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The nucleosome, a DNA-protein complex, is well known today as the 
basic unit of chromatin. However, the discovery and characterization 
of it took more than a hundred years of unveiling each building block 
of the nucleosome step by step. The existence of histones, the protein 
components of the nucleosome, was first recognized in 1884 by Kossel 
1. It was not until the 1960s that the five histone types were observed 
2, now known as H1, H2A, H2B, H3 and H4. DNA, on the other hand, 
was first isolated by Miescher in 1869, and its double-helix structure 
was revealed by Watson and Cricks more than eighty years later in 
1953 3. With the identification and characterization of both protein and 
DNA components available, studies emerged in the 1970s to 
understand the fundamental basis of chromatin structure 4-7. In 1974, a 
complex of eight histone molecules and about 200 DNA base pairs was 
proposed by Kornberg as the repeating unit of the chromatin structure 
8. Finally, twenty-three years later in 1997, the first high resolution 
crystal structure of the isolated nucleosome core particle was solved by 
Luger et al. 9 Two copies of each of the four core histones H2A, H2B, 
H3, and H4 form a histone octamer, around which wraps 147 bp of 
DNA to form the basic unit of chromatin: the nucleosome (Figure 
1.1a). These nucleosomes can be further coiled into thicker chromatin 
fibers, which are further compacted and folded into the typical X-
shaped chromosomes during metaphase. This packaging of DNA is 
dynamic and modulates nuclear processes. At lowest level, the 
presence of nucleosomes forms a roadblock, limiting DNA 
accessibility for polymerases, transcription factors, and other DNA 
binding proteins. Modulation of nucleosome structure and position 
allows the manipulation of this roadblock and thus ultimately the 
regulation of DNA transcription or repair. A vast range of proteins 
cooperate to achieve this regulation. Even if the resulting chromatin 
biology is highly complex, just like mosaic art, no matter how splendid 
it is, the art piece is made of simple building blocks. And just as the 
color and shapes of these building blocks determine the range of 
mosaics that can be made, the fundamental molecular properties of the 
nucleosome and chromatin factors determine the dynamic network of 
interactions that underlie chromatin biology. In this regard, the 
determination of the crystal structure of nucleosome in 1997 has truly 
been a scientific breakthrough discovery (Figure 1.1a) 9. Since then it 
has been shown that the architecture and structure of the nucleosome 
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is nearly independent of DNA sequence and constant among different 
species. Yet the efficiency of this roadblock can be altered through a 
number of mechanisms, most notable through incorporation of post 
translational modifications (PTMs) and the replacement of the 
canonical histones by histone variant proteins.  
 

PTMs alter nucleosome structure and function 

PTMs are covalent modifications that can be dynamically added on and 
removed from residue side chains as a means to regulate protein 
function in response to the cell environment. While histone PTMs are 
mostly known for serving as binding anchors for various chromatin 
factors, a number of histone PTMs, in particular those that occur in the 
histone core rather than the tail, act by influencing nucleosome 
structure directly. Core modifications often alter histone-DNA and/or 
histone-histone interactions thus changing nucleosome dynamics and 
stability. For example, acetylation of H3 lysine 56, which is located 
close to the nucleosomal DNA, interrupts the local histone-DNA 
interaction, increases DNA accessibility, and ultimately affects gene 
expression and DNA repair 10-11. Similarly, acetylation of H4 lysine 91 
removes an essential salt bridge to H2B E68 in the tetramer-dimer 
interface, resulting in higher sensitivity toward DNA digestion by 
micrococcal nuclease 12. This modification occurs before the H3-H4 
tetramer is assembled on DNA and is thus suggested to regulate 
nucleosome assembly13. These examples illustrate how small structural 
changes, i. e. addition of a simple acetyl group, can have pronounced 
effects on overall nucleosome stability and function.  
 

Histone variants alter nucleosome structure and 
function 

The largest structural changes are brought about by substitution of the 
canonical histones by variant histones with different amino acid 
sequence. For example, macroH2A, an H2A variant, contains an 
additional ~250 amino acids at its C-terminus that includes a macro 
domain and thus offers new functionalities to the nucleosome 14-15. 
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Unlike canonical histones, whose synthesis and assembly into 
nucleosomes is highly coupled with DNA replication, histone variants 
are expressed and incorporated into chromatin in a replication-
independent manner. In addition, histone variants are usually encoded 
by single copy genes whereas the canonical forms are encoded by 
multiple copy genes. Variants are less abundant but play a vital role in 
regulating chromatin function by replacing their canonical forms from 
nucleosome at defined genomic loci. For example, centromeres contain 
specialized nucleosomes that include histone H3 variant CENP-A. Due 
to the presence of this variant these nucleosomes have an altered 
structure and can form interactions with other centromeric proteins. 
The crystal structure of the centromeric nucleosomes (pdb: 3AN2) 
showed that it only organizes 121 bp DNA due to the shorter aN helix 
of the variant 16 and the resulting higher flexibility of entry/exit 
nucleosomal DNA may facilitate the binding of centromeric DNA-
binding proteins.  
The first histone variant, sperm H2B, was identified in the 70s of 20th 
century 17. There are now in total 18 groups of histones variants 
recorded in Histone Database for H2A, H2B, H3 and H4 18. Overall, 
H2A and H3 have the most variants, while H2B and H4 have only a 
few variants. Sequence differences to the canonical form can be large, 
such as in the case of macroH2A, but are typically limited to few amino 
acid substitutions. For example, histone variant H2A.X contains an 
additional C-terminal motif that contains a serine that is 
phosphorylated in the response to DNA damage, thereby signaling and 
recruiting DNA repair proteins to the damage site 19.  
The incorporation of histone variants is mediated by nucleosome 
remodelers and dedicated histone chaperone proteins. For H2A.Z, a 
variant involved in transcription regulation and mostly positioned at 
promoters, it has been shown that Swr1, part of the SWR1 remodeling 
complex, can load the H2A.Z-H2B dimer in two steps on a tetrasome, 
the complex of DNA and the H3-H4 tetramer 20. SWR1 is thought to 
first unpeel the DNA from the nucleosome, using energy from ATP, 
releasing the canonical H2A-H2B dimers in the process, after which 
the variant dimer is incorporated.  
The structures of several variant nucleosomes have been determined 
and some have shown surprisingly little structural changes to the 
canonical form. While a wide array of biochemical and biophysical 
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data have indicated that H2A.Z forms mobile and dynamic 
nucleosomes, the crystal structure of the H2A.Z nucleosome (pdb: 
1F66) is virtually identical to that of the canonical nucleosome 21, 
highlighting the need for complementary studies that are sensitive to 
dynamics.  
This thesis is focused on H2A.B, which is one of the most divergent 
histone variants 22. Incorporation of H2A.B into nucleosomes has been 
shown to induce a more open conformation of the nucleosome in which 
the DNA is more accessible 23. Functionally, it has been linked to 
various processes, including RNA splicing and active transcription 24. 
To provide a solid fundamental basis to understand its biological 
function, a study on the structure and dynamics of the H2A.B-H2B 
dimer and the H2A.B nucleosome is described in this thesis. The 
remainder of this introduction describes the current knowledge on this 
enigmatic histone variant. 
 

Discovery of histone variant H2A.B 

As human females have two X chromosomes, while males have one X 
and one Y chromosome, one of the two X chromosomes from female 
somatic cells is randomly subjected to permanent inactivation to ensure 
comparable gene expression from the X chromosome 25. This sex-
determining system is consistent in most of mammals. Inactivation of 
one of the X-chromosomes is achieved by heterochromatin formation 
and further compaction and results in the formation of so-called Barr 
bodies in the nucleus.  While the exact mechanism of inactivation is 
not fully resolved yet, a crucial role is played by the long non-coding 
RNA Xist 26. In addition, the inactive X (Xi) chromatin contains 
specialized nucleosomes with H2A variant macroH2A27. This variant 
is thought to promote the repression of transcription by amino acid 
substitutions within the histone fold that stabilize the nucleosome, as 
well as by promoting recruitment of histone deacetylases (HDACs) via 
the macrodomain 28. In the hope to find a counterpart to macroH2A 
that is repelled from Xi, Chadwick and Willard searched the genome 
database and found a group of distant H2A homologs 22, 29. Expression 
of the identified gene was confirmed by Northern blot and reverse 
transcription PCR in a variety of cell lines and tissues. Transfection of 
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a GFP fusion protein into primary human fibroblasts showed that it was 
excluded from the Xi chromosome in female cells. Further analysis 
proved that the protein is a nucleosomal core histone 22. The identified 
protein was originally named H2A.Bbd, for Barr-body deficient H2A 
variant. The simplified name H2A.B has been slowly adopted during 
the past two decades. H2A.B contains 114 amino acids and shares only 
48% identity to canonical H2A, making it one of the most divergent 
histone variants up to date.  
 

The sequence of H2A.B differs strongly from 
canonical H2A 

Up to date, fifteen H2A.B sequences have been reported over twelve 
mammalian species, and their sequence alignment against human 
canonical H2A is shown in Figure 1.1c 18. Three key differences 
between the H2A.B family and canonical H2A emerge from sequence 
comparisons. First, most sequence differences occur in the N-terminal 
tail of H2A.B, which is also a highly variable region within the H2A.B 
family. A common overall feature of the H2A.B N-terminal tail is the 
lack of lysine residues as opposed to canonical H2A. Histone lysines 
are common targets for PTMs, such as acetylation, methylation, and 
ubiquitination, which are essential in defining chromatin function. In 
the case of H2A, N-terminal K13/15 ubiquitination plays a crucial role 
in the DNA damage response 30-31, while N-terminal K5 acetylation is 
essential in transcription regulation and chromatin remodeling 32. 
Notably, also the histone fold domain of H2A.B is scarce in lysines, 
with only one lysine present instead of four in the canonical H2A. 
Together, this absence of modifiable residues suggests that the variant 
is regulated in a manner different from other members of H2A family 
and that it exerts its specific impact on chromatin function independent 
of PTMs.  
The second key difference in H2A.B is its missing C-terminal tail and 
truncated C- terminal docking domain. Absence of the C-terminal tail 
again removes a number of well-known modification sites in H2A, in 
particular K118/K119 sites that are involved in transcriptional 
repression 33. In the canonical nucleosome, the H2A docking domain 
mediates the interaction between H2A-H2B dimer and H3-H4 tetramer 
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9. In particular, the segment absent in H2A.B binds to the H3 aN helix 
in the canonical nucleosome. Furthermore, the truncated docking 
domain in H2A.B contains several sequence differences compared to 
H2A, raising the question whether this will also translate into structural 
differences in the H2A.B nucleosome. 
A third common feature of H2A.B compared to other H2A histones is 
the reduced negative charge of the acidic patch, a negatively charged 
area on nucleosome surface formed by six H2A residues (E56, E61, 
E64, D90, E91, and E92) and two H2B residues (E102 and E110) 9. 
The acidic patch functions as a binding surface for the H4 tail from a 
neighboring nucleosome, thereby mediating higher order chromatin 
folding 34. Moreover, the acidic patch is the key binding site for a wide 
variety of nucleosome binding proteins, such as LANA, RCC1, SIR3, 
HMGN2, etc. 35-38. Just as the H4 tail, these proteins all use a 
strategically located arginine residue to form hydrogen bonds with 
acidic patch residues39. In human H2A.B three of the six residues that 
form acidic patch are either neutralized or charge-swapped: E61 to K, 
E91 to R, and E92 to L. Within the H2A.B family, several species have 
also a D90 to N substitution, while mouse H2A.B retains E92 in its 
sequence shifted by one residue position. The reduced negative charge 
on H2A.B-nucleosome surface will disfavor or even inhibit binding of 
the many acidic-patch binding chromatin factors including the H4 tail, 
thus affecting chromatin function and higher-order structure (see also 
below).  
Last but not least, it has been noticed that H2A.B is less basic compared 
to H2A, due to the loss of lysines and a series of substitution of charged 
residues 23, 40 (see Figure 1.1c). The reduced electropositive potential 
may affect DNA binding directly. Moreover, the extensively altered 
pattern of charged residues in H2A.B may influence the stability of its 
dimer with H2B and/or its octamer with H2B, H3, and H4 41. A more 
detailed examination of this hypothesis is discussed in Chapter 3. In 
addition, we note that one of minor groove anchoring arginines in H2A 
is shifted one residue position in most H2A.B sequences, which may 
alter the interaction with nucleosomal DNA. This is further 
investigated in Chapter 4. 
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H2A.B induces opening structure at DNA entry/exit 
ends of nucleosome 

To investigate how the sequence differences in H2A.B impact 
nucleosome structure, Bao et al. reconstituted H2A.B nucleosome in 
vitro and studied the organization of the nucleosomal DNA using 
fluorescence resonance energy transfer (FRET) experiments and 
micrococcal nuclease (MNase) digestion assays 23. Both methods 
indicated that H2A.B nucleosome have a relatively open structure in 
which DNA entry/exit ends are far away from each other, even at low 
ionic strength. In particular, the MNase digestion assays showed that 
only ~118 bp were left intact after digestion of the free DNA ends while 
146 bp are protected in the conventional case. Similar results were 
obtained later using the high-affinity, artificial ‘601’ DNA sequence 
rather than the 5S DNA sequence 42. Subsequent studies using atomic 
force microscopy (AFM) confirmed that less DNA is tightly bound to 
the histone octamer core in H2A.B nucleosomes, but arrived at ~130 
bp DNA being protected 42-43, possibly due to different experimental 
conditions. Electron cryo-microscopy, atomic force microscopy, 
SAXS, and small-angle neutron scattering experiments have further 
confirmed the less organized DNA entry/exit ends in the variant 
nucleosome (see Figure 1.1b) 42, 44-46. In an attempt to dissect the 
structural basis for the opened structure, various mutation studies have 
been conducted. A chimeric protein made by replacing H2A N-
terminal tail with the H2A.B N-terminal tail showed no changes of the 
DNase digestion profile, proving that the elongated N-terminal tail of 
H2A.B has no impact on the opening structure of the variant 
nucleosome 42. Similarly, a chimeric protein containing H2A histone 
fold and the H2A.B docking domain as well as a series of H2A mutants 
in which the docking domain was truncated at different positions 
(marked as triangles in Figure 1.1c) were constructed 23, 42, 47. These 
studies indicated that the truncation itself is not responsible for the 
open structure of H2A.B nucleosome. They also suggested that this 
region does not significantly contribute to nucleosome stability, but 
rather that the sequence difference within the truncated domain are 
responsible for this. In addition, replacement of the H2A.B docking 
domain with the H2A docking domain could rescue the orientation of 
the nucleosomal DNA entry/exit ends, further supporting the crucial 
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role of H2A docking domain in stabilizing the nucleosome structure 42. 
It should be noted that it has not been tested whether extension of the 
H2A.B docking domain with the missing H2A C-terminal region can 
similarly rescue the formation of a closed nucleosome. 

 
Figure 1.1. Nucleosome structure and sequence alignment of histone variant 
H2A.B with canonical H2A from human. (a) Top (left) and side (right) views 
on the crystal structure of canonical nucleosome (pdb: 2PYO). Color coding of the 
histones indicated in the figure. (b) Model of H2A.B nucleosome, made by 
opening the 15 bp of entry/exit DNA ends of the canonical crystal structure. (c) 
Sequence alignment of fifteen H2A.B sequences with human canonical H2A. 
Secondary structure elements based on the nucleosome crystal structure are 
indicated above the sequence. The docking domain of H2A is marked as black bar. 
Substitutions that alter the charge within the histone fold domain, based on the 
difference of human H2A.B and H2A, are marked as pink star below the sequence. 
The shifted minor groove arginine is marked as black arrow below the sequence. 
C-terminal docking domain truncation sites from literature are marked as black 
triangles above the sequence. 
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H2A.B prevents chromatin fiber formation 

To examine the impact of H2A.B on higher-order chromatin structure, 
a few studies investigated the folding of H2A.B nucleosomal arrays. 
As discussed above, H2A.B nucleosomes will have a reduced acidic 
patch on their surface. Since the acidic patch is a crucial binding 
platform for the N-terminal H4 tail from an adjacent nucleosome to 
mediate the higher-order compaction of chromatin fibers 48, the loss of 
the three glutamic acids in the acidic patch of H2A.B nucleosomes can 
be expected to interrupt the nucleosome-nucleosome interactions. 
Indeed, H2A.B nucleosomes arrays were shown to fold as “beads on a 
string”, rather than a compacted fibre 49, in sharp contrast to arrays of 
histone variant H2A.Z nucleosomes, which fold more readily into 
fibres than canonical ones due to the more extended acidic patch of 
H2A.Z 50. Another study demonstrated by ultracentrifugation 
sedimentation experiments that an H2A.B mutant in which the three 
glutamic acids are restored, H2A.B-EE/E, fold as a fibre and that this 
folding of a H2A.B-EE/E nucleosome array is due to the restored acidic 
patch and not due to stably wrapping of 146 bp DNA within the mutant 
nucleosome 34. In vivo data for chromatin conformation containing 
H2A.B nucleosomes is lacking. However, H2A.B was found to be 
enriched at the actively transcribed genes in cells, which suggests 
H2A.B incorporation is related to a less compacted chromatin structure 
in vivo 51-52.  
 

Assembly, disassembly and remodelling of H2A.B 
nucleosomes in vivo  

In the studies described above H2A.B nucleosomes were reconstituted 
in vitro. While canonical nucleosomes can be reconstituted from 
refolded histone octamers, the H2A.B containing octamer is not stable, 
so that reconstitution is carried out from refolded H2A.B-H2B dimers 
and H3-H4 tetramers that are deposited on DNA using salt gradient 
dialysis. How H2A.B nucleosomes are formed in vivo is yet unknown. 
While histone variants are typically incorporated by dedicated 
chaperones and/or remodelers, no such protein has been identified for 
H2A.B. However, histone chaperone NAP-I can mediate reversible 
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dimer exchange of H2A.B-H2B from the nucleosome at physiological 
ionic strength in vitro 53.  
Interestingly, H2A.B-H2B dimers may be much more dynamically 
incorporated than for canonical dimers. Photobleaching experiments 
on cells expressing GFP-H2A and GFP-H2A.B showed faster 
fluorescence recovery for H2A.B at the photobleached area, indicating 
higher mobility of the variant compared to the canonical form 45, 54. 
Such high dynamic transfer of H2A.B is perhaps directly related to the 
instability of H2A.B nucleosome as measured by sedimentation and 
force-extension experiments 42, 54. 
Viewing the H2A.B nucleosome as a more labile roadblock, one could 
hypothesize that there is also a reduced need for remodeling of the 
nucleosome, at least for remodelers that typically open chromatin such 
as SWI/SNF. Indeed, while SWI/SNF binds to the H2A.B nucleosome 
with the same efficiency as to the canonical nucleosome, it is not 
capable of remodeling the variant nucleosome 44. Experiments using 
domain swapped mutants showed that neither the elongated N-terminal 
tail of H2A.B nor docking domain are fully responsible for preventing 
SWI/SNF remodeling 42. For the related RSC remodeler, the truncated 
docking domain of H2A.B turned out to play a larger role in the 
resistance to remodeling 47. Still, these results suggest that the histone 
fold part of H2A.B plays a role in preventing the remodeling ability of 
at least SWI/SNF. Interestingly, since the acidic patch has been 
implicated in remodeling by the ISWI remodeler (unrelated to 
SWI/SNF), the reduced acidic patch in H2A.B may be a molecular 
reason for the failure in remodeling. 
 

H2A.B associates with active transcription and RNA 
splicing  

The open DNA entry/exit end conformation of H2A.B nucleosome, 
together with the less compacted chromatin structure of H2A.B 
nucleosome arrays suggests the DNA in the variant chromatin is more 
accessible and thus more amenable to transcription, DNA replication, 
and repair. Indeed, increased transcription rate has been demonstrated 
in vitro using the H2A.B nucleosome arrays compared to the canonical 
arrays 34. An extensive study by Tolstorukov et al. using in vivo ChIP-
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seq data from Hela cells showed that H2A.B was enriched in the bodies 
of actively expressed genes and its enrichment correlated with the gene 
expression level 51. Since depletion of H2A.B caused both up- and 
down-regulated gene expression and even a net decrease in 
transcription, the mild effects of H2A.B depletion suggested H2A.B is 
not directly regulating transcription. The authors used mass 
spectrometry to identify proteins that are specific to H2A.B enriched 
chromatin, revealing a number of RNA processing factors and 
spliceosome components. By depleting H2A.B, the frequency of exons 
included in mature transcript was elevated and the intronic read density 
was increased, which are consistent with a decrease in splicing 
efficiency 51. Similarly, mouse H2A.B was found to be enriched at 
actively transcribed genes and associated with mRNA splicing 24, 55-56. 
In particular, one study demonstrated by using RNA-pull down assays 
that unlike canonical H2A or H2A.Z, the H2A.B N-terminal tail 
possesses RNA binding affinity and confirmed a direct interaction in 
vivo through cross-linking and immune-precipitation assays 56. Further 
support for involvement in RNA splicing comes from H2A.B knock-
out mouse study, showing loss of proper RNA Pol II localization and 
changes in pre-mRNA splicing 57. Altogether there is substantial 
evidence for a role of H2A.B in RNA splicing, although the precise 
molecular details are still to be elucidated. In addition, H2A.B is also 
suggested to function in cell memory58 and DNA repair59. 
 

