP assembly, which also suggests sequence-dependent 

DNA conformational changes at other packing locations. In the literature, NCP is more often 

cited to consist of 147 bp DNA. However, direct experimental evidence has not been 

provided. The first structure of a native-like NCP is solved at 2.6 Å resolution using X-ray 

crystallography, which consists of the 147 bp 3’-LTR of the mouse mammary tumor virus 

promotor for nucleosome A (MMTV-A) DNA [15]. In contrast, 145 bp DNA is chosen for 

the structural determination of the NCP containing the human telomeric repeat DNA 

sequence [16]. Another limitation of the X-ray crystallographic approach is that the DNA 

length that is determined by biochemical methods may not be suitable for crystallization, 

and systematic screening of DNA lengths may be required to obtain crystals.

Single-particle cryo-EM provides an alternative way to determine the structure of 

nucleosomes at an atomic resolution without the need for crystals and the exact length of the 

DNA. The major obstacle for obtaining high-resolution structures of nucleosomes by cryo-

EM is that nucleosomes tend to dissociate during the process of cryogenic sample 

preparation, which leads to free DNA that reduces the contrast difference between the 

nucleosome and the surrounding background [17]. Thus, most of the structural studies of 

nucleosomes by cryo-EM use Windom 601 DNA. Chemical cross-linking may help to 

prevent nucleosome dissociation but often leads to a decrease in resolution due to sample 

inhomogeneity.

In one study, the cryo-EM density map of the native human nucleosome bound to the 

intasome of the prototype foamy virus is determined at a 7.8 Å resolution [18]. Substantial 

conformation changes occur to the histones and DNA. But the low resolution of the density 

map excludes the analysis of detailed interactions between the DNA and the integrase. Cryo-

EM, coupled with chemical cross-linking, has also been used to study the structures of the 

nucleosomes containing the 186 bp human ABL1 enhancer N1 DNA and the 162 bp human 

LIN28B DNA [19, 20]. The nucleosomes containing the above DNAs are the targets of 

DNA-sequence dependent recognition by the pioneer transcription factors of FoxA1 and 

Oct4, respectively. In these two cases, the density maps obtained have a resolution of 4.5 Å 

and 3.6 Å, which does not allow the nucleotides in the nucleosomes to be explicitly defined. 

Biochemical methods are used to determine the dyad of the nucleosomes in these cases. The 

ABL enhancer N1 DNA includes two target sites (eG and eH) for FoxA1. The cryo-EM 

density map suggests that the eH site is near the dyad region while the eG site is at the 

region opposite to the dyad in the nucleosome. In the case of LIN28B DNA, it contains three 

recognition sites for Oct4. The density map shows that one site is located near the linker 

DNA region while the other two sites are located within the nucleosome core particle. It is 

suggested that the site near the linker DNA region is the functional site.

Recently, it is demonstrated that an engineered single-chain antibody fragment (scFv) that 

binds to the acidic patch of core histones H2A-H2B on the surface of the nucleosome can 

help prevent the dissociation of nucleosomes on the cryo-EM grids. The scFv is derived 

from a mouse antibody (PL2–6), which binds to the free nucleosome released from 
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apoptotic cells, serving as antigens to elicit antibodies causing systemic lupus 

erythematosous (SLE) autoimmune diseases in human and mouse [21, 22]. The scFv-NCP 

complex distributed homogenously in the vitrified ice as intact particles without significant 

dissociation [17]. Using the scFv cryo-EM approach, the structures of the human 

centromeric (CENP-A) NCP containing either 145 bp human α-satellite DNA or 147 bp 

Widom 601 DNA are determined at 2.6 Å (Fig. 3A). With such resolution, the nucleotides 

can be assigned specifically using the density map alone. Interestingly, the DNA structures 

at the SHL2 to SHL3 region also show a significant difference between the NCPs with α-

satellite and Widom 601 DNAs. In the same study, the structure of H3 NCP containing the 

Widom 601 147 bp DNA is also solved at high-resolution.