H2A.B-like H2A variants: H2A.L, H2A.P and H2A.Q 

In recent years, several other H2A variants have been identified within 
the mammalian lineage that like H2A.B have a shortened C-terminus 
with a truncated docking domain. These variants H2A.L, H2A.Q, 
H2A.P are closely related to H2A.B and supposed to share a common 
ancestor, H2A.R 60. These short histone variants reside on the X-
chromosome in most species 60-61 . As H2A.B, these short H2A variants 
lack the acidic patch that is characteristic for canonical H2A. Other 
features of H2A.B are mirrored also in the other members of the short 
H2A histone variant family. Indeed, H2A.L incorporated nucleosomes 
have been reported to associate with 130 bp DNA and its nucleosome 
array shows a beads on the string conformation 62. Even more dramatic 
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than in H2A.B, extensive charge-altering substitutions in H2A.P 
reduce the theoretical isoelectric point below 5, where it is 11 for 
canonical H2A 60. Two conserved arginine residues in H2A that 
contact the DNA minor-groove are lost in H2A.P and H2A.Q proteins, 
similar to the altered position of one of these in H2A.B. Finally, these 
short H2A variants do not appear in all mammals, suggesting they are 
functionally non-essential or redundant with each other and they may 
have different functions between different mammals 60.   
 

Perspective and outline of this thesis 

To summarize, H2A.B is one of the most divergent histone variants, 
which induces an open structure in its nucleosome and is involved in 
active gene transcription and mRNA splicing. While the functional role 
of H2A.B is slowly emerging, high-resolution structural 
characterization of the H2A.B nucleosome is still lacking. Yet, detailed 
knowledge on the structure and dynamics of the variant dimer and 
nucleosomes is essential for understanding its functional properties. 
While the crystal structure of the H2A.B-H2B heterodimer was solved 
very recently 63,  a structure for the H2A.B nucleosome is still 
unavailable and unlikely to be solved at high resolution by 
crystallography or cryo-electron microscopy, due to the reduced DNA 
organization, higher dynamics and lower stability. In this work, we 
aimed to investigate the structure and dynamics of the H2A.B-H2B 
dimer and nucleosome at atomic resolution using NMR spectroscopy. 
Over the course of this decade, and in particular thanks to the 
introduction of NMR and isotope labeling techniques suitable for high 
molecular weight systems, nucleosomes have become amenable to 
NMR studies (for a recent review see reference 64). Chapter 2 reviews 
the state-of-the-art isotope labeling methods that have extended the 
capability of solution state NMR to study macromolecular complexes. 
Chapter 3 describes the solution structure of the H2A.B-H2B as well 
as a mutational study correlating surface charge of the heterodimer to 
its thermostability. The structural and dynamics properties of the 
H2A.B nucleosome are reported in Chapter 4, highlighting the impact 
of a position change at a minor groove anchoring arginine in the variant 
nucleosome. Next, the acidity of the canonical acidic patch is 
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investigated in Chapter 5 to provide experimental mapping of the 
electrostatics. The thesis is concluded with a general discussion of the 
findings in Chapter 6 followed by a summary.  
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Abstract 

Proteins come together in macromolecular assemblies, recognizing and 
binding to each other through their structures, and operating on their 
substrates through their motions. Detailed characterization of these 
processes is particularly suited to NMR, a high-resolution technique 
sensitive to structure, dynamics, and interactions. Advances in isotope-
labeling have enabled such studies to an ever-increasing range of 
systems. Here we highlight recent applications and bring to the fore the 
range of options to produce labeled proteins and to control the specific 
placement of isotopes. The increased labeling control and affordability, 
together with the possibility to combine strategies will further deepen 
and extend the range of protein assembly investigations. 
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Introduction 

Proper cellular functioning depends critically on networks of 
biomolecular interactions. Proteins at the nodes of these networks 
interact with and operate on other proteins, nucleic acids, and small-
molecule ligands. Thus, understanding protein function at the 
molecular level is a key goal in life sciences research. Structural 
biologists and biochemists pursue this goal by investigating the 
structures, dynamics, and interactions of proteins. The key 
technologies used include crystallography, nuclear magnetic resonance 
spectroscopy (NMR), electron paramagnetic resonance, cryo-electron 
microscopy, and small-angle scattering. NMR has the unique 
advantages that it allows to study proteins and protein interactions at 
atomic resolution, in solution, and that it is exquisitely sensitive to a 
wide range of protein motions. Such studies require the incorporation 
of NMR-active isotopes of nitrogen (15N) and carbon (13C), sometimes 
in combination with deuterium (2H), to allow residue and atom-specific 
interpretation of the NMR spectrum. 
Here, we review recent developments in isotopic labeling strategies in 
solution-state NMR, focusing on the study of macromolecular 
assemblies (Figure 2.1). The size of such complexes and/or the 
complexity of the protein of interest generally require different 
approaches from the conventional uniform [2H,13C,15N]-labeling, 
briefly reviewed below. These strategies require restricted placement 
of isotopes in order to reduce the number of signals, usually in 
combination with deuteration of unwanted signals to enhance 
sensitivity. Here, we review recent progress in and highlight examples 
of selective labeling of methyl-groups, defined protein segments, or 
specific subunits. These strategies are applied separately or in 
combination to achieve high-quality spectra for demanding systems. 
Finally, we review 19F fluorine labeling and isotopic labeling in cell-
free systems, yeasts and insect cells that enable NMR studies of 
challenging eukaryotic proteins. 
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Figure 2.1. Overview of labeling strategies available for the study of 
macromolecular protein assemblies. Schematic overview of (a) different 
expression hosts available to produce isotope-label proteins with 2H, 13C and 15N, 
and (b) different labeling schemes that can be applied. Blue proteins are NMR-
active, isotope-labeled, gray proteins are unlabeled (or deuterated) and NMR-
inactive. Expression in E. coli is compatible with all labeling methods, cell-free 
expression with uniform, methyl-selective, amino-acid selective and segmental 
labeling, yeast-based expression with uniform and methyl-selective labeling, 
insect-cell-based expression with uniform or amino-acid selective and methyl-
selective labeling. Notably, reconstitution of the complex takes place in vivo after 
expression of subunits in LEGO-NMR labeling, whereas the other cases depicted 
in (b) require reconstitution in vitro. 

 

Conventional uniform labelling  

In the typical uniform labeling strategy, proteins are overexpressed by 
manual induction of a suitable T7-based E. coli strain 1, grown in M9 
minimal medium supplemented with 13C-labeled glucose and 15NH4Cl 
as the sole carbon and nitrogen sources, respectively. Proteins larger 
than 20-25 kDa are typically deuterated by using 2H2O (D2O) in the 
cell growth medium instead of 1H2O, optionally combined with the use 
of fully deuterated and 13C-labeled glucose as the carbon source. 
Combining [2H,13C,15N]-labeling and transverse relaxation optimized 
spectroscopy (TROSY 2), allows structural and dynamical 
characterization of proteins in complexes in the 100 kDa size range, 
for recent examples see 3-4, up to 1 MDa 5-6. Additionally, uniform 
labeling is valuable to study individual subunits in the ‘divide-and-
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conquer’ strategy. For single-chain proteins beyond 50 kDa, however, 
the sheer amount of signals complicates the spectra, and assignment 
becomes increasingly difficult. 
In case of large assemblies, simple uniform labeling can be exploited 
to selectively observe highly flexible regions, as is nicely illustrated in 
a recent study on the nucleosome 7. Its histone H3 subunit has a highly 
flexible N-terminal tail that is effectively decoupled from the slow 
overall molecular tumbling of the nucleosome (~220 kDa). Due to the 
large overall size, signals of the rigid part of uniformly [15N,13C]-
labeled H3 are effectively broadened beyond detection, leaving a 
simplified spectrum of N-terminal tail. Using this approach, Stützer et 
al. were able to show that the H3 tail interacts with linker DNA and 
that this reduces the modifiability of the histone tail. 
As an alternative to manual induction, auto-induction media have been 
developed offering overexpression in an unattended manner, better 
reproducibility, and higher levels of soluble protein expression 8. Auto-
induction media are composed of glucose, lactose and glycerol as 
carbon sources, triggering T7-based expression strains to be 
automatically induced by lactose after consuming all glucose present. 
For uniform 13C or 2H-labeling, such media are prohibitively expensive 
due to the need for labeled lactose. Recently, Guthertz and his 
colleagues showed that only the glucose moiety of lactose needs to be 
isotope-labeled, taking advantage of the inability of E. coli BL21 to 
metabolize the galactose moiety 9. Specifically labeled lactose was 
synthesized from unlabeled galactose and 13C or 2H-labeled glucose, 
and used to produce uniformly 13C or 2H-labeled proteins. 
Interestingly, O’Brien et al. proposed a novel method to produce 
deuterated proteins in H2O medium 10. The uniform 2H, 15N, 13C-
labeling is achieved by adding 2H, 15N, 13C labeled nutrients prior to 
IPTG induction in the H2O M9 medium where the unlabeled nutrients 
are exhausted. This approach was optimized to achieve 80% 
deuteration for 2H, 15N uniform labeling, however is less sufficient for 
triple 2H, 15N, 13C labeling, Nevertheless, this approach provides a 
more cost-effective and feasible uniform as well as methyl-specific 
isotope labeling approach for NMR studies.  
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Methyl-TROSY labelling  

The method of choice for the quantitative study of high molecular 
weight systems (> 100 kDa) is the specific labeling of methyl groups 
in a highly deuterated background 11-12. Methyl groups are ideal 
candidates to be specifically isotopic labeled because they are 
abundant, found both in the core and on the surface of protein 
structures 13; they carry three protons, and their symmetry and rapid 
rotation can be exploited to yield intense and well-resolved NMR 
signals 14-15. Originally developed in the Kay lab for Ile-d1, Leu, Val 
methyl groups, this labeling strategy requires perdeuterated proteins, 
into which specific [1H,13C]-labeled methyl groups are introduced 
using deuterated amino acids precursors that only [1H,13C]-labeled on 
the methyl group of interest 16-17. Methyl-labeling has since been 
extended to Ile-g2, Ala, Met, Thr methyl groups 18-22 and is thoroughly 
reviewed in 23.  
Developments during the last 5-6 years have focused on reducing 
overlap and increasing sensitivity of methyl-TROSY spectra by 
independently labeling Leu and Val methyl groups, and extending this 
capability to the stereo-specific labeling of these prochiral methyl 
groups 24. In the original protocol, these methyl groups cannot be 
separated as they originate from a common precursor. Lichtenecker et 
al. developed protocols to selectively label Val or Leu methyl groups 
using custom synthesized Leu precursors 25-26. Selective and stereo-
specific labeling of Val methyl groups was achieved by Mas et al. 
using specifically labeled 2-acetolactate as Leu/Val precursor together 
with addition of perdeuterated Leu in the culture medium to prevent 
conversion of the precursor to labeled Leu 27. In a third approach, the 
culture medium is supplemented with custom synthesized stereo-
specifically labeled Leu and Val amino acids rather than their 
precursors 28. With this approach fully independent labeling of either 
pro-R or pro-S methyl group of either Leu or Val, e.g. pro-R Leu-d1 
with pro-S Val-g2, is possible by proper choice of amino acid 
supplement. The Boisbouvier lab recently developed a protocol where 
Ala-b, Ile-d1, Leu-proS and Val-proS are simultaneously methyl 
labeled, relying on a custom synthesized Ile-precursor to avoid co-
incorporation incompatibility and isotopic scrambling 29. They 
demonstrate the suitability of this scheme to measure methyl-methyl 
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distances for structural studies of high molecular weight systems. A 
different approach was developed by Miyanoiri et al. using 
auxotrophic E.coli strain of which biosynthesis pathways of Ile, Leu 
and Val are blocked to achieve stereo-specific labeling of 13CH3-Ile, -
Val, and -Leu without any amino acid scrambling 30.  
Survey of recent literature shows many great examples of how this 
labeling strategy can generate exciting insights in the structure-
dynamics-function relationship of protein-protein, protein-DNA, and 
protein-small molecule complexes involved in protein folding 31-33, 
regulation of protein expression 34-38, protein signal-transduction 39-40 
and protein secretion 41-43. We highlight here the work from the 
Kalodimos lab on the interaction of the 50 kDa trigger factor (TF) 
chaperone with a 48 kDa unfolded substrate, alkaline phosphatase 
(PhoA) 44. Taking advantage of the modular nature of the PhoA-TF 
complex, Saio et al. were able to show that three TF molecules are 
required to interact with the entire length of PhoA, resulting in a ~200 
kDa complex in solution. Using methyl-group labeled samples as the 
cornerstone in their NMR data collection and analysis, high-resolution 
NOE-based structures were determined for each TF bound to a PhoA 
segment. The resulting structures show how the same substrate-binding 
region in the chaperone engages different hydrophobic stretches of the 
unfolded PhoA. 

Segmental labelling  

Isotope-labeling of selected segments of a protein can greatly reduce 
the complexity of NMR spectra. Labeled and unlabeled protein 
segments are produced separately, and then fused via a thioester-
intermediate to ultimately form a native peptide bond (Figure 2.2a,b). 
Rooted in native chemical ligation where both parts are produced 
synthetically 45, recombinant protein segments are fused using either 
inteins 46-49 or sortase 50. Both methods require a judicious choice of 
the ligation point, typically in a domain-connecting loop.  
Inspired by protein splicing, the intein-based approaches rely on the 
use of internal protein domains (inteins) that can excise themselves 
from a protein in a traceless manner. In expressed protein ligation (EPL 
51-52), the required thioester intermediate is formed after expression of 
the N-terminal protein fused to an intein, allowing subsequent ligation  
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Figure 2.2. General scheme and example of segmental isotope-labeling. 
Schematic overview of (a) intein-based and (b) sortase based protein ligation. (a) 
In expressed protein ligation (EPL, top), expression of the N-terminal protein (N) 
fused to an intein (I), typically Mxe GyrA, results in formation of a thioester due 
to a N to S-acyl shift. Via an in vitro transthioesterification reaction, a highly 
reactive thioester is formed that is attacked by the N-terminal nucleophile, 
typically the thiol of a cysteine, to result in a thioester of N and C-terminal 
fragments (C). After another N to S-acyl shift, a native peptide bond between the 
two segments is formed. In protein trans-splicing (PTS, bottom), the intein, 
typically based on Ssp or Npu, is split in two halves, each fused to either N- or C-
terminal protein segment. The affinity between the split inteins drives reassembly 
of the full, active intein, which subsequently excises itself, ligating the two 
external sequences. (b) Sortase (S) cleaves the C-terminal Gly of the LPXTG-
motif, forming a thioester with the N-terminal protein fragment. Here, the 
nucleophile is the N-terminal Gly of the C-terminal protein. Attack of this Gly on 
the thioester results in ligation of the two protein fragments, restoring the LPXTG 
motif. (c) asparaginyl endopeptidases (AEP) catalyzed protein ligation with the 
reported recognition sequence. (d) Recent work of Rosenzweig et al. 64 on the 580 
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kDa hexameric ClpB chaperone illustrates the dramatic improvement in spectral 
quality in a segmental methyl-selective labeled complex (right) over the uniformly 
methyl-selective labeled complex (left). Color coding of the assembly cartoon as 
in Figure 2.1. Figure adapted from 64 with permission from the authors. 

 
with the C-terminal part (Figure 2.2a). In protein trans-splicing (PTS), 
both parts of the protein are fused to a split intein, and expressed either 
separately, or sequentially from different promoters, to allow 
differential labeling 48, 53. The split intein-fusions are reassembled in 
vitro or in vivo to an active intein that excises itself, resulting in a 
native, fused target protein 53 (Figure 2.2a). Notably, intein activity in 
PTS may depend critically on the protein context and unwanted “cross-
labeling” may occur when splicing is carried out in vivo 54.  
Development in intein-based segmental protein production has focused 
mainly on the identification of better split inteins for PTS 55-57. 
Recently, a highly active and extremely stable split intein was designed 
promising higher yields and increased robustness in PTS 58. In 
addition, generic gene insert was designed containing a split intein, 
termed PTS cassette, to screen split intein insertion sites for any target 
proteins under the control of T7 promoter 59. 
An attractive alternative to intein-based segmental labeling is the in 
vitro ligation approach based on the transpeptidase Sortase A (SrtA) 50, 
in which protein segments are produced with or without isotopic 
labeling, purified separately and ligated in vitro, without risking cross-
labeling contamination. The sortase enzyme recognizes an LPXTG 
motif on the N-terminal segment and catalyzes the formation of a new 
peptide bond with the C-terminal part (Figure 2.2b). To highlight, 
Bobby lab used this powerful method to study ligand-bromodomain 
interaction at high resolution by strategically labelling on the C-
terminal bromodomain whereas the N-terminal bromodomain 
remained unlabeled 60. Recently, the Sattler lab developed a modified 
ligation protocol, addressing the reversibility of sortase reaction 61. 
Using a centrifugal concentrator to continuously remove the cleaved 
glycine and a clever combination of cleavable and non-cleavable 
purification-tags, ligation efficiency for tested proteins (a 32 kDa dual 
RRM-domain protein and the 57 kDa Hsp90 chaperone) was improved 
up to two-fold. 
While EPL, PTS, and SrtA methods have been successfully applied for 
segmental isotope labeling of multidomain proteins, it is more 
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challenging to apply to single domain globular proteins. This is 
because the split fragments of globular proteins are usually insoluble, 
which requires extra refolding steps. To solve this, a new approach 
using asparaginyl endopeptidases (AEP) was proposed 62-63 (Figure 
2.2c). Compared to sortase, AEP recognizes a shorter motif of NGL on 
the N-terminal segment of the protein and leaves a shorter ligation tag 
in the catalyzed protein ligation, which is less likely to disturb the 
solubility of the split fragments. In the demonstrated case of MAP, the 
two fragments were folded and purified before ligated by AEP in vitro. 
This new strategy, in combination with PTS, provides new possibilities 
for production of more complex protein conjugates with various 
biophysical probes.   
Recent work from Rosenzweig et al. on the substrate recognition of the 
580-kDa hexameric ClpB chaperone demonstrates the dramatic 
spectral improvement segmental labeling can offer 64 (Figure 2.2d). 
The N-terminal domain (NTD, 16 kDa) of the ClpB monomer (97 kDa) 
was expressed as an intein-fusion, with methyl-group specific isotope-
labeling, whereas the remainder of ClpB was fully deuterated. The 
ligated, segmentally labeled ClpB monomer was subsequently 
reassembled into its functional hexameric form. The resulting high-
quality methyl-TROSY spectra were used to determine microscopic 
binding affinities of a client protein to two separate sites on ClpB. 
Together with biochemical assays, these results established the NTD 
as a protein aggregate sensor that binds client protein before they are 
shuttled though the ClpB active channel for unfolding. 

LEGO-NMR subunit labelling 

Protein complexes are typically reconstituted in vitro, permitting the 
selective labeling of one or more subunits. This approach may fail for 
complexes for which the individual subunits have poor solubility. The 
LEGO-NMR strategy was recently introduced to overcome this 
problem 65. In a method akin to in vivo PTS, all subunits are co-
expressed in a single E. coli cell from two plasmids, one inducible by 
arabinose with glycerol as carbon source, and the other by IPTG with 
glucose as carbon source. This setup permits the selective labeling of a 
subset of subunits and the in vivo assembly of labeled and unlabeled 
subunits into a functional complex. Mund et al. demonstrated this 
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technique to label, express and generate oligomers (LEGO) on a ~75 
kDa complex, comprised of 7 subunits, which was selectively 
[2H,15N]-labeled on three or single subunits, allowing precise mapping 
of an RNA binding site. Furthermore, compatibility with selective 
methyl-labeling was neatly demonstrated by preparation of a complex 
with selective methyl-labeling of Met in 3 subunits and of Ile-δ1 in the 
remaining 4 subunits. 

Fluorine-labelling 

As an alternative to 1H/15N/13C isotope-labeling, incorporation of 19F 
isotopes can offer a highly sensitive probe of conformational changes, 
dynamics and interactions because of its high abundance, 
gyromagnetic ratio and chemical shift range (for a recent review see 
66). Uniform labeling with fluorinated amino acids analogs is achieved 
using bacterial strains auxotrophic for the substituted amino acid, or 
using the amber-codon approach to achieve site-specific labeling. 
Alternatively, fluorinated tags, such as 3-bromo-1,1,1-
trifluoroacetone, are attached to cysteine-thiol groups or other labile 
groups. Recently, chemical shift sensitivity of CF3 tags has been 
compared to optimize resolution 67. CF3 tags with distinct chemical 
shifts were also used for differential 19F labeling of proteins to study 
individual behavior of each protein in their mixtures 68. Combination 
of paramagnetic and 19F labeling was recently demonstrated to obtain 
precise long-range distance measurements 69. Furthermore, enzymatic 
19F labeling of glutamine side chain carboxamide group by 
transglutaminase was developed to study the drug-protein and protein-
protein interactions, as demonstrated on the complexes of about 100 
kDa 70. The advantages of 19F labeling are nicely illustrated in recent 
studies where the chemical shift sensitivity of 19F was exploited to 
identify different conformational states of GPCRs 71-72 and substrate-
arrestin complexes 73. 

Isotope-labelling in yeast and insect cells 

Expression in E. coli is widely used due to its high-level of protein 
production and cheap growth media. It may fail, however, to produce 
functional recombinant proteins, especially in case they require 
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eukaryotic folding machineries, glycosylation or other post-
translational modifications. Cells from higher organisms, most 
commonly yeasts and baculovirus infected insect cells 74 are 
necessarily used as expression systems to isotope-label these proteins, 
permitting NMR studies of otherwise intractable protein assemblies. 
Expression in yeast is attractive because of the low-cost minimal 
growth medium and relatively high protein expression yields. 
Recently, selective [1H,13C]-labeling of Ile-d1 methyl groups in 
perdeuterated proteins has been described in glucose-controlled 
Kluyveromyces lactis 75 and methanol-controlled Pichia pastoris 75-76. 
The 42 kDa maltose-binding protein was perdeuterated to high levels 
(≥90%) with Ile-d1 labeling efficiency of 45% and 67% for P. pastoris 
and K. lactis, respectively. For both systems, methyl-selective Leu/Val 
labeling was <5%, although significant improvement is possible 
through co-expression of metabolic enzymes or labeled Leu/Val 
supplementation 75.  
Isotope-labeling in insect cells requires the use of labeled amino acids 
as medium-supplement. The associated high costs are raised even 
further for large proteins requiring deuterated amino acids. Recently, 
protocols for cheaper media have been proposed based on custom-
made isotope-labeled yeast extracts, demonstrating the feasibility of 
uniform 15N-labeling 77, and uniform [2H,13C,15N]-labeling 78. Opitz et 
al. achieved >80% 13C/15N incorporation and ~60% deuteration, 
producing samples suitable for triple resonance experiments and 
detailed structural analysis 78. Sitarska and colleagues optimized a 
protocol based on commercially available isotope-labeled algae 
extracts, resulting in triple-labeled proteins with similar efficiency and 
costs compared to the yeast-based method 79.  
Here, we highlight recent studies of solubilized membrane proteins that 
are expressed and isotope-labeled on specific amino acids in insect 
cells 80-85. Nygaard et al. used specific 13C-labeling of Met methyl 
groups to study the conformational heterogeneity of a detergent-GPCR 
complex in diverse ligand-bound states 80. In a subsequent study, the 
GPCR was embedded in lipid bilayer nanodiscs and deuterated up to 
90% using a combination of 2H-labeled algae extracts and 2H-amino 
acids 81. Recently, the Grzsiek lab studied the b1-adrenergic receptor 
GPCR as a 100 kDa detergent-GPCR complex using specific 15N-
labeling of Val residues, resulting in highly quality TROSY spectra 
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where 21 out of 28 possible Val probes could be resolved and assigned 
82. Ligand binding caused chemical shift changes at the opposite end 
of the GPCR, which correlated linearly to the G-protein activation 
efficiency of each ligand, demonstrating an allosteric coupling between 
the extracellular ligand binding site and the intracellular G-protein 
binding site. 

Cell-free isotope-labelling 

The exemplification of cell-free based isotope-labeling is stereo-array 
isotope-labeling (SAIL) where a cocktail of specifically [2H,13C,15N]-
labeled amino acids is used to produce proteins with optimal NMR 
properties 86. The SAIL method takes full advantage of the lack of 
isotope scrambling in cell-free protein synthesis and the smaller 
amounts of amino acid supplementation required, compared to in vivo 
expression. Other advantages of cell-free expression are that it offers 
possibility to express toxic proteins, to improve protein production by 
adjusting the cell-extract with various factors 87, and to produce 
solubilized membrane-proteins without co-purification of endogenous 
lipids 88. 
Recently, three new strategies have been put forward to optimize 
labeling of large proteins in cell-free expression. First, combination of 
cell-free expression with segmental labeling was proposed to generate 
multi-domain proteins with a specific pattern of amino acid labeling 
restricted to each domain 89. This was demonstrated on a two-domain 
protein, where a 15N-Lys labeled intein-fusion was ligated using EPL 
to a [13C,15N]-Lys labeled domain. Second, the high cost of selective 
methyl-group labeling has been reduced greatly, making use of 
hydrolyzed methyl-labeled inclusion bodies derived from E. coli to 
replace commercial labeled amino acids 90. This approach was 
illustrated on an Ile-d1, Val/Leu-proS methyl-labeled eukaryotic 
membrane protein, toxic to E. coli. While this second method still 
relies partially on the cellular expression, the most recent strategy uses 
additional branched chain aminotransferase IlveE to directly convert 
precursors into L-Val and L-Leu (and potentially L-Ile as well) for the 
synthesis of the target protein in cell-free system 91. 

Conclusion  
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Here, we highlighted the increasing range of options regarding 
expression system and labeling strategy that is available for solution 
NMR studies of protein complexes. The availability of affordable 
deuteration and methyl-labeling protocols for non-E. coli based 
expression, as well as the LEGO-NMR approach, widen the 
application window to otherwise intractable systems. Control over the 
restricted placement of isotopes offers an extremely valuable degree of 
flexibility, in particular when both backbone and methyl-TROSY 
spectra are of good quality. The ‘best’ labeling strategy remains case-
dependent: the size and behavior of complex and its subunits, the 
question at hand, and the spectral quality required versus costs and time 
affordable will dictate the strategy chosen. We anticipate that 
especially the combination of labeling strategies, such as segmental 
methyl-labeling, will prove extraordinarily powerful in the dissection 
of the inner workings of Nature’s molecular machines. 
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Abstract 

Histone variants incorporated nucleosomes with specific structural and 
functional properties offer the opportunity to regulate chromatin 
biology. Histone variant H2A.B is one of the most divergent histone 
variants known to date and has been shown to be associated with 
regulation of gene transcription, DNA replication, and RNA splicing. 
Compared to those with the canonical H2A, nucleosomes containing 
H2A.B display a ‘loosened’ conformation in which the entry and exit 
DNA are partly unwrapped from the histone octamer core. In this 
study, we studied the structure, dynamics and stability of the H2A.B-
H2B heterodimer with solution NMR. Using backbone chemical shift 
and sparse NOE data in combination with CS-Rosetta modelling, we 
determined the solution structure of H2A.B-H2B. The dimer shows the 
canonical histone fold with highly flexible and disordered tails. The 
solution structure of the histone core is well-defined and matches the 
recently determined H2A.B-H2B crystal structure. The H2A.B-H2B 
core has an overall reduced electrostatic surface potential, compared to 
the canonical H2A-H2B dimer. Based on comparative thermal stability 
assays on a series of mutants, we show that H2A.B-H2B dimer has 
increased thermostability compared to the canonical dimer, and that 
stability correlates well with overall net charge of the dimer core. 
Structural analysis highlights that the distinct electrostatic properties 
of H2A.B-H2B dimer not only destabilize DNA binding but may also 
weaken the interaction with the H3-H4 tetramer. The increased dimer 
stability may facilitate the dynamic and chaperone-free exchange of 
the H2A.B-H2B dimer from the nucleosome. 
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Introduction  

Eukaryotic cells have evolved a number of mechanisms to regulate the 
basic processes that need access to the DNA, such as transcription, 
replication and repair. Next to chromatin remodeling and the 
installation of post-translation modifications, the incorporation of 
variant histone proteins is a key mechanism to confer specific 
functional properties to chromatin at defined loci. These histone 
variants replace the abundant, canonical form of H2A, H2B, H3 or H4 
histones that make up the histone octamer core in the nucleosome, the 
basic unit of chromatin. Histone variants, which unlike canonical 
histones can be expressed throughout the whole cell cycle, have been 
identified for all four core histones.1,2,3 Due to their different amino 
acid sequence, histone variants can alter nucleosome structure and 
dynamics, promote or inhibit nucleosome-protein interactions, or 
provide different post-translational modification sites to regulate 
chromatin function.4,5,6 For example, H3 variant CENP-A is essential 
for centromere identity,7 while histone H2A variant H2A.X signals 
DNA damage by phosphorylation on its C-terminal serine which as a 
result recruits and accumulates DNA repair proteins to damage sites.8 
H2A.B is one of the most divergent H2A histone variants,9-10 sharing 
only 48% sequence identity to the canonical H2A.11 While most 
sequence differences with the canonical H2A occur in the N- and C-
terminal tails, there are also a considerable number of substitutions in 
the core of the protein: 36 for the human variant and 45 for the mouse 
variant (Figure 3.1a). The majority of these substitutions involve 
reversal, loss or addition of charge. Notably, sequence conservation for 
H2A.B orthologues is significantly lower than for canonical H2A or 
H2B (Figure 3.1a, 1b). 
As discussed in Chapter 1, a wide array of biochemical and low-
resolution structural methods have been used to show that the DNA 
ends in H2A.B-incorporated nucleosomes are transiently unwrapped 
from the histone octamer, resulting in the stable association of 110-130 
bp instead of 147bp DNA as in the conventional nucleosomes 12-14. In 
addition, H2A.B nucleosome arrays are less compact and may thus 
improve transcription efficiency and facilitate DNA replication and 
repair 14-20,21. Despite the importance of H2A.B in these essential cell 
functions, the molecular basis of how this variant confers its special 



Chapter 3 

48 

properties to the nucleosome is not fully resolved. The partly 
neutralized “acidic patch”, a key interaction site for proteins that bind 
the canonical nucleosome22 and site of nucleosome-nucleosome 
interactions, as well as the near-absence of lysine residues, which are 
main sites for post-translational modifications (see also Figure 3.1a), 
impact the functional properties of the H2A.B nucleosome. 
Nevertheless, these changes are unlikely to affect nucleosome structure 
directly. In this regard, previous studies have highlighted the impact of 
the altered and truncated C-terminal docking domain (see Figure 3.1a) 
of H2A.B on its less compact structure of nucleosomes12-13, 23-24. The 
histone fold core of H2A.B-H2B may thus additionally contribute to 
peculiar properties of the H2A.B nucleosome.  
Recently, the crystal structure of the H2A.B-H2B dimer core was 
solved, which showed that dimer has the canonical histone fold and 
significantly reduced positive charge on its DNA binding surface 
compared to the canonical dimer.25 For canonical H2A-H2B, the 
solution structure showed overall the same fold as in the nucleosome 
but with considerable structural heterogeneity, suggesting that intrinsic 
structural flexibility of the H2A-H2B dimer facilitates its association 
with DNA and other histone partners into nucleosomes.26 The extent 
of intrinsical flexibility in H2A.B-H2B is unknown but may give clues 
to understand the destabilizing influence on the nucleosome and the 
increased exchange dynamics of this dimer. 
Here, we studied the structure, dynamics and stability of the H2A.B-
H2B dimer in solution. Using chemical shift and sparse NOE data 
based Rosetta protein folding, the solution structure of the H2A.B-H2B 
dimer was determined. We find that H2A.B-H2B folds into the 
canonical histone fold with a well-defined core region and disordered, 
highly flexible N- and C-terminal extensions, including part of the 
docking domain. The H2A.B a2 helix is bent in solution as was 
observed in the crystal. The structure further shows that the interaction 
surface with H3-H4 has an altered electrostatic potential that may 
contribute to their looser association in addition to the truncation. 
Surprisingly, we find that the variant dimer has significantly increased 
thermal stability compared to the canonical dimer. Through a 
mutational analysis we show that reduced electrostatic repulsion 
between H2A.B and H2B monomers causes enhanced stability, which 
may contribute to the increased exchange dynamics for H2A.B. 
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Materials and methods 

Histone protein production and refolding. Drosophila melanogaster 
(Dm.) canonical histones H2A (Uniprot-id: P84051) and H2B 
(Uniprot-id: P02283) and Homo sapiens (Hs.) H2A.B (Uniprot: 
P0C5Z0) were expressed in E. coli BL21 Rosetta 2 (DE3) cells 
(Novagen) and purified under denaturing conditions from inclusion 
bodies by extraction in 6 M guanidine chloride, followed by size-
exclusion chromatography in buffer A (7 M urea, 50 mM NaPi, 1 mM 
EDTA, 150 mM NaCl, pH 7.5) using a Superdex 75 column (GE) and 
ion exchange with a salt gradient from buffer A to buffer A 
supplemented with 1 M NaCl.27 Histones used for NMR studies were 
produced in D2O or H2O-based M9 minimal medium containing 
desired isotopes. Histones used for thermal shift assays were produced 
in LB medium. Histone dimers were refolded from equimolar mixes of 
denatured purified histones by dialysis to 2 M NaCl at room 
temperature and subsequent purification using size-exclusion 
chromatography over a Superdex 200 column (GE) in 2M NaCl 
buffer.27 Purified dimers were stored at 4 °C before buffer exchange to 
lower salt concentration for NMR or thermal stability studies. 
 
Site-directed mutagenesis. Site-directed mutagenesis was performed 
on the pET-21b plasmid containing the Drosophila H2A gene or on the 
pET-3a plasmid containing human H2A.B gene. For each mutation, a 
pair of complementary mutagenic primers was designed and used to 
amplify the entire plasmid in a thermocycling reaction using in-house 
produced Pfu DNA polymerase. The template plasmid was digested 
with Dpn1 after reaction, and the generated nicked circular DNA was 
used to transform E.coli DH5a cells. Successful transformations were 
used to extract plasmids after which correctness of mutations was 
verified by sequencing. 
 
NMR spectroscopy. All NMR experiments were performed at 35 °C 
on a Bruker Avance III spectrometer operating at 20.0 (21.1) T 
corresponding to 850 (900) MHz 1H Larmor frequency, equipped with 
a cryo-probe. Samples for H2A.B and H2B backbone assignment 
contained ~0.15 mM H2A.B-H2B refolded from either fractionally 
deuterated, uniformly 15N/13C-labeled H2A.B and unlabeled H2B or 
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vice versa. H2A.B data was collected in NMR buffer 1 (20 mM MES, 
50 mM NaCl, pH 6, 0.1 mM PMSF, 5 mM DTT), while H2B data was 
collected at higher salt levels to promote stability of the complex 
(NMR buffer 2: 20 mM NaPO4, 200 mM NaCl, pH 6.5, 5 mM  b-
mercaptoethanol). 1H-15N HSQC fingerprint spectra showed negligible 
chemical shift differences between these conditions. Samples for 
measurement of 15N T1 and T2 relaxation times contained 0.15-0.3 mM 
dimer with either 15N-labeled H2A.B or H2B. 
Backbone resonances for H2A.B and H2B in the H2A.B-H2B 
heterodimer were assigned using standard sequential backbone 
assignment approach based on the set of 3D TROSY versions of 
HNCO, HN(CA)CO, HNCACB, HNCA, HNCB, HN(CO)CA 
experiments. In total, 89% and 91% of the HN, N, Ca, Cb, C’ backbone 
resonances were assigned for the entire sequence of H2A.B and H2B 
respectively. Backbone resonances for the core regions of H2A.B 
(V31-F101) and H2B (Y34-K122) were assigned to 99% and 93% 
completion, respectively. No chemical shift assignment could be 
obtained for the first 8 residues (PRRRRRRG) and C19 in the N-
terminal tail together with S28, F29 of H2A.B, and P1, S5, G6 in the 
N-terminal tail together with S53 in the core and T119, S120 in the C-
terminus of H2B, either due to extensive overlap or missing 
connectivity information. 
A 3D 15N-edited NOESY with 200 ms mixing time was recorded on a 
sample containing 0.38 mM dimer in NMR buffer 2. The dimer was 
refolded from perdeuterated 15N-labeled H2B and unlabeled H2A.B to 
selectively record intermolecular NOEs. 
All NMR data were processed using Bruker Topspin, or NMRPipe28 
and analyzed using NMRFAM-Sparky29. Secondary structure of 
H2A.B-H2B dimer was predicted by TALOS-N using HN, N, Ca, Cb, 
C’ chemical shifts.30 
 
Structure calculations. Calculation of the structure of the H2A.B-
H2B dimer was carried out in a two-step approach. First, an initial 
model based only on backbone chemical shifts was obtained using CS-
Rosetta.31,32 Then, this model was used to assign intermolecular NOEs 
between H2A.B and H2B. These NOEs were subsequently used as 
additional constraints in a final CS-Rosetta structure calculation, after 
which modeling of the N- and C-terminal tails yielded the final solution 
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structure of H2A.B-H2B. For the first step, the HN, N, Ca, Cb, C’ 
backbone chemical shifts of the core regions of H2A.B (V31-F101) 
and H2B (Y34-K122) were used to calculate 3000 structures of the 
H2A.B-H2B histone fold core using the CS-Rosetta webserver 
(https://csrosetta.bmrb.wisc.edu/csrosetta/submit). To allow Rosetta to 
fold the dimeric core, the two proteins were connected by a random 
coil (Gly)8 poly-glycine linker into a single chain. From the 20 lowest 
energy models, the 10 structures with the lowest Ca RMSD to the 
lowest energy model were selected as the best models.  
The initial CS-Rosetta ensemble was used to semi-automatically assign 
intermolecular NOEs in the 15N-edited NOESY recorded on a H2A.B-
[U-2H,15N]-H2B sample using an in-house written python script. All 
H2B HN protons were assigned based on backbone (HN, N) chemical 
shifts. One intermolecular NOE could be assigned unambiguously 
based on the backbone assignments as an HN-HN contact. For all other 
observed NOEs, we relied on chemical shifts statistics, correspondence 
to the initial structural model, and networking support to assign the 
H2A.B proton, in a procedure akin to that implemented in CYANA.33 
Briefly, candidate assignments were compiled based on 
correspondence to the atom and residue specific average chemical shift 
as deposited in the BMRB using a chemical shift tolerance of 0.4 ppm. 
These candidate assignments were then filtered according to their 
match to the structural model, requiring that the candidate NOE was 
satisfied in at least 60% of models in the initial CS-Rosetta ensemble 
using a distance cutoff of 7 Å for intense peaks (S/N ³ 10) and 8 Å for 
weaker peaks (S/N < 10). This resulted in 35 unambiguously assigned 
NOEs in which there was only one assignment possibility. These 
assignments were used as anchors to extend the assignments in a 
network approach in which cross peaks with 1H chemical shifts within 
0.01 ppm were assigned to same H2A.B proton wherever structurally 
supported, resulting in 44 assigned intermolecular NOEs in total. For 
20 intense cross peaks (S/N ³ 10) multiple assignment possibilities 
were obtained and could thus not be assigned. 
The NOEs were converted to distance constraints based on a 
calibration of H2B backbone HN-HN NOEs and average helical i, i+1, 
i+2, i+3 distances. Each NOE was converted into one of five categories 
of upper distance restraints: <= 2.4, 2.4–3, 3–4, 4–5 and 5–7 Å. 
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Intensities of NOEs involving methyl protons were divided by three 
per methyl group before calibration. 
In final step of the structure calculation, the distance restraints derived 
from the intermolecular NOEs were used together with the chemical-
shift generated fragments to calculate the structure of the H2A.B-H2B 
core region (H2A.B V31-F101 and H2B Y34-K122 connected by a 
poly-glycine linker) using the Rosetta AbInitio protocol as described 
previously34 
(www.rosettacommons.org/demos/latest/public/abinitio_w_chemicals
hift_noe/README). In total, 8000 structures were generated and 
scored on the basis of their the full-atom and distance restraint energy 
(E) by Rosetta. For each model, backbone chemical shifts of 13Ca, 13Cb, 
13C, 1HN and 15N were predicted by SPARTA+.35 The correspondence 
between predicted and experimental chemical shifts was used to 
rescore the initial Rosetta energy to a rescored energy (E’) according 
to: 

𝐸" = 𝐸 + 𝑐 × 𝜒()*  
where c is a weighting factor set to 0.25, and  

𝜒()* =++(𝛿.,0
123 − 𝛿.,0

3516)*/𝜎.,0*
0.

 

where d.,0
123is the backbone chemical shift observed from NMR 

experiments for each atom type i (13Ca, 13Cb, 13C, 1HN, 15N) for a given 
residue j; and d.,0

3516is the backbone chemical shift predicted by 
SPARTA+; and s.,0*  is the uncertainty of d.,0

3516. The model with the 
lowest E’ was selected as the reference model, and Ca-RMSD of each 
model to the reference model was calculated. The 10 models with the 
lowest Ca-RMSD from the 20 lowest energy models were selected as 
the final structure ensemble for the histone fold core. Finally, the poly-
glycine linker was removed and disordered N-and C-terminal tails of 
H2A.B and H2B were added using MODELLER36 to result in the final 
solution structure of H2A.B-H2B.  
Electrostatics were calculated using the adaptive Poisson-Boltzmann 
solver37 using the lowest-energy structure. All structure images were 
created using open source PyMOL (The PyMOL Molecular Graphics 
System, Version 1.7, Schrödinger, LLC). 
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Thermal stability assays. A buffer series with pH range of 6 to 8 and 
salt concentrations from 50 mM to 250 mM NaCl was made to test 
thermo-stability of H2A.B-H2B dimer. For each well on 96-well plate, 
final dimer concentration was 5 µM (corresponding to a 30-fold 
dilution from the stock) with 1000-fold diluted Sypro Orange (Sigma-
Aldrich) in a 25 µL final volume. Thermo-stability of mutant dimers 
(~10-20-fold diluted from stock) were measured with same 
combinations in 20 mM phosphate buffer at pH 6.5 with 200 mM NaCl. 
Measurements were performed in duplicate with the Biorad CFX96 
Real-Time System. The temperature gradient was increased from 20°C 
to 80°C at 1°C/ minute and the fluorescence signal was recorded using 
FRET channel. The melting temperature was derived from the 
maximum of the first derivative of the absorbance signal using the Bio-
Rad CFX manager program. 
 