From these studies, it is found that there is one additional base pair on each of the two DNA 

ends in the 147 bp Widom 601 CENP-A nucleosome structure in comparison with that of 

the CENP-A NCP containing the 145 bp α-satellite DNA. Similarly, there is one additional 

base pair DNA at each of the two ends of the 147 bp DNA in the cryo-EM structure of the 

H3 NCP compared with that of the crystal structure of the H3 NCP containing 145 bp 

Widom 601 DNA. Since the crystal structures of NCPs containing 145 bp and 147 bp have 

the same physical length, these cryo-EM structures suggest that crystal packing squeezes 

two base pairs of 147 bp DNA into the nucleosome core region that normally accommodate 

145 bp in the absence of crystal packing. Therefore, the NCP in solution is likely to include 

145 bp DNA. Since the 2-bp difference in NCP can lead to a substantial change in the DNA 

conformation and the relative positions/orientations of the two neighboring nucleosomes 

connected by the linker DNA, the determination of the precise number of base pairs in the 

NCP DNA is critical for understanding the function of the nucleosome and high-order 

structures of chromatin, in particular, considering the fact that 147 bp NCP is commonly 

used to analyze chromatin structure in genome-wide studies and in the theoretical modeling 

of nucleosomes and high-order structures of chromatin.
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Perspective

We anticipate the immediate use of the scFv-assisted cryo-EM approach to determine the 

structures of several native-like nucleosomes that are known to play important functional 

roles. These include the nucleosomes containing the DNAs with virus integration sites 

and targets of pioneer transcription factors, FoxA1 and Oct4, discussed above. There are 

also recently identified nucleosomes that are targets of various other pioneer transcription 

factors (ASCL1, BRN2, PU1, BRN2, CEBPa, and CEBPb) [23]. Also, 16 budding yeast 

centromeric nucleosomes contain unique AT-rich DNA [24], which are recognized by the 

centromere protein CBF3 in a sequence-dependent manner. Similarly, the human 

centromeric nucleosome contains the α-satellite DNA with the 17 bp CENP-B box, the 

target site of the centromere protein CENP-B. One can also use the scFv-aided cryo-EM 

approach to determine the structures of nucleosomes in complex with the proteins that do 

not bind to the acidic patch regions, for example, the native-like chromatosomes 

containing linker histone isoforms [25, 26]. Moreover, scFv-aided cryo-EM approach 

could be used to determine the intrinsic positioning of nucleosomes in genome-wide 

studies, which may require a community effort. It is likely that for weaker positioning 

sequences, the nucleosome may display multiple positions. High-resolution structures 

will likely provide distributions of nucleosome positions at a single-molecule level.
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Highlights

1. Nucleosome core particles consist of 145 bp DNA

2. scFv-aided cryo-EM approach allows structural determination of native-like 

nucleosomes
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Figure 1. Illustration of crystal packing of DNA ends and its effects on DNA conformation within 
the nucleosome core particle.
(A) Highlights of DNA ends packing between neighboring nucleosome core particles 

(transparent circles in cyan). The base pairs at the ends of DNA are shown in spheres. (B) 

Comparison of the crystal structures of nucleosome core particles with 145 bp and 147 bp 

DNA, showing that they have the same physical length. The region with significant 

conformational difference in DNA is highlighted using the transparent oval (cyan). PDB IDs 

are shown in the parentheses.
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Figure 2. Examples of native-like nucleosomes studied by X-ray crystallography and cryo-EM.
(A) The crystal structure of 147 bp MMTV-A nucleosome core particle [15]. (B) Cryo-EM 

reconstruction of 186 bp ABL1 enhance (N1) nucleosome. The FoxA1 binding sites (eG and 

eH) are shown in magenta and yellow colors [19]. (C) Cryo-EM density map for the 162 bp 

human LIN28B DNA and DNA motifs for binding of transcription factor Oct4 [20].
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Figure 3. scFv-assisted cryo-EM structure determination of nucleosomes.
(A) Illustration of the density maps of the scFv-nucleosome complex at 2.6 Å resolution 

[27]. (B) Comparison of the cryo-EM structures of CENP-A nucleosomes with 147 bp 

Widom 601 DNA and 145 bp α-satellite DNA. The base pair at each end of the nucleosome 

in the 147 bp are shown in spheres. (C) Comparison of the cryo-EM structure of the 

nucleosome containing 147 bp Widom 601 DNA and the crystal structure of 145 bp Widom 

601 nucleosome. The extra base pairs at the ends of the 147 bp DNA are shown in spheres.

Yawen and Zhou Page 10

J Mol Biol. Author manuscript; available in PMC 2022 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.