Results  

H2A.B-H2B heterodimer has the canonical histone-fold core in 
solution. To study structure and dynamics of H2A.B-H2B in solution, 
we refolded the heterodimer using either isotope-labeled H2A.B with 
unlabeled H2B or vice versa and studied these using NMR 
spectroscopy. Of note, in this study we used Drosophila H2B that 
carries four conservative substitutions in the core region compared to 
the human sequence (Figure 3.1b). Both H2A.B and H2B give rise to 
high-quality TROSY fingerprint spectra, confirming that the dimers 
are well-folded (Figure S3.1). Near-complete backbone assignment 
could be obtained for both histones. Chemical shift indices (CSI) 
obtained from the experimental Ca and Cb chemical shifts confirm the 
presence of the characteristic histone fold, a central long a-helix 
flanked by two shorter helices, for both histones (Figure 3.1c). In 
addition, the C-terminal aC helix of each histone is present together 
with the two β-strands that form two intermolecular β-sheets. The CSI 
further indicates that the N-terminal tail of both H2A.B and H2B and 
C-terminal end of H2A.B docking domain (F101-D114) are disordered 
in solution. Overall, the secondary structure matches well to the crystal 
structure of the variant H2A.B-H2B heterodimer25. Interestingly, in 
solution the dimer lacks the N-terminal aN-helix that is observed in 
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the H2A.B-H2B crystal. Similarly, the aN-helix is also unfolded in the 
canonical H2A-H2B heterodimer in solution, while it is a defined 
structural element in crystal structures of the nucleosome23,26,38. 
Secondary structure prediction by TALOS-N30 based on the 
experimental backbone chemical shift values confirmed the 
observations from CSI, albeit that in both H2A.B and H2B lower 
propensities for the presence of the β2 strand were found (Figure 3.1c). 
Overall, these data indicate that the H2A.B-H2B dimer forms a well-
folded histone fold domain with disordered tails. It further suggests the 
H2A.B aN helix is a labile secondary structure element that can be 
stabilized by contacts to the DNA, as seen for canonical H2A, or by 
crystal contacts as seen in the H2A.B-H2B crystal structure. 
 
Backbone chemical shifts do not suffice to define the H2A.B-H2B 
core structure. Initially, we followed the approach used by Moriwaki 
et al.26 to calculate the structure of the dimer based on backbone 
chemical shifts using CS-Rosetta. This approach relies on the Rosetta 
protein folding engine, supplemented by chemical shift based selection 
of protein fragments that are assembled into a 3D fold and followed by 
chemical shift based scoring of the final solutions. Using the 
experimental HN, N, Ca, Cb, and C’ backbone chemical shifts, 3000 
models for the H2A.B-H2B core were generated using the BMRB CS-
Rosetta web server. While the calculation converged, superposition of 
the 10 models with the lowest Ca-RMSD from the lowest energy 20 
models showed that the H2A.B a1 and H2B aC helices are ill-defined 
within the otherwise reasonably defined histone fold-core (Figure 
S3.2). While such structural heterogeneity could be intrinsic feature of 
the H2A.B-H2B dimer, it could also be the result of limitations in the 
modeling approach and input data.  
We thus decided to refine this initial model with sparse distance 
restraints obtained from an intermolecular NOESY experiment. 
Exploiting the in vitro reconstitution of the H2A.B-H2B complex, we 
refolded dimers from unlabeled H2A.B and perdeuterated and 15N-
labeled H2B. This labeling scheme ensures that only intermolecular 
NOEs will be observed in a standard 15N-NOESY experiment, with the 
obvious exception of intramolecular HN-HN NOEs. To assign these 
intermolecular NOEs to their corresponding 1H atoms in H2A.B, we 
took advantage of the initial CS-Rosetta model as a structural reference  



  Chapter 3 

55 

 
 
Figure 3.1. Sequence analysis and secondary structure of the H2A.B-H2B 
heterodimer. (a, b) Sequence alignment of human, mouse, and drosophila H2A, 
H2A.B (a), and H2B (b) sequences; Hs. – Homo sapiens; Mm. – Mus musculus; 
Dm. – Drosophila melanogaster. Sequence differences from Hs. are highlighted 
in red. Secondary structure in the human canonical nucleosome (PDB-id: 3afa) is 
indicated above the sequence. Minor groove arginines are marked with a black 
dot. In (a) substitutions involving charged residues are highlighted in yellow. (c). 
Chemical shift indices based on C⍺ and Cβ chemical shifts for H2A.B and H2B 
in the H2A.B-H2B heterodimer, confirming the presence of the histone-fold in 
solution. Secondary structure elements in the crystal structure of the H2A.B-H2B 
dimer (PDB-id 6a7u) and as predicted by TALOS-N are indicated above the bar 
graph and labeled. Dashed lines are drawn to indicate the beginnings and ends of 
each secondary structure element observed in the crystal structure. 
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in a semi-automatic assignment procedure akin to that implemented in 
CYANA33 (see Materials and Methods).  
This allowed the unambiguous assignment of 44 intermolecular NOEs, 
among which 8 involve the H2B aC helix, and 36 involve the 
converged core region of the dimer. For example, clear intermolecular 
HN-Ha and HN-Hb contacts are observed for H2B residues G50 and 
S52, indicating formation of b-sheet between the H2B b1-strand and 
H2A.B (Figure 3.2a,b). Of interest, several clear intermolecular NOEs 
were observed for residues in the H2B aC helix, including H106 and 
A107, indicating the structure of the H2B aC helix is well-defined 
within the H2A.B-H2B heterodimer (Figure 3.2c,d). Unfortunately, no 
intermolecular NOEs to residues in the H2A.B a1 helix could be 
established, likely because it is positioned relatively far from H2B HN 
atoms. The extent of intermolecular NOEs observed for the H2B aC 
helix demonstrate that it has a well-defined position in the core of the 
dimer. We thus conclude that backbone chemical shifts do not suffice 
to properly define the H2A.B-H2B structure. 
 
Solution structure of the H2A.B-H2B heterodimer highlights 
altered electrostatic potential. The intermolecular NOEs and 
backbone chemical shifts were combined in a Rosetta calculation 
according to established protocols (see Materials and Methods). The 
calculation converged well (Figure S3.3), resulting in a final ensemble 
of 10 structures of the H2A.B-H2B core (Figure 3.3a). Structural 
statistics are reported in Supplementary Table S3.1. The histone-fold 
core as well as the orientation of the H2B aC-helix are well-defined 
(heavy atom backbone RMSD 1.1 ± 0.2 Å). Inclusion of the NOE data 
resulted in both local and overall better definition of the structure 
compared to using backbone chemical shifts only (Figure S3.4). The 
position of H2A.B a1-helix within the core is somewhat less well-
defined. Since backbone dynamics of this helix, as judged from 15N 
T1/T2 ratios, are not significantly different from the rest of the core 
(Figure S3.5), this is most likely due to the lack of intermolecular NOE 
data. Notably, these data further support that the H2A.B docking 
domain is flexible and unstructured after the aC helix. 
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Figure 3.2. Intermolecular NOEs between H2A.B and H2B within the histone 
core support a well-defined conformation. (a, c) Strips from the 3D 15N-edited 
NOESY recorded on heterodimers with perdeuterated 15N-labeled H2B and 
unlabeled H2A.B showing intermolecular NOEs between H2B HN and H2A.B 
protons. Assignment of H2B HN and H2A.B resonances are indicated. (b, d) Zoom 
on the lowest-energy CS-Rosetta model corresponding to the intermolecular 
contact shown in the NOESY spectrum. NOEs shown in (a) restrain the H2A.B 
b2- H2B b1 b-strand, NOEs in (c) restrain the H2B aC-helix position. 

 
The solution structure agrees well to the recent crystal structure of the 
H2A.B-H2B core with backbone RMSD of 1.7 Å (Figure 3.3b). The 
H2A.B a2 helix is slightly bent (average bend angle 25 ± 8° over the 
whole ensemble), as was observed also in the crystal structure (20° 
bend angle). While Dai et al. hypothesized the bend may be due to the 
crystal packing, its observation here demonstrates it is an intrinsic 
property of the dimer. Dai et al. have pointed out that this bend is less 
prominent in the canonical H2A structure in the nucleosomal 
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conformation, causing a slight change in the position of the DNA-
binding L2 loop. Careful analysis shows however that, while the a2-
helix in canonical H2A is indeed less bent (17° bend angle), slight 
changes in the relative position of the a2 helix within the dimer core 
also contribute to this difference in position. This is also apparent from 
comparison of the solution H2A.B-H2B structure with the canonical 
H2A-H2B structure in the nucleosome (Figure 3.3c). Interestingly, the 
solution structure of canonical H2A-H2B dimer also shows an 
increased bend angle for the H2A a2 helix (32 ± 9°), suggesting that 
the quaternary state of the H2A-H2B dimer, whether it is an isolated 
dimer or incorporated into nucleosomes, is a greater influence on the 
structure than the H2A variant type.  
The most striking difference between the solution and crystal structure 
of H2A.B-H2B is the absence of the H2A.B aN helix in solution (see 
Figure 3.3b). Compared to canonical H2A, most amino acid 
substitutions occur on the outward facing surface of the core. Notably, 
one of the major structural differences between the canonical and 
variant dimer was shown by Dai et al. to be the substitution of E92 in 
H2A to L96 in H2A.B, which disrupts the hydrogen bonding to H2B 
residues E105 and L106.25 A changed hydrogen bonding in solution is 
supported by the large amide backbone chemical shifts perturbations 
that are observed for the corresponding H2B residues between 
canonical and variant dimer (Figure S3.6). In particular for the 
glutamate a large upfield shift of the 1HN resonance is observed, from 
10.12 ppm in the canonical dimer to 9.15 ppm in the variant dimer, 
supporting reduced hydrogen bonding. 
For sake of completeness, we modelled the disordered tails to the 
structure of the folded core, highlighting the length of these extension 
compared to the globular core (Figure 3.4). Backbone dynamics 
derived from 15N relaxation experiments support the highly flexible 
and unstructured nature of the tails compared to the relatively rigid 
folded-core (Figure S3.5). 
Dai et al. highlighted the reduced electropositive charge at the DNA 
binding surface of the H2A.B-H2B core in their crystal structure25, 
which is also apparent in solution (Figure 3.5a). In addition, a reduced 
negative potential is obvious for the region between the a2, a3 helix 
of H2A.B and aC of H2B, which forms the acidic patch on the 
canonical dimer (Figure 3.5b). Several charge neutralizing or charge 
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Figure 3.3. Solution structure of the H2A.B-H2B core. (a) Superposition of the 
final ensemble of 10 structural models calculated by NOE-supplemented CS-
Rosetta. Color coding indicated in the figure; most prominent secondary structure 
elements are labeled. (b) Comparison of the H2A.B-H2B solution and crystal 
structure (PDB-id 6a7u). The bent H2A.B a2 helix is indicated. (c) Comparison 
of the variant dimer solution structure and the canonical H2A-H2B dimer from 
nucleosome crystal structure (PDB-id 3afa) highlighting the difference in H2A.B 
a2 orientation. (d) Comparison of the H2A.B-H2B and H2A-H2B solution 
structures (PDB-id 2rvq). Comparisons in (b), (c), and (d) were made using the 
closest-to-mean structure as the best representative structure of the final H2A.B-
H2B ensemble. Structures were superimposed on heavy backbone atoms in the 
core region of the dimer H2A.B V31-L100 and H2B Y34-S121. Heavy atom 
backbone RMSDs for the superpositions shown in (b), (c) and (d) are 1.7, 1.8 and 
1.9 Å, respectively. 
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Figure 3.4. Solution structure of the H2A.B-H2B heterodimer including N- 
and C-terminal tails. Color coding as in Figure 3.3. The position of the N- and 
C-terminus is indicated. 

 
reversal substitution in H2A.B (H2A E61, E91, E92 to H2A.B K65, 
R95, L96) significantly reduce the net charge of this patch. Closer 
inspection of the surface potential reveals that the H2A.B-H2B dimer 
exhibits a unique acidic surface on its H3-H4 interacting surface, which 
is positively charged in the canonical dimer. The change to a net 
negative charge is the result of substitution of Q84 and R88 in the H2A 
a3 helix with D88 and H92 in H2A.B. Within the canonical octamer, 
H2A R88 is involved in a long-range electrostatic interaction with H3 
E94 and E105 on the adjacent H3-H4 dimer (Figure 3.5c). Within an 
H2A.B-nucleosome, this electrostatic interaction would either be 
neutralized or transformed into a repulsive interaction, depending on 
the charge-state of H92 (Figure 3.5d). These changes may thus 
contribute to the destabilization of the H2A.B containing octamers and 
nucleosomes. Previous studies using H2A and H2A.B domain-
swapped proteins showed that a H2A chimera including the H2A.B a3 
helix and the rest of the docking domain does not allow refolding of 
the histone octamer using salt dialysis12.  
 
Decreased net positive charge of the H2A.B-H2B core results in 
higher thermostability. We established that the H2A.B-H2B dimer 
retains a well-folded core in solution and has distinctly altered 
electrostatics compared to the canonical dimer. Such changes in 
surface electrostatics have been shown to impact protein stability even  
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Figure 3.5. Electrostatic surface of H2A.B-H2B dimer compared to canonical 
H2A-H2B dimer. (a, b) View on the DNA binding surface (a) and acidic patch 
region (b) of H2A-H2B (left) and the H2A.B-H2B solution structure (right) with 
colour coding according to the electrostatic potential highlighting the reduced 
positive charge on the variant. The nucleosomal DNA is traced in light grey. 
Colour bar indicates the electro potential scale. (c) Zoom on the canonical 
nucleosome structure (PDB-id 3afa) focussing on an attractive electrostatic 
interaction in the interface between H2A-H2B and H3-H4. Selected side chains 
are shown as sticks. Colour coding: H2A – yellow; H2B – red; H3 – blue; H4 –
green. (d) Same view as in (c) on a model of a H2A.B-containing nucleosome. 
H2A.B shown in orange. The docking domain C-terminal extension of H2A.B was 
modelled in the nucleosomal conformation of canonical H2A. 

 
when these do not affect packing of the hydrophobic core39. Given that 
the structure and packing of the hydrophobic core of the variant dimer 
is highly similar to the canonical dimer, we hypothesized that the 
altered electrostatics may impact the stability of the dimer. Variant and 
canonical heterodimer stability was assessed by measuring their 
unfolding temperatures in a thermostability assay (TSA). Over a wide 
range of buffer conditions with varying pH and ionic strengths, we 
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observed that the variant dimer unfolds at significantly elevated 
temperatures compared to the canonical dimer  (Figure 3.6a,b). 
H2A.B-H2B dimer unfolds at around 63 °C and H2A-H2B dimer 
unfolds at around 50 °C. While both types of dimers prefer higher salt  
concentrations (250 mM NaCl) over lower salt concentration (50 mM 
NaCl), H2A-H2B shows a stronger salt-induced stabilization effect 
than H2A.B-H2B. The canonical H2A-H2B dimer is the most stable in 
pH 7 buffers while the variant dimer prefers pH 6. For canonical H2A-
H2B the melting temperatures and their buffer dependence compare 
well to previous data obtained from dimers isolated from chicken 
erythrocytes40.  
As is apparent from the electrostatic potentials displayed in Figure 
3.5a, the core region of H2A.B carries overall fewer positively charged 
residues than H2A (7 vs. 12, respectively). The net charge of the core 
region is –1 for H2A.B and +4 for H2A, while the net charge for H2B 
is +6. This suggests that electrostatic repulsion between canonical H2A 
and H2B histone cores may result in a lower dimer thermostability 
compared to the variant in which there is slight overall electrostatic 
attraction. 
To verify this hypothesis, we performed TSA assays on several H2A-
H2B and H2A.B-H2B mutant dimers in which charged residues in 
H2A were substituted for the corresponding residues in H2A.B or vice 
versa. Two sites of charge reversal were selected to reduce the net 
charge of H2A maximally by a single mutation. Dimers refolded from 
H2A mutant K35E and K74E with net charge of +2 showed a 
significant increase in thermostability, which rescued half of the 
difference in melting temperatures between the canonical and variant 
dimers (Figure 3.6c). Dimers refolded from the reciprocal H2A.B 
mutants E40K and E79K with net charge +1 showed reduced 
thermostability compared to H2A.B-H2B dimer, thus qualitatively 
confirming our expectations. An H2A H30E mutant protein showed a 
melting temperature similar to that of wild-type protein, likely because 
at pH of the measurements (pH 6.5) the histidine is not fully 
protonated. Increase of the net positive charge of the canonical dimer 
by removal of glutamic acid E90 or E91 in the acidic patch H2A, either 
by substitution to arginine (E90R, net charge +6) or to leucine (E91L, 
net charge +5) from H2A.B, results in decreased melting temperatures. 
Overall these data reveal a clear trend of increasing unfolding 
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temperature with decreasing net charge of the dimer core. We thus 
conclude that the reduced net charge of H2A.B core and the resulting 
reduced electrostatic repulsion with H2B is responsible for the 
increased thermostability of the variant dimer. 
 

 
Figure 3.6. Thermostability of variant H2A.B-H2B and canonical H2A-H2B 
heterodimer. (a, b) Melting temperatures of H2A-H2B dimer (a) and H2A.B-
H2B (b) across various pH and ionic strength conditions. Colour coding indicated. 
(c) Melting curves of H2A.B-H2B, H2A-H2B and selected mutant dimers as 
measured in thermal shift assay. Colour coding indicated. (d) Melting 
temperatures of H2A-H2B and H2A.B-H2B mutant dimers. The type of H2A 
protein incorporated in the dimer is shown on the x-axis. The net charge of the 
core region of H2A histones is indicated. Error bars based on duplicate 
experiments. Melting curves for (c, d) were measured in 20 mM NaPi buffer at pH 
6.5 with 200 mM NaCl. 

 

Discussion 

Histone variant H2A.B is one of the most divergent histone variants 
that have evolved. Despite the specialized function and distinct 
properties of H2A.B-containing chromatin and nucleosomes, our 
understanding of the underlying molecular basis is yet limited. High 
resolution structural information on H2A.B-containing nucleosomes is 
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lacking, likely due to the destabilizing effect of H2A.B on the 
interactions to DNA and H3-H4. Here, we used solution-based method 
to study the structure, dynamics and stability of the H2A.B-H2B dimer. 
We find that H2A.B-H2B is structurally highly comparable to the free 
canonical dimer, yet with a markedly higher thermostability. 
Mutational analysis showed that the stability is correlated to the net 
charge of the dimer core, strongly suggesting that reduced electrostatic 
repulsion between the histone-fold domains of H2A.B and H2B is 
responsible for its increased thermostability. Since the change in 
charge is conserved across most of the 15 reported H2A.B sequences, 
including the key H30E, K35E, E91L and K74E substitutions, it is 
likely that the stability differences between canonical and variant 
dimers observed in this study are conserved across the H2A.B family. 
To obtain the solution structure of H2A.B-H2B heterodimer we made 
use of a CS-Rosetta41 driven approach, similar to the structure 
determination of the canonical H2A-H2B dimer26. Since addition of 
sparse data, i.e. either from RDC and/or NOE data34,42,43 or 
evolutionary sequence information44 can critically improve 
performance, we here included intermolecular NOEs as additional 
constraints in the calculations. This resulted in an overall better defined 
structural ensemble compared to using backbone chemical shift data 
only, in particular with respect to the position of the H2B aC helix. For 
the canonical H2A-H2B structure that was based on chemical shift data 
only, variable positions of the H2B aC helix and H2A a1 helix were 
taken as sign of intrinsic flexibility26. To what extent inclusion of NOE 
data would improve the definition of helices position for the canonical 
dimer remains to be established.  
The solution structure of the isolated H2A.B-H2B heterodimer features 
a well-defined histone-fold core with disordered N- and C-terminal 
histones tails. The H2A.B aN-helix and the C-terminal extension of 
the docking domain are unfolded and likely only fold upon 
incorporation into a nucleosome. The chemical shift data do now show 
indications of transient folding for these regions, pointing to disorder-
to-order transition upon binding to either DNA or H3-H4 in the 
nucleosome. Notably, these regions, in particular the aN helix, likely 
retain increased flexibility within the nucleosome, as was recently 
shown for canonical H2A in a solid-state NMR investigation of 
sedimented nucleosomes45. Furthermore, the L2 loop arginine (R80) in 
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H2A.B is shifted by one residue compared to H2A (see the alignment 
in Figure 3.1a). Since the H2A R76 at L2 loop inserts DNA minor 
groove at SHL 5.523, a change in its position could directly influences 
DNA opening. From our structure it would be expected that this 
arginine clashes with the nucleosomal DNA, thus potentially forcing 
the DNA in a more open conformation. Whether the L2 loop and thus 
the R80 position, is maintained within the H2A.B-nucleosome, or will 
adapt to the nucleosomal DNA remains to be explored. Finally, we 
have highlighted here the increased negative charge in the H2A.B a3 
helix that faces an acidic surface in the H3-H4 tetramer in the context 
of the histone octamer. The resulting electrostatic repulsion could 
further contribute to destabilization of H2A.B containing nucleosome 
and to the failure in refolding the H2A.B containing histone octamer 
by salt-dialysis27.  
We have found that the isolated H2A.B-H2B dimer has significantly 
higher thermostability than the canonical dimer (13 °C degree higher 
Tm). For most proteins a higher thermostability can be interpreted as a 
sign of overall increased thermodynamic stability46. Indeed, stability 
measurements of the canonical dimer at constant temperature (25 °C) 
have been in reasonable agreement with thermal melting data40,47. This 
thus further supports an increased thermodynamic stability of the 
H2A.B-H2B dimer. Strikingly, the H2A.B-containing nucleosome was 
recently shown to also have a slightly higher thermostability (5 °C 
higher Tm) compared to the canonical nucleosome48. Here, it seems 
unlikely to directly translate to increase stability at ambient 
temperature given the more complex nature of this assembly and the 
extensive experimental evidence for reduced intermolecular 
interactions within the H2A.B-nucleosome.12,13,14,19,25 We thus 
hypothesize that the relative free energy of H2A.B-nucleosome is 
decreased on one hand by the reduced interaction to DNA and H3-H4, 
and on the other hand by the increased stability of the free H2A.B-H2B 
dimer. Our results suggest that these effects are at least in part 
interrelated since both originate from the lower positive charge of 
H2A.B. The net effect of these changes is to promote a shift in 
equilibrium towards dissociated, isolated H2A.B-H2B dimers and thus 
to promote opening up of the nucleosome and chromatin. Indeed, the 
free histone pool contains a relatively large amount of highly diffusive 
isolated H2A.B-H2B dimers21,19. In addition, these free energy changes 
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likely also result in decreased energy barriers between states, 
facilitating increased exchange dynamics from nucleosomes to the free 
histone pool17,49.  
In summary, we presented the solution structure of the H2A variant 
H2A.B-H2B dimer, highlighting extensive changes in its surface 
electrostatics within an otherwise regular histone-fold, and showed that 
H2A.B-H2B has higher thermostability than the canonical dimer. This 
structure provides an important building block for a further detailed 
structural characterization of the assembly and exchange of the H2A.B 
nucleosome and provides new insights in its impact on chromatin 
structure and function. 

Accession codes 

The ensemble of solution structures is deposited in the Protein Data 
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Supplements 

 

 
Figure S3.1. 1H-15N TROSY spectra of (a) H2A.B and (b) H2B within the 
H2A.B-H2B heterodimer. Assignments are indicated, unassigned backbone 
resonances are indicated with a *. Negative folded peaks are shown in blue. 
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Figure S3.2. CS-Rosetta solution structure of H2A.B-H2B. (a,b) CS-Rosetta 
energy plotted versus Ca-RMSD to the lowest energy structure. In (a) Ca-RMSD 
was calculated over the complete histone core shown for all 3000 calculated 
solutions. In (b) a zoom of the plot in (a) is shown with Ca-RMSD calculated over 
the complete histone core in orange, and RMSD excluding the H2B aC and H2A.B 
a1 helices in blue. (c) Superposition of the 10 CS-Rosetta models with the lowest 
Ca-RMSD from the lowest energy 20 models, showing ill-defined positions of 
H2B aC and H2A.B a1-helices within an otherwise converged structure. (d) 
Structural comparison between lowest-energy CS-Rosetta model and the H2A.B-
H2B crystal structure (PDB-id 6a7u). 

 

 
 
Figure S3.3. Final re-scored Rosetta energy including both chemical shift and 
NOE correspondence plotted versus Ca-RMSD to the lowest-energy 
structure of the H2A.B-H2B core. In total 8000 solutions were calculated. The 
RMSD is calculated over the complete histone-core. 
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Figure S3.4. Impact of inclusion of intermolecular NOE data on CS-Rosetta 
calculated structure. (a, b) Average per-residue heavy atom backbone RMSD, 
averaged over the 10 models in either the final ensemble calculated without/with 
(filled/blank circles) NOE restraints. Average per-residues RMSDs are plotted for 
H2A.B (a) and H2B (b) core regions. Secondary structure elements in the final 
solution structure are plotted on top. 

 

 
 
Figure S3.5. Backbone dynamics of H2A.B-H2B dimer. (a, b) Ratio of 
backbone amide 15N-T1 and 15N-T2 values for H2A.B (a) and H2B (b), illustrating 
the high flexibility of the H2A.B N- and C-terminal tails, as well as the H2B N-
terminal tail. The average T1/T2-ratio for residues the folded core of H2B are 
elevated compared to those in the folded parts of H2A.B, most likely due the 
higher salt concentration in the sample used for measuring H2B dynamics. 
Secondary structure elements in the final solution structure are plotted on top.  

 



  Chapter 3 

75 

 
 
Figure S3.6. Chemical shift perturbations of H2B residues in canonical and 
variant dimers caused by sequence variance between H2A and H2A.B. (a) 
Chemical shift perturbations (CSPs) for H2B residues between two canonical and 
variant dimers. Unassigned residues shown in grey. Residues with CSP larger than 
1ppm are labeled. (b) Overlay of H2B TROSY spectra within canonical H2A-H2B 
dimer (red) and variant H2A.B-H2B dimer (black), zooming in on the resonance 
of E102 in H2B. (c,d) Comparison of solution structure of H2A.B-H2B (d) and 
crystal structure of H2A-H2B (c) zooming in on the loss of a hydrogen-bond due 
to substitution of H2A E92 to H2A.B L96.  
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Table S3.1. Structural statistics for the core region of isolated H2A.B-H2B 
heterodimer 
 
 
 
A. Restraint information  
number of intermolecular NOEs 44 
B. Average RMS deviation from experimental restraints  
All experimental distance restraints (Å) 0.08 ± 0.24 
C. Coordinate RMS deviationa (Å)  
Average RMSD to mean  
Ordered backbone atoms  1.08 ± 0.24 

Ordered heavy atoms 1.54 ± 0.25 
Global backbone atoms 1.48 ± 0.25 
Global all heavy atoms 1.92 ± 0.33 
Average Pairwise RMSD  
Ordered backbone atoms 1.61 ± 0.35 
Ordered all heavy atoms 2.30 ± 0.36 
Global backbone atoms 2.21± 0.38 
Global all heavy atoms 2.91 ± 0.41 
a Ordered regions correspond to residues V31-F101 of H2A.B and 
Y34-K122 of H2B. 
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Chapter 4. Structure and dynamics of the 

H2A.B variant nucleosome 
 
 
 
 
 
 
This chapter is based on: 
Heyi Zhang, Yiran Lin, Jan Huertas, Vlad Cojocaru, Vincenzo Lobbia, 
Ulric B. le Paige, Hugo van Ingen. Structure and dynamics of the 
H2A.B variant nucleosome. In preparation. 
 
Contributions of authors: 
MNase digestion assays were performed with Yiran Lin; NMR study 
of H2A.B N-terminal tail in the nucleosome was performed with 
Vincenzo Lobbia; Energy minimization of H2A.B nucleosome models 
was performed by Jan Huertas and Vlad Cojocaru; 601 DNA used in 
nucleosome reconstitutions was provided by Ulric B. le Paige. 
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Abstract 

Incorporation of histone variants into nucleosomes confers distinct 
functional properties to nucleosomes by their unique amino acid 
sequences, contributing to the regulation of chromatin functions such 
as transcription and DNA repair. Histone variant H2A.B is a highly 
divergent H2A variant and is strongly linked to active transcription and 
RNA splicing. H2A.B nucleosomes are known to have an ‘open’ 
conformation in which the nucleosomal DNA is partially released from 
the histone octamer core at the entry/ exit ends. Yet, the exact 
molecular reason for such opened structure is unknown, nor is there 
high-resolution structural and dynamical data of H2A.B nucleosomes 
available. Here, we report an NMR-driven investigation of the 
structure and dynamics of H2A.B nucleosomes, showing that the 
H2A.B truncated docking domain is folded within the variant 
nucleosome as in the canonical conformation and forms a stably folded 
interface with the H3-H4 subunit. Our NMR data further indicate that 
the H3 N-terminal tail in H2A.B nucleosomes has increased flexibility 
and is overall less bound to DNA compared to canonical nucleosomes. 
Finally, we identify a register shift of a DNA minor groove anchoring 
arginine in H2A.B and show using micrococcal nuclease digestion 
assays that this shift contributes to destabilization and DNA opening 
of the nucleosome. Together, these results provide new insights into 
the molecular properties of the H2A.B nucleosome. 
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Introduction  

Histone proteins are among the most highly conserved proteins in 
nature, reflecting their cardinal importance in packaging and protecting 
the genetic material of eukaryotes in the form of chromatin. The bulk 
of chromatin is made of four canonical histones: H2A, H2B, H3 and 
H4, and together they form a histone octamer around which ~150 base 
pairs of DNA is wrapped, creating the nucleosome. To regulate 
chromatin biology, nucleosomes are the binding target of many nuclear 
proteins and are actively altered in various ways, one of which is by a 
special class of histone proteins, histone variants, to confer specific 
structural and functional properties to chromatin at particular locations 
in the genome. 
Histone variants have been discovered for all four core histone types 1-

2 and can substitute their canonical forms in the nucleosome, typically 
through the action of specific histone chaperones and remodeller 
proteins 3. Through their distinct amino acid sequences, incorporation 
of histone variants bestows special functional and conformational 
properties to nucleosome. For example, histone H3 variant CENP-A is 
crucial in assembling the centrosome as it facilitates binding of 
centromeric DNA-binding proteins 4 and histone H2A variant H2A.X 
plays a major role in signalling DNA damage through phosphorylation 
of a unique serine in its C-terminus 5.  
One of the most recently discovered and the most divergent histone 
variants is H2A variant H2A.B or H2A.Bbd (Barr body deficient) 
(Figure 4.1a). Originally identified as a variant that is excluded from 
the inactive X chromosome 6, it is now tightly associated to active 
transcription and mRNA splicing 7-12. These functional roles may 
ultimately result from the pronounced promotion of open chromatin 
structure by H2A.B. When incorporated into nucleosomal arrays, 
H2A.B was shown to prevent formation of a compact chromatin fibre 
13. At the level of isolated nucleosomes, a series of biochemical and 
low-resolution structural studies have shown that, compared to 
canonical nucleosomes, nucleosomes containing H2A.B have a 
significantly shorter stretch of DNA tightly bound to the histone 
octamer (with the last turn of DNA dissociated from the octamer) and 
that the DNA ends are at a much wider angle relative to each other 
(Figure 4.1b,c) 14-16. 
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The sequence differences between canonical H2A and the variant 
H2A.B must underlie the molecular basis of its open nucleosomal 
conformation, yet up to date an exact description of this relationship is 
lacking. Since the last turn of nucleosomal DNA is bound to H3 in the 
canonical nucleosome, there is not an a priori clear-cut answer to this 
question. At only 48% sequence identity to canonical H2A, H2A.B’s 
distinct features are the elongated and arginine rich N-terminal tail, a 
truncated C-terminal docking domain, the absence of acidic patch 
residues, and an overall less basic nature. Previous studies have pointed 
to the truncated C-terminal docking domain as main cause of the open 
nucleosome conformation 14-15, 17. This region supports multiple 
interactions with H3 and H4 that stabilizes the histone octamer core 
and is truncated by ~ 19 residues in H2A.B resulting in a loss of several 
of these stabilizing interactions 18. A series of experiments including 
MNase digestion and DNase footprinting assays, as well as FRET 
measurement of reconstituted nucleosomes using either H2A docking 
domain mutants or H2A/H2A.B chimera proteins resulted in the 
conclusion that H2A.B specific sequence differences from the a3 helix 
to the C-terminus are causing the open structure of the nucleosome 
either directly or indirectly 14-15, 17. In addition, recent structures of the 
H2A.B-H2B heterodimers have pointed to the reduced positive 
electrostatic potential on the DNA binding surface which may promote 
DNA unwrapping 19 (see Chapter 3). 
Here, we aimed to characterize the structural and dynamical properties 
of H2A.B nucleosomes at atomic resolution, combining solution-state 
NMR, biochemical assays and molecular dynamics (MD) simulations. 
We show that the elongated H2A.B N-terminal tail is highly dynamic 
whereas on the C-terminal side only the ultimate residue is highly 
mobile. Our NMR data indicate that the H2A.B truncated docking 
domain is folded and interfaced to H3-H4 as in canonical nucleosomes. 
NMR relaxation data support an opened nucleosome structure in which 
the DNA is at least transiently released from the octamer surface. As a 
result, the H3 N-terminal tail is more dynamic and overall less DNA-
bound than in canonical nucleosomes, which is supported by a 
preliminary analysis of ongoing MD simulations. Finally, we identified 
a register shift of a key DNA binding arginine residue in H2A.B that 
contributes directly to unwrapping of the nucleosomal DNA. Together, 
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this study offers new insights into the unusual properties of the H2A.B 
nucleosome. 
 

 
Figure 4.1. Histone variant H2A.B. (a) Sequence alignment of the most studied 
human and mouse H2A.B sequences with the human canonical H2A. Secondary 
structural elements of canonical H2A in the context of nucleosome are indicated 
above the sequences. The definition of docking domain is marked as a black bar. 
Positions of anchoring arginine’s in canonical nucleosome are shown with arrows 
below the sequences. (b) Overall structure of the canonical nucleosome (PDB id: 
1KX5). Colour coding is indicated. (c) A simplistic model for the H2A.B 
nucleosome with an arbitrary conformation for the terminal 15 bp of nucleosomal 
DNA. The dyad DNA base pair is marked as position 0 and the terminal three turns 
of the DNA are marked at positions 40-70.  

 

Results 

H2A.B N-terminal tail is highly flexible and transiently DNA-bound 
To investigate the structural and dynamical properties of the elongated 
and arginine rich H2A.B N-terminal tail, we reconstituted H2A.B 
nucleosome using uniformly 15N labelled H2A.B and unlabelled H2B, 
H3, H4, and DNA. This isotope-labelling pattern in combination with 
the large mass of nucleosome (> 200 kDa) permits the selective 
observation of the highly flexible parts of H2A.B. Thirteen peaks were 
observed in the 2D NH TROSY fingerprint spectrum (Figure 4.2a). 
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Comparison to the H2A.B assignments in the H2A.B-H2B heterodimer 
(see Chapter 3) allowed transfer of seven assignments for G11-G14, 
R17, T18 and D114, together with the blob assignment of the six 
consecutive arginine’s (R2-R7). The two remaining peaks did not 
overlap with any peak in the dimer spectrum and could only be 
assigned tentatively to S9 and/or S10, and C19. Apart from the C-
terminal residue D114, the observed resonances together constitute the 
majority of the twenty N-terminal residues, corresponding to the 
expected size of the N-terminal H2A.B tail and demonstrating the high 
flexibility of this region. No resonances for residues 21-25 could be 
observed suggesting the aN-helix is formed as in the canonical 
nucleosome and the H2A.B-H2B crystal structure 18-19, while it is 
highly flexible and disordered within the variant dimer free in solution 
(see Chapter 3). 
Notably, resonances for R15 and G16 are absent and resonances for 
G14 and R17 have very low signal intensity, indicating the limited 
mobility for the GRGR box in the nucleosome which is possibly caused 
by its attachment to the nucleosomal DNA. Further evidence for 
transient DNA binding comes from the small chemical shift changes 
of the tail resonances in the nucleosome when compared to the dimer. 
Interestingly, these changes are in the downfield direction whereas 
upfield changes were observed for canonical H2A in a 
mononucleosome sediment 20, signifying a change in DNA interaction 
mode. In addition, in both sediment and solution, peak doubling was 
observed for several resonances in the canonical H2A tail, reflecting 
the interaction to the different sites of the non-palindromic 601-DNA 
20-21. For H2A.B such peak doubling is not apparent suggesting that at 
least for the observed resonances DNA binding is less intimate. 
 
Assignment of H2A.B docking domain methyl TROSY signals 
We next examined the conformation and dynamics of the H2A.B C-
terminal docking domain within the nucleosome. Starting from the end 
of H2A.B aC helix, this region comprises residues F101 to D114. This 
region is unfolded and highly dynamic within the context of the dimer 
(see Chapter 3), yet the corresponding part in canonical H2A forms a 
defined interface to H3-H4 tetramer in nucleosome, including an 
intermolecular b-sheet (see Figure 4.1). We thus wanted to probe the 
conformation of this region in the variant nucleosome. The tail-focused 
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NMR experiment described above showed only one observable 
resonance for this region, the C-terminus residue D114 (Figure 4.2a). 
This suggests that residues F101-E113 have strongly reduced mobility 
within the context of the nucleosome and are thus most likely folded in 
a defined conformation. 
To further examine the conformation of the docking domain, we used 
the methyl-TROSY approach 22 to allow site-specific investigation of 
the histone octamer core 23. H2A.B nucleosomes were prepared with 
Ile-d1-[13CH3], Leu, Val-[13CH3, 12CD3]-H2A.B and perdeuterated 
H2B, H3, and H4 with unlabelled 601-DNA. The scarcity of protons 
in such sample dramatically slows the transverse relaxation of the 
methyl 1H spins, thereby allowing to probe the Ile, Val, Leu methyl 
groups in such large system as the nucleosome. The methyl-TROSY 
spectrum of ILV-labelled H2A.B within the nucleosome, displayed in 
Figure 4.2b, shows overall decent chemical shift dispersion. Out of the 
47 expected resonances for the 3 Ile, 13 Leu and 9 Val residues in 
H2A.B, 45 peaks could be identified, including three signals in the Ile-
region. The signal intensities appear rather heterogenous, in particular 
for the Leu/Val region where several resonances have very low 
intensities.  
Assignment of methyl-TROSY spectra is typically based on a 
combination of mutagenesis and NOESY spectra, by comparing the 
experimental connectivities in the proton network to that expected 
from the structure. In the case of H2A.B nucleosomes, NOESY 
experiments were of low quality, showing only few NOEs, thereby 
preventing complete assignment of the methyl signals. Instead, we 
focussed our analysis on the three isoleucine’s in H2A.B, which give 
rise to well-dispersed and intense cross peaks in the nucleosome 
spectra. Since two of the isoleucine’s are located at approximately 
opposite ends of the histone fold core (I59 and I82) and one (I106) is 
part of the docking domain, assignment of these three signals offers the 
opportunity to probe the structural and dynamical properties of H2A.B 
in the nucleosome at key locations.  
In a straightforward approach, we compared the H2A.B nucleosome 
spectrum to that of the canonical nucleosome with known H2A 
assignments 23 (see Figure S4.3). Two isoleucines in H2A.B are 
conserved in canonical H2A; H2A.B I82 corresponds to H2A I77 and 
H2A.B I106 to H2A I101. The inset in Figure 4.2b shows that each of 
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Figure 4.2. Amide and methyl-TROSY NMR spectra of H2A.B in the 
nucleosome. (a) Amide HN-TROSY spectrum of uniformly 15N-labeled H2A.B 
in otherwise protonated nucleosomes. Assignments for tail residues in the H2A.B-
H2B heterodimer are indicated with triangles for well resolved individual 
assignments and as a rectangle for overlapped group assignments. Tentative 
assignments indicated with ? were based on chemical shift correspondence to the 
dimer (S10) or based on chemical shift statistics of tail residues (S9 and C19, 
unassigned in the dimer). Amino acid sequences of H2A.B and H2A N-terminal 
tails are indicated on top, aligned with respect to the aN helix. Residues visible in 
canonical H2A nucleosomes are underlined. (b) Methyl-TROSY spectrum of ILV-
labelled H2A.B with otherwise perdeuterated core histones and protonated DNA 
in the nucleosome. The inset shows the overlay of methyl-TROSY spectra Ile 
region of H2A.B in the nucleosome (orange) and dimer (red) and canonical H2A 
in nucleosome (cyan). Spectra were processed with the same parameters and 
overlaid by matching I82 of H2A.B to the corresponding I77 of H2A.  

 
the H2A I77 and I101 overlaps with a H2A.B resonance, thus allowing 
to transfer their assignments to the corresponding residues in H2A.B. 
By exclusion, the remaining H2A.B isoleucine can be assigned to I59. 
This assignment is further supported by comparison to methyl-TROSY 
spectra of ILV-labelled H2A.B in H2A.B-H2B heterodimers (see 
Figure S4.3). There are two (nearly) overlapping signals, which match 
the histone fold core resonances for which little changes in chemical 
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environment are expected upon formation of the nucleosome. One 
resonance has very different chemical shifts in the two systems, 
corresponding to the docking domain isoleucine I106 (see inset Figure 
4.2b). 
 
Conserved docking domain structure of H2A.B in the variant 
nucleosome 
The chemical shift difference of I106 between H2A.B in dimers and in 
nucleosomes suggests that the docking domain of H2A.B becomes 
folded upon incorporation of the variant dimer into the nucleosome. 
The close chemical shift correspondence to H2A I101 in canonical 
nucleosomes suggests the variant docking domain obtains the same 
fold as the canonical domain. To further investigate the conformation 
of the docking domain, we analysed the NOESY spectrum of H2A.B 
in the nucleosome. Among the few NOE cross peaks, a clear NOE was 
observed between I106 and a leucine or valine methyl group (Figure 
4.3a). While the leucine and valine methyl signals are as of yet 
unassigned, the 13C chemical shift (14.7 ppm) indicates the resonance 
belongs most likely to a valine. In addition, the distinct up-field 1H 
chemical shift (0.138 ppm) indicates proximity of the corresponding 
methyl group to an aromatic ring. We next checked whether this NOE 
is consistent with folding of the H2A.B docking domain as in the 
canonical nucleosome structure. Using canonical H2A docking domain 
as a template for homology modelling, we find four methyl groups, 
from residues L87, V91, V109, that are within 6 Å 13C-13C distance 
from the I106 δ1-methyl group. Among these, the closest methyl group 
is from V91 at 4.1 Å, which is the only methyl within 5 Å, and the only 
one that is also close to an aromatic ring (see Figure 4.3b). We thus 
assigned the unknown resonances to V91, which is located on a3 helix 
of H2A.B. This I106-V91 NOE cross peak indicates that the docking 
domain of H2A.B is folded in a stable conformation and suggests that 
the H2A.B interface to H3-H4 is formed in the canonical manner, 
including the b-sheet with H4.  
 
H2A.B docking domain dynamics 
Having established evidence for stable folding of the docking domain 
within the context of the H2A.B variant nucleosome, we next turned to 
characterize the H2A.B dynamics within the nucleosome. Given the 
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partially unwrapped nature of the H2A.B nucleosome, one could 
expect that the DNA unwrapping also results in a destabilization of the 
histone octamer and thus an increase in histone dynamics. Indeed, the 
prevalence of low intensity peaks in the methyl-TROSY spectrum 
could result from line broadening due to conformational exchange on 
a micro- to milli-second time scale. Alternatively, the line broadening 
could reflect the density of the local proton network which will have a 
larger impact on the line width upon increasing overall rotational 
tumbling time.  
Comparison to the peak intensity distributions of H2A.B methyl 
resonances in either nucleosomes or H2A.B-H2B dimers and of H2A 
resonances in canonical nucleosomes indicate that the preponderance 
of broadened signals is specific to H2A.B in the nucleosomal context 
(Figure 4.4a). To quantify this more rigorously, we measured both 1H 
and 13C-1H multiple quantum transverse relaxation rates (R2) of H2A.B 
isoleucine methyl groups in the variant nucleosome and compared 
these to relaxation rates of H2B core isoleucine methyls in the 
canonical nucleosome (unpublished data from Hugo van Ingen, 
Hidenori Kato, Yawen Bai, Lewis Kay). Histone H2B contains 9 
isoleucines, of which 8 are part of the H2A-H2B histone fold core. As 
such, we expect the H2B isoleucine methyls to serve as equally valid 
reporters of the dimer dynamics as H2A. As shown in Figure 4.4b, 
while methyls in the variant nucleosome have similar multiple 
quantum R2 values as in the canonical nucleosome, they have much 
higher 1H R2 values than in the canonical nucleosome, on average 82 
s-1 vs. 47 s-1. The elevated 1H R2 values in the variant nucleosome 
explain the relatively poor sensitivity of the NOESY experiment. 
Strikingly, the average 1H R2 of H2A.B methyl groups in buffer 
without any added salt matches well with rates obtained for the 
canonical nucleosome upon addition of 75 mM NaCl, conditions that 
are known to promote inter-nucleosome interactions in particular at 
NMR concentrations 24-25. The higher R2 for the variant could thus 
reflect a larger effective particle size, for example due to DNA 
unwrapping or inter-nucleosome interactions. However, due to the lack 
of acidic patch of H2A.B, it is unlikely that inter-nucleosome 
interactions are happening in the sample. Nevertheless, since a similar 
trend for the multiple quantum R2 values is not observed, line 
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broadening due to conformational dynamics affecting predominantly 
the 1H chemical shift cannot be ruled out. 
 

 
Figure 4.3. H2A.B docking domain structure. (a) Strips from the 3D CCH Me-
NOESY showing NOE cross peaks between I106 to V91. (b) H2A.B structural 
model with docking domain modelled according to H2A structure in the canonical 
nucleosome. Methyl carbon of I106 is shown as pink sphere and H2A.B methyl 
carbons within 6 Å are shown as orange spheres. Residues and inter-methyl 
distances are marked. Side chains from aromatic residues (H92 and F101) are 
shown as sticks.      
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To investigate whether this specific broadening is due to slow local 
conformational changes, we recorded both 1H single quantum and 13C-
1H multiple quantum (MQ) CPMG relaxation dispersion experiments. 
No dispersion in 1H R2 rates could be observed up to a CPMG pulsing 
rate of 1000 Hz (Figure S4.4). While small dispersions due to 
conformational changes (ΔR2 < 10 s-1) cannot be excluded due to the 
limited sensitivity, these results speak against large conformational 
motions in the millisecond time scale regime. In the 13C-1H MQ 
experiment, similar flat dispersion profiles were observed for I59 and 
I82, indicating the lack of conformational changes for the two residues, 
whereas a slight dispersion of R2,eff value was observed for I106 
(Figure 4.4c). Comparison against data recorded on H2A.B-H2B 
dimers shows that a similar slight dispersion is already present for I106 
in the heterodimer (see inset Figure 4.4c). Importantly, comparison of 
the dimer and nucleosome data clearly show that the average R2,eff for 
I106 is similar to that for core isoleucines in the context of the 
nucleosome, while it was much lower within the dimer. This further 
supports stable folding of the H2A.B docking domain upon 
incorporation into the nucleosome. 
Together, the NMR data on H2A.B nucleosomes point to a canonical-
like histone octamer conformation. The H2A.B N-terminal tail is 
highly flexible as the H2A N-terminal tail, the truncated docking 
domain of H2A.B is folded as in H2A and there are no large-scale 
conformation motions present within the variant nucleosome. Yet, the 
elevated relaxation rates point to increased effective size of the variant 
nucleosome, likely as a result of partial DNA unwrapping. 
 
Increased H3 tail dynamics in the H2A.B nucleosome 
To further map the impact of H2A.B incorporation on histone octamer, 
we examined the H3 N-terminal tail since unwrapping of the 
nucleosomal DNA is likely to affect this tail foremost (see Figure 4.1). 
Using the same approach as for the H2A.B tail, we reconstituted the 
variant and canonical nucleosome using uniformly 15N and 13C labelled 
H3. Both amide NH-TROSY spectra showed well resolved peaks that 
were assigned to residues T3 to K36 based on previously published 
assignments20 and standard triple resonance experiments (Figure 4.5a). 
Crucially, no additional peaks were observed for H3 in the H2A.B 
nucleosome, indicating that unwrapping of the DNA does not result in 
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Figure 4.4. NMR relaxation data of H2A.B in NCP support stable folding of 
docking domain in an overall opened nucleosome conformation. (a) Histogram 
of normalized methyl-TROSY peak intensities for H2A.B in dimers and 
nucleosomes and H2A in nucleosomes. Peak intensities are normalized to the 
median intensity of each spectrum. (b) Average relaxation rates R2 from 1H (1H) 
or 13C-1H multiple quantum (13C-MQ) relaxation experiments for core isoleucine 
of H2A.B in variant nucleosome at no salt condition (orange bar), H2B in 
canonical nucleosome at no salt (black bar) or with salt (grey bar) conditions. (c) 
13C-1H multiple quantum CPMG relaxation dispersion curves for H2A.B Ile 
residues in nucleosomes (red squares) and dimers (black circles). The inset 
highlights the small dispersion of R2,eff values obtained for I106 in the variant 
dimer.  

 
extension of the tail. In particular, resonances for K38-P44, which pass 
in between the two DNA gyres in the canonical nucleosomes, are not 
observed for either of the nucleosomes. This indicates that this region 
remains immobile, likely attached to only a single DNA helix in the 
variant nucleosome.  
More detailed inspection of the two H3 spectra reveals that the majority 
of resonances are shifted upfield in the canonical compared to the 
variant nucleosome and this effect is present throughout the tail (Figure 
4.5a,b). An elegant study from the Selenko lab has shown that the H3 
tail resonances generally shift upfield upon incorporation into the 
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nucleosome as a result of transient DNA binding 26. The general trend 
of the peak displacements here indicates that on average the H3 tail is 
less bound to the nucleosomal DNA in the variant nucleosome. More 
detailed comparison of the H2A.B-nucleosome spectra to those of the 
free H3 peptide recorded by the Selenko lab 26 shows that several 
residues, including A29, A31 and V35 have very similar chemical 
shifts as in the free peptide, indicating there are likely unattached to 
DNA. This is in agreement with the simplistic model shown in Figure 
4.1c, where the stretch of A29-V35 is far from the DNA ends and thus 
may not bind to it and represent more like the free peptide chemical 
environment. Other resonances, such as Q19-A21 and A25 have 
chemical shifts somewhere in between that of canonical nucleosomes 
and the free H3 peptide, suggesting a weakened DNA interaction. Yet 
a third group of residues, including K14 and A15, have chemical shifts 
distinct from either canonical nucleosome and free peptide. Together, 
the chemical shifts pattern observed for the H3 tail in the H2A.B 
nucleosome implies a distinctly altered DNA interaction that is overall 
less intimate. Notably, the glycine resonances, which were shown to 
be least involved in DNA binding, also have the smallest chemical shift 
differences between the two systems. 
The reduced DNA binding of the H3 tail is further supported by a 
general decrease in local effective rotational correlation times (tc), 
derived from measured 15N R1 and R2 relaxation rates 26, for the H3 tail 
in the variant nucleosome (Figure 4.5c). Overall, the local tc is reduced 
by ~1.5 ns for most of the H3 tail residues in the H2A.B nucleosome. 
Strikingly, the tc profile is highly similar between the two nucleosome 
types. This argues against full release of the H3 tail from the DNA, in 
which case a gradual decrease in tc would be expected from the 
nucleosome core towards the N-terminus. Rather these data speak to a 
maintained, but reduced DNA binding in the variant. 
 
Register shift of a minor groove arginine anchor in the H2A.B 
nucleosome 
With a canonical-like H2A.B conformation and no evidence for large 
conformational changes, the underlying molecular basis for the opened 
nucleosome structure remains unclear. In an attempt to identify a direct 
(contributing) factor, we carefully inspected the molecular model for 
the H2A.B variant nucleosome as shown in Figure 4.1. This revealed a 
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Figure 4.5. The H3 N-terminal tail has increased flexibility and reduced DNA-
binding in Bbd-nucleosomes. (a) Overlay of TROSY spectra of nucleosomes 
containing 15N-labelled H3 for both canonical (cyan) and H2A.B (orange) 
nucleosomes. Only highly flexible residues can be observed corresponding to the 
H3-tail. Peak positions for H3 tail peptide recorded by the Selenko lab 26 are 
marked as black boxes. (b) Chemical shift perturbation (Dd) between canonical 
and variant nucleosomes for the H3 N-terminal residues. (c) Effective local 
rotational correlation times (tc) of H3 tail residues in canonical (squares/cyan) and 
variant (circles/orange) nucleosomes, together with differences in tc  for each 
residue shown as bars (Dtc). 

 
register shift of an arginine that anchors to the DNA minor groove in 
the canonical nucleosome. This residue is in the L2 loop that connects 
the a2 and a3 helices. While in the canonical H2A sequence this is 
part of a sequence K74-T75-R76, the arginine is shifted by one position 
in the corresponding H2A.B sequence: E79-R80-N81. This register 
shift of the minor groove anchoring arginine causes a major clash 
between H2A.B R80 and the nucleosomal DNA backbone when in the 
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canonical, wrapped conformation (Figure 4.6a). Given the position of 
R80 in the L2 loop which is close to the DNA at super helix location 
(SHL) ±5.5, this clash could promote unwrapping of the nucleosomal 
DNA down to the next anchoring point at SHL ±4.5 27, thus resulting 
in effective wrapping of 100-120 bp. Of note, the register shift of this 
arginine is conserved in H2A.B across most species (see Figure 4.1a 
and S1). To verify whether the arginine side chain conformation could 
adapt to the register shift and form a favourable interaction with the 
DNA nonetheless, two models for the H2A.B variant nucleosome were 
subjected to energy-minimization. While the H2A.B conformation is 
modelled based on the canonical H2A structure in the first model 
(Figure 4.6b), the other is based on the solution structure of the H2A.B-
H2B histone fold core (Figure 4.6c), extended with its N- and C- tail 
region (including the docking domain) modelled based on canonical 
H2A. For both models and both copies of H2A.B in each model, R80 
is not involved favourable interactions to the DNA after energy 
minimization (Figure 4.6b,c). 
 

 
Figure 4.6. Register shift of the minor groove anchoring arginine in H2A.B. 
(a) Zoom on the a2-a3 loop of H2A.B superimposed with the canonical 
nucleosome structure highlight the clash of Arg80 with DNA. (b, c) Energy-
minimized structural model zoomed on the a2-a3 loop showing an ‘escaped’ 
conformation of the Arg80. The two H2A.B a2-a3 loop regions in each model are 
superimposed, coloured cyan and grey respectively. The energy minimized model 
starting with canonical homology model is shown in (b), and starting with H2A.B-
H2B dimer solution structure shown in (c). 

 
H2A.B L2 loop destabilizes nucleosomal DNA wrapping 
To test our hypothesis that the arginine register shift in the H2A.B L2 
loop disrupts the local interaction between DNA and histone octamer, 
we compared electrophoretic mobilities and micrococcal nuclease 



  Chapter 4 

93 

(MNase) DNA digestion patterns of nucleosomes reconstituted from 
an H2A mutant containing the arginine register shift to that of H2A.B 
nucleosomes. The H2A mutant (H2A_ERN) was constructed by 
replacing the L2 sequence KTR in H2A to the corresponding sequence 
ERN from H2A.B.  
Nucleosomes containing H2A_ERN could successfully be 
reconstituted using both purified histone octamers and mixtures of 
H2A_ERN-H2B dimers and H3-H4 tetramers with DNA (Figure 4.7a). 
This indicates that the mutant can form stable octamers with other core 
histones as expected from the presence of the complete docking 
domain. Thanks to its opened conformation, reconstituted H2A.B 
nucleosomes show a reduced electrophoretic mobility and results in a 
wider band appearance than the canonical nucleosome, as was reported 
before 14. The H2A_ERN nucleosome showed a markedly reduced 
mobility, similar to the variant, indicating the mutation resulted in a 
similar open conformation as the variant nucleosome. Nevertheless, 
the bands for the mutant nucleosomes are sharper than for the H2A.B 
nucleosome, indicating a more homogenous conformation for the 
mutant (Figure 4.7a).  
We next subjected the three different types of nucleosomes to MNase 
treatment to assess their DNA accessibility. Samples taken at 
increasing lengths of MNase treatment show a progressively increased 
mobility and decreased intensity of the nucleosome band (Figure 4.7b). 
The increase in mobility reflects the trimming of the exposed DNA in 
the nucleosome particles, while the gradual disappearance of the band 
suggests disassembly of the nucleosome after excessive trimming of 
the nucleosomal DNA, possibly in combination with destabilization of 
the nucleosome during the electrophoresis and high salt exposure in the 
MNase quenching buffer. The lower part of most lanes shows the 
resulting bands from digested or undigested nucleosomal DNA 
fragments that are striped off from the octamer. The size of the digested 
DNA fragments indicates the number of base pairs that are protected 
in the nucleosome particle. 
The canonical nucleosomes are the most resistant to MNase digestion, 
as shown by the modest loss of nucleosome band intensity (Figure 
4.7b, lanes 1-6). As expected, these nucleosomes also protect the most 
of the nucleosomal DNA, as evidenced by the only gradual and modest 
increase in nucleosome mobility upon MNase treatment and the 
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gradual shift in size of the free DNA fragments from 167 to ~140 bp 
after 30 min treatment. Analysis of the DNA extracted after the protein 
digestion treatment shows fragments in the range of 130-150 bp 
(Figure 4.7c), which is typical for a properly folded, canonical 
nucleosome. 
For H2A.B, MNase treatment resulted in rapid disappearance of the 
nucleosome band under our conditions (Figure 4.7b, lanes 13-18). 
Almost immediately after start of the DNA digestion, a free DNA band 
appeared at ~130 bp (estimated by comparison to free DNA band of 
canonical nucleosomes after 5 min MNase treatment), in line with the 
exposed nature of the DNA ends. Continued MNase digestion resulted 
to smaller fragments to around ~120 bp after 5 min of MNase 
digestion, as has been observed also in a previous study 15. The DNA 
extracted at the end of the MNase treatment shows a broad size range, 
with most fragments around 80-120 bp.  
For the H2A_ERN mutant nucleosomes, like for the variant, a free 
DNA band at ~130 bp appeared quickly after addition of the enzyme, 
indicating the DNA ends are readily accessible also in the mutant. After 
10 min of MNase treatment the digested DNA band shifted towards 
~110-120 bp, which was also the size of majority of DNA fragments 
extracted at the end of the treatment. Thus, these data demonstrate that 
the ERN substitution in the L2 loop increases DNA accessibility and 
decreases the protection of the nucleosomal DNA. While the digestion 
pattern of the mutant does not recapitulate the high sensitivity of the 
variant towards MNase, we conclude that the arginine register shift 
contributes to the opening of the DNA in H2A.B nucleosomes.  

Discussion 

Histone variant proteins can alter nucleosome functionality by their 
different amino acid sequences compared to canonical histones, 
ranging from substitution of few amino acids as in H3.3 to addition of 
a folded protein domain as in macroH2A. Resolving the impact of these 
sequence changes on the nucleosome is essential to understand the 
function of these variants in chromatin biology. The histone variant 
H2A.B present a particularly interesting case as one of the most 
divergent histone variants, and as a variant that affects nucleosome 
conformation in a profound way, causing partial unwrapping of the  
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Figure 4.7. A register shift of a minor groove anchoring Arg causes 
destabilization of canonical nucleosomes. (a) Nucleosomes reconstituted using 
octamer and DNA (OCT) or dimer, tetramer and DNA (DT) were compared for 
canonical H2A (wt-H2A) and H2A_ERN (m-H2A) nucleosomes on the 5% native 
gel, stained for DNA using GelRed (left) and for proteins using Coomassie (right). 
(b) 5 µg of each H2A (wt-H2A), H2A_ERN (m-H2A) and H2A.B nucleosomes 
reconstituted by DT were digested with 0.6U MNase for the indicated amount of 
time (0.1, 2.5, 5, 10, 15, 30 min). MNase were deactivated before loading the 
sample on the 5% native gel, stained for DNA (GelRed, top) and protein 
(Coomassie, bottom). Lanes are reordered according to time of treatment for 
clarity. (c) Samples were deproteinized after 30 min and the extracted DNA was 
loaded on the 5% native gel.  

 
nucleosomal DNA. Yet, how the sequence changes in H2A.B affect 
the histone octamer conformation is largely unaddressed. 
Undoubtedly, this is in part related to the dynamic nature of the 
particle, complicating both crystallography and cryo-EM efforts. Here, 
we used state-of-the-art solution NMR to map the structure and 
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dynamics of the key sites in the H2A.B nucleosome at atomic 
resolution. In addition, we showed that a shift of critical arginine 
residue by one position can directly affect DNA wrapping.  
The first part of our study focussed on assessing the nature of H2A.B 
in the variant nucleosome, in a way to verify the simplistic model of 
the H2A.B nucleosome in Figure 4.1. Our previous study of the 
H2A.B-H2B heterodimer showed that the histone core maintains the 
canonical fold in the variant dimer, and demonstrated that the docking 
domain in H2A.B is unstructured and highly flexible after the aC helix, 
which is incompatible with nucleosome formation. Using methyl 
TROSY, we how here that I106 within the H2A.B docking domain 
experiences a large change in chemical environment upon 
incorporation into nucleosome. Relaxation and NOE data further 
showed that the I106 d1 methyl group has relaxation rates comparable 
to histone core residues and show an NOE that is fully consistent with 
folding of the docking domain in the canonical fold. Only the very C-
terminal residue of the H2A.B docking domain, which is predicted to 
protrude from the H3-H4 surface, remains highly flexible in the variant 
nucleosome. Taken together our NMR data indicate that, very much 
like canonical nucleosomes, the H2A.B docking domain is folded in 
the variant nucleosome in the same manner as H2A in canonical 
nucleosomes.  
Moreover, while the H2A.B nucleosome particle is seen as a dynamic 
system due to the (transient) unwrapping of DNA giving rise to flexible 
DNA protrusions, this does not seem to be mirrored in increased 
dynamics for the histone octamer core. The variant dimer has been 
shown to have high mobility in cells suggesting a low barrier to 
exchange out of the nucleosome 11-12. This may be caused by the 
reduced interactions between H2A.B and H3 because of the truncation 
of the docking domain and reduced net negative charge for the 
remaining part (see Chapter 3). Beautiful work from the Luger and Kay 
labs showed that destabilization of the dimer-tetramer interface can 
result in conformational changes that generate very large effects in 
CPMG relaxation dispersion studies 28. None such effects were 
detected for the H2A.B nucleosome, suggesting no large 
conformational changes either in the H2A.B core region or the docking 
domain. The increased 1H transverse relaxation rates are likely rather 
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due to increase in effective size of the H2A.B nucleosome due to the 
partial DNA unwrapping. 
We found significant changes in conformational dynamics for the H3 
N-terminal tail, most likely directly related to the unwrapping of the 
DNA. The overall downfield shift, indicative of changes in the local 
electrostatic environment 29, for the H3 tail resonances suggests that 
the DNA binding equilibrium is shifted towards the unbound state in 
the variant nucleosome. In particular, some resonances in the tail are 
have chemical shifts very similar to that free peptide, suggesting that 
some stretches of the tail may be free from the DNA in the H2A.B-
nucleosome. However, since the profile of the residue-specific local 
effective correlation times was almost unchanged from the canonical 
nucleosome, we conclude that the tail remains associated to the DNA, 
rapidly sampling many different conformations. Given the length of 
the tail and the local nature of the DNA-tail interactions, this likely 
means that the tail as a whole remains DNA bound at all times, but the 
precise location of the contacts points switches rapidly in time and each 
contact spends significant time in an unbound state. The region where 
the chemcial shifts most strongly resemble that of the free peptide, 
A29-V35, may be free at all times, but nevertheless indirectly linked 
to the DNA, thus limiting the flexibility. We thus amend the cartoon of 
the H2A.B nucleosome of Figure 4.1 by noting that the N-terminal part 
of the H3 tail is in fact bound to the DNA, likely limiting the opening 
angle between the DNA ends. 
The second part of this study addressed the molecular basis for the 
partial DNA unwrapping in the H2A.B nucleosome. Previous work 
showed that truncation of the docking domain itself is not a main 
causative factor for DNA unwrapping 14,  but rather that sequence 
differences in the a3-helix to C-terminal are responsible 17. Our work 
establishes that this region of H2A.B is stably incorporated into 
nucleosomes, most likely in the same conformation as canonical H2A. 
This points to a rather subtle and indirect effect as this region is not 
involved in any DNA contacts directly. We found that the shifted 
arginine position in the L2 loop of H2A.B contributes directly to the 
open nucleosomal conformation as it is incompatible with anchoring 
to the DNA minor groove in the wrapped state. A H2A mutant 
containing the ERN sequence from the H2A.B L2 loop forms a 
nucleosome that is more vulnerable to MNase digestion and protects 
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118 bp DNA just like H2A.B nucleosomes. Nevertheless, the 
H2A_ERN nucleosome does not recapitulate the reduced stability of 
the H2A.B nucleosomes, in accordance for an additional and major 
role for sequence differences within the docking domain. We 
previously pointed to a reduced electrostatic match between the H2A.B 
docking domain and H3-H4 that may subtly destabilize the 
dimer/tetramer interface (see Chapter 3). We hypothesize that the 
reduced grip of H2A.B on both DNA and H3 may permit the H3 aN 
helix to transiently detach from the octamer core and thereby promote 
opening of the DNA. Yet, this process cannot involve a highly dynamic 
state of the aN helix is as that should have resulted in observable 
resonances in the amide backbone based NMR experiments. 
Interestingly, the arginine shift identified here is also present in other 
truncated histone variants, suggesting that the underlying DNA 
unwrapping mechanism is conserved.  
In summary, we found that the histone octamer in the H2A.B 
nucleosome is remarkably like the canonical nucleosome. We provide 
evidence that that the docking domain is folded in the canonical 
configuration and as rigid as the histone core, pointing to defined 
interaction to H3. We find that the opened state of the variant 
nucleosome correlates with increased flexibility and reduced DNA 
binding for H3 N-terminal. Finally, we here show that a register shift 
of a minor groove anchoring arginine in the H2A.B L2 loop is an 
important and direct contributing cause for DNA unwrapping in 
H2A.B nucleosomes. With these results we have provided new insights 
in the structure of the H2A.B nucleosome. Furthermore, we look 
forward to combining these data with the outcome of ongoing MD 
simulations to further dissect the molecular nature of this peculiar 
nucleosome. 
 

Material and methods 

Site-directed mutagenesis. The plasmid containing H2A_ERN was 
produced by site-direct mutagenesis on plasmid pET-21b containing 
the Drosophila H2A_K74E made in Chapter 3. A pair of 
complementary mutagenic primers was designed to introduce 2 
mutations T75R and R76N at once. The reaction was performed using 
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Site-Direct Mutagenesis Kit (Novagen) according to the following 
thermocycling: 12 cycles of 95 °C for 30 s, 52 °C for 30 s, 68 °C for 8 
min. After the reaction, the 1 µL of DpnI was added and incubated at 
37 °C for 1 hr to remove the original template. The generated nicked 
circular DNA was used to transform E.coli DH5a cells. Plasmids were 
extracted from successful transformations and the mutations were 
verified by sequencing. 
 
Histone protein production. Drosophila melanogaster (Dm.) 
canonical histones H2A (Uniprot-id: P84051), H2B (Uniprot-id: 
P02283), H3 (Uniprot-id: P02299), H4 (Uniprot-id: P84040), Homo 
sapiens (Hs.) H2A.B (Uniprot: P0C5Z0), and mutant H2A_ERN were 
expressed in E. coli BL21 Rosetta 2 (DE3) cells (Novagen) and 
purified under denaturing conditions from inclusion bodies by 
extraction in 6 M guanidine chloride, followed by size-exclusion 
chromatography in buffer A (7 M urea, 50 mM NaPi pH 7.5, 1 mM 
EDTA, 150 mM NaCl, 5mM BME) using a Superdex 75 column (GE) 
and ion exchange with a salt gradient from buffer A to buffer A 
supplemented with 1 M NaCl. Histones used for NMR studies were 
produced in D2O or H2O-based M9 minimal medium containing 
desired isotopes and amino acid precursors in case of ILV methyl-
labelling 30. Histones used for MNase assays were produced in LB 
medium.  
 
DNA production. The same protocol as described in a previous 
publication 20 was followed to produce the 167 bp ‘601’-Widom DNA 
used in this study. In short, a pUC19 plasmid containing 12 repeats of 
a 167 bp ‘601’-Widom sequence was amplified in E. coli DH5a and 
extracted by alkaline lysis followed by isopropanol and ethanol 
precipitations prior to dissolve in TE buffer (20 mM Tris-HCl, 5 mM 
EDTA, 100 mM NaCl, pH 7.5) and purify by anion exchange 
chromatography. The purified plasmid was restricted using ScaI 
(ThermoFisher) and the restricted fragment was purified by anion 
exchange chromatography. 
 
Nucleosome reconstitution. Histone dimers, tetramers or octamers 
were refolded from equimolar mixes of denatured purified histones by 
dialysis to 2 M NaCl at 4°C 31. Histone dimers, tetramers or octamers 
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were subsequently purified by size-exclusion chromatography over a 
Superdex 200 column (GE) in 2 M NaCl buffer with an addition of 5 
mM BME (see also Figure S4.2). H2A.B nucleosomes were 
reconstituted from a mix of H2A.B-H2B dimer, H3-H4 tetramer, and 
167 bp ‘601’ DNA at ratio 2:1:1. H2A nucleosomes and H2A_ERN 
nucleosomes were either made the same way as H2A.B nucleosomes 
or directly from a mix of octamer and 167 bp ‘601’ DNA at ratio 1:1. 
The mixes were dialysed at 4 °C from high salt buffer (10 mM KPi pH 
6.5, 2 M KCl) to low salt buffer (10 mM KPi pH 6.5, 250 mM KCl) 
over 18 hours using a pump. Efficiency of the reconstitutions was 
analysed with 15% SDS-PAGE and 5% native-PAGE (see also Figure 
4.2 and Figure S4.2). Nucleosomes were buffer exchanged to lower 
salt concentration for NMR or MNase studies (see below). 
 
MNase study. Nucleosomes containing H2A, H2A_ERN, or H2A.B 
reconstituted from dimer, tetramer and DNA were first dialyzed to 
buffer with 10mM NaPi pH 6.5, 50 mM KCl. 4.5µg of each 
nucleosome was mixed with MNase reaction buffer (10 mM Tris pH 
7.5, 5 mM Ca2+) to a final volume of 30 µL per reaction. Reactions 
were incubated at 37 °C with 0.6 U MNase. At 0.1, 2.5, 5, 10, 15, and 
30 min, 4 µL of each reaction mix was sampled, and the reaction 
stopped by adding 1 µL MNase stop buffer (100 mM EDTA pH 8.0). 
Reaction mixes after 30 min were deproteinized by 0.6 U proteinase K 
at 55°C for 90 min. DNA was extracted by precipitation with Na-
acetate and 96% ethanol and re-suspended with 0.2×TBE buffer. All 
samples were analysed with 5% native-PAGE. 
 
Molecular modelling. The simplistic model of H2A.B nucleosome as 
shown in Figure 4.1c was created based on the canonical nucleosome 
structure (PDB id: 1KX5) as a template. The path of nucleosomal DNA 
entry/exit ends was constructed by replacing the terminal 13 bp with 
straight B-form DNA in PyMOL software 32. This model is to match 
the reported 118 bp DNA protected by the H2A.B containing octamer 
14.  
The H2A.B nucleosome structure used to initiate MD simulations 
shown in Figure 4.6b is a homology model based on the canonical 
nucleosome structure (PDB id: 1KX5),  or, for  Figure 4.6c, was built 
using the H2A.B solution structure for the core region with C-terminal 
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and N-terminal structure modelled according to canonical 
conformation (PDB id: 1KX5) using MODELLER 33. 
 
NMR spectroscopy. For H3 tail dynamics study, 15N/13C labelled H3 
was reconstituted into nucleosomes with unlabelled H2A or H2A.B, 
H2B, H4 and DNA. Samples of H2A.B nucleosomes (32 µM) or H2A 
nucleosomes (93 µM) in NMR buffer 1 (10 mM KPi pH 6.5, 10 mM 
KCl, 7.5% D2O) were measured at 303 K on a Bruker Avance III 
spectrometer equipped with a cryo-probe and operating at 22.3 T 
corresponding to 950 MHz 1H Larmor frequency. Assignments for H3 
tail residues in H2A.B nucleosomes were transferred from canonical 
nucleosomes published before 20. T1, T2 relaxation experiments were 
analysed using PINT software 34. 
For comparison of H2A.B N-terminal tail resonances between H2A.B-
H2B heterodimer and H2A.B nucleosomes, 15N labelled H2A.B was 
reconstituted into either dimers or nucleosomes with unlabelled H2B, 
H3, H4 and DNA. Samples of H2A.B-H2B dimer (20 µM) or H2A.B 
nucleosomes (20 µM) were carried out at 303 K in buffer 2 (20 mM 
NaPi pH 6.5, 5 % D2O, 0.01 % NaN3) on a Bruker Avance III 
spectrometer operating at 20.0 T corresponding to 850 MHz 1H 
Larmor frequency. Assignments of H2A.B were transferred from 
Chapter 3. 
Methyl-labelled nucleosomes and methyl-labelled H2A.B-H2B dimers 
were prepared with Ile-d1-[13CH3], Leu/ Val-[13CH3, 12CD3]-H2A.B or 
H2A and perdeuterated H2B, H3, and H4 with unlabelled DNA. Data 
for methyl-labelled nucleosomes were collected in NMR buffer 3 (20 
mM NaPi pH 6.2, 0.01% NaN3, 0.5 mM PMSF, 100% D2O), while 
methyl labelled H2A.B-H2B dimers were measured in NMR buffer 3 
with 200mM NaCl. Methyl-TROSY spectra of H2A.B-H2B dimer 
(160 µM), H2A.B nucleosome (85 µM), canonical nucleosome (100 
µM) were measured on a Bruker Avance III spectrometer operating at 
14.1 T corresponding to 600 MHz 1H Larmor frequency. Nucleosomes 
spectra were recorded at temperature of 318 K, while dimer spectrum 
was recorded at 303 K. Spectra were processed to equal acquisition 
times with identical processing parameters. For each sample, the peak 
intensities were normalized based on the median value of each 
spectrum to allow comparison of the intensity distribution between the 
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different systems. N-terminal tail residues were excluded in this 
analysis. 
CPMG relaxation dispersion experiments of H2A.B nucleosomes were 
performed at 318 K on a Bruker Avance III spectrometer operating at 
14.1 T corresponding to 600 MHz 1H Larmor frequency. For the 
measurement of 1H single quantum relaxation rates, a relaxation delay 
of 10 ms was used to collect 11 CPMG pulse frequencies ranging from 
100-1000 Hz with three duplicate points for experimental error 
assessment.  For the multiple-quantum CPMG relaxation experiments, 
a relaxation delay of 15 ms was used to collect 13 CPMG pulse 
frequencies ranging from 67- 2000 Hz with three duplicate points for 
experimental error assessment. All dispersion relaxation data were 
analysed using PINT 34. 
NOESY experiments of H2A.B nucleosomes were measured with 
mixing time 200 ms at 318 K on a Bruker Avance III spectrometer 
operating at 22.3 T corresponding to 950 MHz 1H Larmor frequency, 
equipped with a cryo-probe.  
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Supplements 

 
Figure S4.1. Sequence alignment of H2A.B with canonical H2A. Fifteen 
H2A.B sequences from different species that are available on Histone Database 
2.0 1 are aligned and compared to human canonical H2A. Secondary structural 
elements of H2A in the canonical nucleosome structure are indicated above the 
sequences.  

 

 
Figure S4.2. Reconstitution of H2A.B-nucleosomes. (a,b) Chromatograph and 
SDS-PAGE of purification of refolded H2A.B-H2B dimers and H3-H4 tetramers 
used in the nucleosome reconstitution. (c) Native PAGE (left) and SDS-PAGE 
(right) analysis of reconstituted H2A.B nucleosomes used for subsequent NMR 
studies. (d) Thermal melting curves of H2A.B-nucleosomes as measured in a 
SYPRO-orange based thermostability assay. Thermal shift assay showed the 
presence of two-phase melting transition, with a first transition occurring at 71 
(Tm1) and a second at 81 °C (Tm2), correspondingly well to previously published 
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values 35. These transitions correspond to stepwise release of the H2A.B-H2B 
dimer and H3 and H4 histones respectively. 

 

 
Figure S4.3. Complete Me-TROSY spectra overlay for H2A.B in either 
nucleosomes (orange) or H2A.B-H2B heterodimer (red), and H2A in 
canonical nucleosomes (cyan). The H2A.B spectra of nucleosome and 
heterodimer show significant changes in overall peak pattern. Similar differences 
between dimer and nucleosome chemical shifts where observed for canonical H2A 
and attributed to the formation of the large interfaces to the DNA, H3-H4 and the 
second copy of the H2A-H2B dimer in the nucleosome 20. The changes observed 
here are thus consistent with formation of a well-folded nucleosome. 
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Figure S4.4 1H SQ CPMG relaxation dispersion profiles for H2A.B isoleucine’s 
I59 (a), I82 (b), and I106 (c) in nucleosomes.  
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Chapter 5. The electrostatic potential of 

the nucleosome acidic patch 
 
 
 
 
 
This chapter is based on: 
Heyi Zhang, Jelmer Eerland, Velten Horn, Hugo van Ingen. The 
electrostatic potential of the nucleosome acidic patch. In preparation. 
 
Contributions of authors: 
Amide backbone titration study and histidine side chain titration study 
were performed by Jelmer Eerland and Velten Horn. 
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Abstract 

The nucleosome surface contains an area with negative electrostatic 
potential known as the acidic patch, which functions as a binding 
platform for various proteins to modulate chromatin biology. The 
dense clustering of acidic residues in this patch may impact their 
effective pKa and thus the effective electrostatic potential of the acidic 
patch, which in turn could influence nucleosome-protein interactions. 
Here, we used solution NMR to determine the structure of the H2A-
H2B dimer and its acidic patch free in solution, showing that its core 
structure, including the acidic patch, agrees well with the structure 
within the nucleosome. Using pH titration experiments the pKa values 
for acidic residues as well as histidines that compose or surround the 
acidic patch were experimentally determined. While for several 
residues elevated pKa’s were predicted based on the structure, the 
experimental pKa values for glutamate carboxyl group at the acidic 
patch are all below 4.5. For residue H2A D89, part of the DEE acidic 
triad, a significantly elevated pKa of 5.6 was observed. Our results 
establish the order of protonation events in the acidic patch upon 
lowering pH from physiological values and establish H2B H106 as the 
first residue to titrate.  
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Introduction 

As the core component of chromatin, nucleosomes serve as a major 
docking platform for a wide range of proteins that control chromatin 
biology 1. Many of these proteins bind to nucleosomes through 
interaction with a distinct site on the central histone octamer surface, 
the acidic patch 2. In addition, nucleosomes can self-interact via this 
surface, thereby mediating chromatin compaction 3-4. The acidic patch 
is formed by the close proximity of six acidic residues from histone 
H2A and two from H2B, resulting in a defined region of predicted 
negative electrostatic potential that stands out from the overall 
positively charged histone surface (Figure 5.1a, 1b). Acidic patch 
binding proteins invariably use one or more arginine side chains to 
anchor to the acidic patch via hydrogen bonding interactions (Figure 
5.1c). The proximity of charged residues is known to affect the 
protonation energies of these titratable residues, possibly resulting in 
significant shifts in their pKa’s 5-6. In addition, the acidic patch 
perimeter includes two highly conserved histidine residues (see Figure 
5.1b) whose protonation degree may be very variable in the 
physiological range of pH. Thus, a priori it is not clear to what extent 
residues in and around the acidic patch are protonated under 
physiological conditions, neither to what extent they might change 
their protonation state due to subtle changes in local nuclear pH in vivo, 
or due to different buffer pH in experiments performed in vitro. 
Protonation or even fractional protonation of residues in or around the 
acidic patch may critically alter the surface charge potential and 
thereby impact the binding affinity of nucleosome-binding proteins. 
Indeed, unpublished in vitro experiments have shown that at least for 
chromatin factor HMGN2, a change in pH from 7.4 to 6.0 resulted in a 
~1000-fold reduced binding affinity to the nucleosome (unpublished 
data from Hugo van Ingen, Hidenori Kato, Lewis E. Kay, Yawen Bai). 
Here, we aimed to experimentally determine the pKa values of 
titratable residues in and around the acidic patch using NMR 
spectroscopy. NMR spectroscopy is one of the few techniques that can 
reveal residue-specific side chain pKa’s in proteins 5, 8-9. Changes in 
the chemical shifts of the nuclear spins in and around the titratable 
group upon changes in pH are then used to extract pKa values for each  
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Figure 5.1. Close proximity of acidic residues from histone H2A and H2B 
forms negatively charged nucleosome surface and functions as arginine 
anchor of RNF168. (a) APBS predicted electrostatic potential +/- 5 kT on solvent 
accessible surface of the histone octamer core in nucleosome (PDB id: 2PYO). (b) 
The close proximity of six acidic residues (E55, E60, E63, D89, E90, E91) from 
H2A and two (E102, E110) from H2B contribute to the acidic patch of the 
nucleosome. Histidine 46 and 106 from H2B locate around and in the acidic patch 
are also shown as sticks. H2A is shown in yellow, H2B in red, H3 in blue, H4 in 
green, and DNA in grey. (c) Acidic patch residues function as arginine anchors for 
the binding of RNF168 on nucleosomes 7.  

 
group. Such methodology has been successfully demonstrated even for 
very large complexes such as the proteasome using methyl-specific 
labeling 10, suggesting that this is in principle also possible for the 
nucleosome. However, this approach relies on the proximity of a 
methyl-bearing residue to the titratable group of interest. Given the 
number and the proximity of methyl groups in and around the acidic 
patch, such indirect readout is unlikely to result in determination of all 
residue-specific pKa’s. We thus resorted to the histone H2A-H2B 
heterodimer and applied a divide-and-conquer strategy, to be able to 
map the pKa’s of as many titratable groups regardless of the proximity 
of a methyl-group. We show that in solution the isolated H2A-H2B 
heterodimer retains the histone-fold core as in the nucleosome and that 
two glutamate residues in H2A are predicted to have significantly 
elevated pKa’s. By examining pH-dependent chemical shifts changes 
of both backbone amide and histidine, glutamate, and aspartate side 
chain groups, we determined the apparent pKa for all titratable groups 
in and around the acidic patch. Our result show that all acidic residues 
except H2A D89 have pKa values < 5, H2A D89 has pKa value 5.6, 
and that pH changes around 6.5 cause large chemical shift 
perturbations around H2B H106 that lines the acidic patch. These 
results establish that the glutamate and aspartate residues in the acidic 
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patch are indeed deprotonated in the physiological range and thus 
capable to serve as hydrogen bond acceptors for arginine-anchor 
residues in chromatin binding proteins. Furthermore, the elevated pKa 
of H2B His106 suggest that it may be fractionally protonated in close-
to-physiological conditions and thereby modulate the effective 
electrostatic potential of the acidic patch and thus the binding affinity 
of chromatin effector proteins.  
 

Materials and methods 

Histone protein production and dimer refolding. Drosophila 
melanogaster (Dm.) canonical histones H2A (Uniprot-id: P84051) and 
H2B (Uniprot-id: P02283) were expressed in E. coli BL21 Rosetta 2 
(DE3) cells (Novagen) and purified under denaturing conditions from 
inclusion bodies by extraction in 6 M guanidine chloride, followed by 
size-exclusion chromatography in buffer A (7 M urea, 50 mM NaPi pH 
7.5, 1 mM EDTA, 150 mM NaCl, 5mM BME) using a Superdex 75 
column (GE) and ion exchange with a salt gradient from buffer A to 
buffer A supplemented with 1 M NaCl. Histones used for NMR studies 
were produced in D2O or H2O-based M9 minimal medium containing 
desired isotopes. Histone dimers were refolded from equimolar mixes 
of denatured purified histones by dialysis to 2 M NaCl at room 
temperature and subsequent purification using size-exclusion 
chromatography over a Superdex 200 column (GE) in 2M NaCl buffer 
11. Purified dimers were stored at 4 °C before buffer exchange to lower 
salt concentration for NMR studies. 
 
NMR spectroscopy. The backbone HN, N, Ca, Cb, C’ chemical shifts 
of H2A and H2B in histone dimer were assigned in previous studies 7, 

12 (BMRB accession code 27547 and 27187). The H2A assignment 
were transferred to low pH conditions (20 mM MES pH5.8, 100 mM 
NaCl, 10% D2O) with the aid of triple resonance experiments to 
confirm the previous assignment and to expand the assignment for the 
disordered N-terminal tail. Secondary structure of H2A-H2B dimer 
was predicted by TALOS-N using HN, N, Ca, Cb, C’ chemical shifts 
13. 
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A 3D 15N-edited NOESY with 200 ms mixing time was recorded on a 
sample containing ~0.5 mM dimer in NMR buffer (20 mM NaPi, 200 
mM NaCl, pH 6.5, 5 mM b-mercaptoethanol). The dimer was refolded 
from perdeuterated 15N-labeled H2B and unlabeled H2A to selectively 
record intermolecular NOEs. 
For pH titration experiments, NMR buffers with pH range from 4.4 to 
9.1 were controlled to 200 mM ionic strength with NaCl according to 
the prescription of the pH calculator website (Rob Beynon, University 
of Liverpool). 10% D2O was added to the buffer prior to measurement. 
Samples were recovered after each titration point and buffer exchanged 
to next titration point.  
For determining backbone amide pKa values, dimers refolded with 
15N/13C labeled H2A and unlabeled H2B or 15N labeled H2B and 
unlabeled H2A were used. HSQC spectra of H2A-H2B dimer (150 
µM) in NMR buffers were recorded at 303K on Bruker Avance III HD 
spectrometers equipped with TCI cryoprobes and operating at 600 or 
850 MHz Larmor frequency. Acquisition times was typically 2.5-3 
hours per spectrum, with acquisition times of 150 ms for 1H and 100 
ms for 15N dimension. 
For determining histidine side chain amide pKa values, long-range 1H-
15N HMQC experiments14 were recorded on dimers refolded with 15N-
labeled H2B and unlabeled H2A (150 µM) at 303K on Bruker Avance 
III HD spectrometers equipped with TCI cryoprobes and operating at 
600 MHz Larmor frequency.  
To enhance sensitivity for detection of glutamate side chains, H2A was 
made in M9 medium in D2O, with 13C-protonated glucose, and 15N- 
labeled NH4Cl, to remove the alpha protons, and achieve about 50% 
deuteration on the aliphatic protons. Fractionally deuterated, fully 
15N/13C labeled H2A was refolded with unlabeled H2B. The 1H-13C 
carboxyl projection was recorded for 12h using H(C)CO type 
experiments to observe side chain carboxyl groups of glutamates and 
aspartates. Spectra were recorded at 303 K on a Bruker Avance III 
spectrometer equipped with a cryo-probe and operating at 22.3 T 
corresponding to 950 MHz 1H Larmor frequency. 
To assign side chains of glutamates and aspartates of H2A, several 
NMR experiments including 13C-constant-time-HSQC, 3D HCCH, 3D 
CCCONH, and 3D TROSY version of HNCOCACB were recorded at 
303 K on a Bruker Avance III spectrometer operating at 21.1 T 
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corresponding to 900 MHz 1H Larmor frequency, equipped with a 
cryo-probe. H2A was either fully or fractionally deuterated and fully 
15N/13C labeled in the dimer sample where H2B was unlabeled. 
All NMR data was processed using Bruker Topspin, or NMRPipe and 
analyzed using NMRFAM-Sparky 15. Titration data were analyzed 
using a custom python script written by Hugo van Ingen. Figures of the 
dimer structure and nucleosome structure (Pdb: 2PYO) were generated 
in Pymol (The PyMOL Molecular Graphics System, Version 1.7, 
Schrödinger, LLC). 
 
Structure calculation by CS-Rosetta. Structure calculation of the 
H2A-H2B dimer was first attempted using CS-Rosetta based only on 
backbone chemical shifts 16-17. The HN, N, Ca, Cb, C’ backbone 
chemical shifts of the core regions of H2A (V26-S97) and H2B (Y34-
K122) were used to calculate 3000 structures of the H2A-H2B histone 
fold core using the CS-Rosetta webserver 
(https://csrosetta.bmrb.wisc.edu/csrosetta/submit). To allow Rosetta to 
fold the dimeric core, the two proteins were connected by a random 
coil (Gly)8 poly-glycine linker into a single chain. The 10 structures 
with the lowest Rosetta energy model were selected as the best models. 
However, the final ensemble of CS-Rosetta models was not converged 
enough to guide the assignment of intermolecular NOEs between H2A 
and H2B (see below).  
 
Intermolecular NOE assignment by CYANA. 15N-edited NOESY 
spectrum was recorded on a H2A-[U-2H,15N]-H2B sample. All H2B 
HN protons were assigned unambiguously based on backbone (HN, N) 
chemical shifts. Intermolecular NOEs were automatically assigned by 
CYANA using the atom and residue specific average chemical shift as 
deposited in the BMRB together with H2A-H2B dimer structure 
extracted from nucleosome crystal structure (PDB id: 2PYO) as 
structural reference. About 500 intermolecular NOE cross peaks were 
observed with chemical shift below 7 ppm. In order to unambiguously 
assign the large number of intermolecular NOEs observed, cross peaks 
were grouped and assigned individually according to peak intensities. 
Briefly, the most intense 35 intermolecular NOE cross peaks together 
with their potential network support peaks within 0.01 ppm range of 
each chemical shift were first assigned by CYANA using a tolerance 
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of 0.4 ppm, which result in 17 unambiguous assignment for the most 
intense NOEs and their 30 network support NOEs. The assigned atoms 
were removed from the prot list before the next round of CYANA 
assignment of median intense NOE peaks together with the unassigned 
most intense NOE peaks. This second round could not provide unique 
assignment due to multiple options available for one chemical shift. 
The upper distance restraints for the 47 resulted unambiguous 
intermolecular NOEs were extracted from the .noa output file of 
CYANA assignment for the most intense peaks. To allow extra 
freedom of Rosetta structural sampling, an additional 0.5 Å was added 
to each upper distance restraints before Rosetta calculations.  
 
Structure calculation by Rosetta with NOE distance restraints. The 
same protocol as described in Chapter 3 was used for calculating and 
selecting the final structural ensemble for H2A-H2B dimers. Briefly, 
the distance restraints derived from the intermolecular NOEs were used 
together with the chemical-shift generated fragments to calculate the 
structure of the H2A-H2B core region (H2A V26-S97 and H2B Y34-
K122 connected by a poly-glycine linker) using the Rosetta AbInitio 
protocol as described previously 
(www.rosettacommons.org/demos/latest/public/abinitio_w_chemicals
hift_noe/README). In total, 3000 structures were generated and 
scored on the basis of their the full-atom and distance restraint energy 
(E) by Rosetta. For each model, backbone chemical shifts of 13Ca, 
13Cb, 13C’, 1HN and 15N were predicted by SPARTA+. The 
correspondence between predicted and experimental chemical shifts 
was used to rescore the initial Rosetta energy to a rescored energy (E’). 
The model with the lowest E’ was selected as the reference model, and 
the 10 models with the lowest Ca-RMSD from the 20 lowest energy 
models were selected as the final structure ensemble for the histone 
fold core. Structural statistics are reported in Supplementary Table 
S5.1. Predicted pKa’s were calculated using PDB2PQR webserver 
(http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/). Ten structures within the 
ensemble for H2A-H2B dimer in this study and from previous study 
were used for pKa predictions to get the average value and error bars. 
All structure images were created using open source PyMOL.  

Results 
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Isolated H2A-H2B dimer retains the same core structure as in the 
nucleosome 
Previously, the solution structure of the human H2A-H2B dimer was 
solved by the Nishimura lab based on experimental backbone chemical 
shifts and the protein folding program ROSETTA, showing 
considerable variation in the position of H2B aC helix 18. Since this 
helix carries two of the acidic residues that contribute to the acidic 
patch, a potentially dynamic position of the H2B aC helix might affect 
long-range electrostatic interactions and thus change the electrostatic 
potential of the acidic patch within the dimer compared to the 
nucleosome. We thus first wanted to verify that the acidic patch in our 
experimental system, the fruit fly H2A-H2B heterodimer, retains the 
same structure as in the nucleosome. Chemical shift indices (CSI) 
obtained from the experimental Ca and Cb chemical shifts confirm the 
presence of the histone fold core secondary structure elements for both 
histones (Figure 5.2a). Similar to the human dimer, the N-terminal a-
helix and C-terminal region of H2A are unfolded in solution, while 
these are defined structural elements in the crystal structure of the 
nucleosome. Overall, these data confirm Nishimura’s observation that 
the H2A-H2B dimer forms a well-folded histone fold domain with 
disordered tails in solution.  
To obtain the tertiary structure of the histone fold core of the dimer that 
includes the acidic patch, we used a Rosetta calculation supplemented 
with sparse distance restraints and backbone chemical shifts . As 
demonstrated in Chapter 3 for the H2A.B-H2B variant dimer, addition 
of distance restraints can be crucial to define the structure of the protein 
backbone. Indeed, a calculation of the structure purely based on HN, 
N, Ca, Cb, C’ backbone chemical shifts resulted in an ill-defined 
histone fold for the 10 models with the lowest Rosetta energy (Figure 
S5.1). Sparse intermolecular distance restraints were extracted from a 
dedicated NOESY experiment designed to measure intermolecular 
NOEs between H2B amide protons and H2A backbone or side chain 
protons, using dimers refolded from unlabeled H2A and perdeuterated 
and 15N-labeled H2B. For nearly all H2B residues in the core (Y34-
K122), including the H2B aC helix, several intermolecular NOEs were 
observed indicating that the dimers were well-folded (Figure 5.2b). Of 
these, 47 NOEs could be unambiguously assigned using the automated 
assignment procedure of CYANA 19, taking the nucleosome crystal 
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structure (PDB id: 2PYO 20) as the structural reference (see Material 
and Methods for details) (Figure 5.2b,c). Among these NOEs are 7 
from the H2B a1 helix, 16 from H2B a2 helix, 14 from H2B aC helix, 
7 from H2B loop 1, and 3 from H2B loop2. The dispersion over the 
core region of H2B suggests that the dimer in solution indeed adopts 
the same structure as in the nucleosome. Inclusion of these distance 
restraints in the structure calculation resulted in a well-defined 
structural ensemble with 1.63 ± 0.29 Å RMSD to the nucleosome 
dimer structure. (Figure 5.2d, see Supplementary Table S5.1 for 
Structural statistics).  
 
Acidic patch residues H2A E55 and E60 have high predicted pKa’s 
Having shown that the H2A-H2B dimer retains the nucleosomal 
structure in solution, we next submitted the coordinates of the final 
structural ensemble to the PDB2PQR webserver to predicted the side 
chain pKa values using the propka protocol. As a control, the predicted 
pKa from our structure were compared to those predicted from the 
human dimer structure and those predicted directly from the 
nucleosomal structure (Figure 5.3a). Overall, the three different 
structures give rise to very similar predicted pKa values. In particular, 
there is little difference between the values predicted for the fruit fly 
dimer structure determined here and the less converged human dimer 
structure. Notably, there are three residues with significantly different 
predicted pKa in the dimer and nucleosome context. Two of these are 
in close proximity to the nucleosomal DNA (H2A H81 and H2B D48) 
which increases their buriedness in the nucleosome and exposes these 
sidechains to the negative electrical field from the DNA. While the 
elevated pKa for H2B D48 can be understood in these terms, the reason 
for the reduced pKa predicted for H2A H81 is unclear. Finally, the 
predicted pKa for H2A E55 is ~1 unit higher in the nucleosome than 
in the dimer. Within the nucleosome, the E55 side chain is partly buried 
in a largely hydrophobic pocket by the H2A the aN helix, the loop to 
the a1 helix and the H2B a1 helix. The sidechain position is stabilized 
in this position through hydrogen-bonds to the backbone amide of H2A 
Q23 and F24 that are part of the loop between the aN and a1 helices. 
Since the aN helix is not folded in the free dimer, the E55 side chain 
will be more exposed in the free dimer. We conclude that with 
exception of H2A E55, H81, and H2B D48, reliable estimates for the 
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pKa’s of residues in and around the acidic patch can be made within 
the dimer context. 

 
Figure 5.2, isolated H2A-H2B dimer in solution maintains canonical folding 
as in nucleosomes. (a) secondary structural elements of H2A and H2B in the 
heterodimer based on experimental chemical shift Ca and Cb. The secondary 
structure observed in nucleosome crystal structure (PDB id: 2PYO) and previously 
reported heterodimer solution structure (PDB id: 2RVQ) are indicated as bars 
(alpha-helices) and arrows (beta-sheets) above the plot. (b) Strips from the 3D 15N-
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edited NOESY recorded on heterodimers with perdeuterated 15N-labeled H2B and 
unlabeled H2A showing intermolecular NOEs between H2B amide and H2A 
protons. Assignment of H2B amide and H2A resonances are indicated. NOEs 
shown restrain the H2B aC-helix position. (c) Zoom on the H2A-H2B structure 
(PDB id: 2PYO) corresponding to the intermolecular contact shown in the NOESY 
spectrum. (d) Superposition of best 10 Rosetta models with lowest rosetta energy 
and Ca RMSD for H2A-H2B solution structure calculated by Rosetta using 
backbone chemical shift HN, N, Ca, Cb, C’ and intermolecular NOE distance 
restraints. 

 

 
Figure 5.3. Predicted pKa for acidic patch residues represent well with 
corresponding ones in nucleosome. (a) the predicted pKa values for residues of 
acidic patch (cyan in (b)) and residues around the nucleosome surface with neutral 
to negative charges (magenta in (b)) are compared between Nishimura’s non-
converged solution structure (PDB id: 2RVQ), our converged solution structure 
calculated by rosetta, and nucleosome crystal structure (PDB id: 2PYO). The 10 
models for solution structural ensembles were used for predictions individually 
and the standard deviations are plotted as error bars. The pKa values for free state 
Histidine, Aspartic acid and Glutamic acid side chains are indicated as dash lines. 
(b) the residues from plot (a) are highlighted in the nucleosome crystal structure 
(PDB id: 2PYO), shown as sticks. Nucleosome color coding as H2A is shown in 
yellow, H2B in red, H3 in blue, H4 in green, and DNA in grey. (c, d) Electrostatic 
surface potential plot of acidic patch in the cases when H2A E55/E60 are neutral 
and H2B H46/H106 are positively charged (c) and in the case when H2A E55/E60 
are negatively charged and H2B H46/H106 are neutral (d). Electrostatic surface 
potentials were calculated for dimer extracted from PDB id 2PYO using the APBS 
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plugin in PyMol with the non-linear Poisson-Boltzmann equation contoured at 4 
kT/e. Negatively and positively charged surface areas are colored in red and blue, 
respectively. 

 
Interestingly, three residues have significantly different predicted 
pKa’s compared to their random-coil values. Of these, two residues, 
H2A E55 and E60, are part of the previously established nucleosome-
protein interaction surface in the acidic patch 2, 21(see also Figure 5.1c). 
For both, significantly elevated pKa’s are predicted (5.3 for E55 and 
6.0 for E60). For E60, this may be due to stabilization of the protonated 
state by a hydrogen bonding interaction with H2A Y56, whereas for 
E55 this may due to the partly buried position of this side chain also 
within the dimer. Within the nucleosome, the pKa of H2A E55 is 
predicted to even reach 6.4. Together with two histidine’s in H2B (H46 
and H106) that line the acidic patch, there are thus four residues in and 
round the acidic patch that may change protonation state depending on 
buffer pH for the typical pH range used in vitro. To illustrate the impact 
of such changes, we calculated the predicted electrostatic surface 
potential both for the “worst” case scenario in which all four residues 
H2A E55, E60 and H2B H46, H106 are all protonated (Figure 5.3c), 
and the “best” case scenario in which these residues are all 
deprotonated (Figure 5.3d). The clear difference in negative 
electrostatic potential could contribute to loss of binding for proteins 
that target the acidic patch. 
 
Large changes in the acidic patch chemical environment between pH 
6 and 7 
We first assessed experimentally the impact of changes in pH on the 
heterodimer using amide backbone chemical shift perturbation 
mapping. Using refolded H2A-H2B dimers with uniformly 15N-labeled 
H2A and unlabeled H2B or vice versa, 2D NH HSQC spectra were 
recorded under different pH conditions with controlled ionic strength 
(200 mM). The buffer pH was varied between 4.5 and 9.1 (see Table 
S5.2; using acetate buffers for pH below 5.5 and MES buffers for pH 
between 5.5 and 6.5, and phosphate buffers for pH above 6.5, and 
CHES buffer at pH 9). Throughout this pH range well-dispersed 
spectra were obtained, indicating that the heterodimer remains folded 
which is in accordance with literature data 22. Assignments of both 
H2A and H2B amide resonances were obtained earlier at pH 6.5 7, 12 
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and transferred here to all spectra (see also M&M). Resonances from 
the disordered histone tails were not visible above pH 8 due to fast 
exchange of backbone amide proton with the water resonance. Several 
resonances experience large chemical shift perturbations (CSPs) over 
the 4.5-9 pH range, including H2A Q23 and E63 as well as H2B H46 
and E102. Residues with the largest CSPs cluster in the acidic patch 
region, also when focusing only on the changes between pH 6 and 8 
(Figure 5.4a).  
 

 
Figure 5.4. Apparent pKa of H2A-H2B dimer core region measured by 
chemical shift perturbations of backbone amide protons. (a) plot CSP between 
pH 6 to 8 on crystal structure of H2A-H2B dimer core region (PDB id: 2PYO). 
Combined CSPs are indicated by color gradient from white (10 Hz) to green 
(above 80 Hz). Residues that were too overlapped or weak, or with combined CSP 
less than 10 Hz are colored grey. Acidic patch residues and histidines are indicated 
by arrows pointing to H2A residues (yellow) and H2B residues (red). (b) plot of 
apparent pKa measured by backbone amide proton on crystal structure of H2A-
H2B dimer core region (PDB id: 2PYO).  Color coded red to white to blue, 
represents pKa <5 (red), 5.5 (white), >6 (blue). Residues that were too overlapped 
or weak are colored grey.H2A acidic patch residues and H2B acidic patch residues 
together with H46 and H106 are shown as sticks. 

 
As the amide backbone chemical shifts are not only sensitive to 
electrostatics, but even more so to changes in hydrogen bonding 
strength and local conformation, the observed CSPs can only be taken 
as indirect reporters of changes in protonation state. Moreover, 
sensitivity to multiple (nearby) protonation events can result in curved 
peak trajectories, that can complicate the analysis. Fitting of the CSP-
derived pH titration profiles to a modified version of the Henderson-
Hasselbalch equation thus results in a single, residue-specific apparent 
pKa, even for residues without titratable group and even in the case 
where multiple protonation events are sensed (see Table S5.3). For 
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example, H2A residues A65 displays a clear and linear pH –dependent 
CSP that can be fitted to an apparent pKa value of 5.75 which may be 
due to protonation of the nearby H2B H46 side chain at low pH (Figure 
5.5a). An extremely curved trajectory was observed for H2A E63 that 
is near to both H2A E63 and H2B H46 side chains, and thus may be 
sensitive to two protonation events (Figure 5.5d). 
 In cases where the amide proton is hydrogen bonded to a titratable 
group, the apparent pKa can be taken to reflect directly pKa of the side 
chain involved. For example, one of the largest CSPs is observed for 
H2B E102 amide which can be explained by a change in hydrogen 
bonding to the nearby carboxyl group of H2A E91 upon lowering the 
pH below ~5.3 (Figure 5.5b). The resulting best-fit apparent pKa of 
4.28 thus likely represents the pKa of the H2A E91 carboxyl group. 
Similarly, the fitted value obtained for the H2B L103 amide likely 
reflects the E90 pKa.   
Interestingly, the pKa of H2A E55 can be estimated to be 4.5, based on 
the apparent pKa’s for the H2A Q23 and F24 amides (Figure 5.5c). As 
noted above, these amides are hydrogen bonded to the E55 carboxyl 
group in the nucleosome. While the preceding aN helix is not formed 
within the free dimer and the loop containing these amides is likely 
more flexible in the dimer, the strongly downfield shifted 1HN chemical 
shifts suggest these remain hydrogen bonded in the dimer. 
Furthermore, H2A E55 is the only titratable group in close proximity 
to these amides. This estimate for the E55 pKa value is considerably 
lower than the structure-based predicted value of 5.3 and more in line 
with the expected values for glutamate side chains.  
The last acidic patch residue for which the backbone data can be used 
to derive the sidechain pKa is H2A D89. Its sidechain is hydrogen 
bonded to the E91 and L92 backbone amides. Surprisingly, these report 
an apparent pKa of 5.6 (Fig 5e, significantly higher than the random 
coil (3.8) or structure-predicted pKa values (3.9). 
When plotted on the structure, inspection of the residue-specific pKa 
shows that most residues in and around the acidic patch, in particular 
near the H2A D89, E90, E91 triad, report apparent pKa values below 
5 (Figure 5.4b). The opposite end of the acidic patch, near H2A E55 
and H2B E102, as well as the center around H2A E60 and E63 have 
apparent pKa higher than 5. These are relatively close to histidine H106 
and H46 from H2B, that line the acidic patch. These observations, 
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coupled with the large CSPs observed for the acidic patch, suggest that 
the effective electrostatics of the acidic patch may indeed change in the 
pH range of 6-8. This change is likely due to changes in protonation 
state of the H2B histidines H106 and H46, and H2A D89. 
 
Direct pKa measurement of Glu and Asp by side chain carboxyl 
carbon chemical shifts 
To verify whether the acidic patch glutamates or aspartates have indeed 
low pKa as suggested by the analysis above, we next wanted to observe 
the chemical shifts of the carboxyl carbons directly as they are more 
unambiguous and sensitive reporters of the protonation state. These 13C 
chemical shifts typically move ~4 ppm upfield as the carboxyl group 
undergoes protonation. Using dimer (25 kDa) with fractionally 
deuterated and 13C labeled H2A, 2D CH correlation spectra were 
recorded using a HCCO pulse sequence where each correlation 
connects the 13Cg/Cd carboxyl groups to the Hb/Hg of aspartate or 
glutamate 23. Here only H2A was isotope labeled, since H2A contains 
most of the relevant acidic residues, including E60 which may have 
elevated pKa according to the structure based pKa prediction and 
backbone based pH titration. Histone H2A contains 7 glutamate and 2 
aspartate acids together with 7 asparagines and 4 glutamines, which in 
principle should generate 40 observable signals in these spectra. 
Signals from Asn/Asp and Gln/Glu can be discriminated based on 
distinct chemical shifts for the carboxyl carbon (176.4/177.8 ppm for 
Cg of Asn/Asp, 179.3/181.2 ppm for Cd of Gln/Glu) and for proton 
Hb/Hg (~2.7 ppm for Asn/Asp, ~2.2 ppm for Gln/Glu). The 2D HCO 
spectrum shows several peaks in the glutamate region, which are 
unfortunately heavily overlapped (Figure 5.6c). The Gln and Asn 
residues are also visible from the 2D HCO spectra and well separated 
from Glu residues. No CSP were observed during the titration for Gln 
and Asn residues (Figure 5.6b). Unfortunately, signals for the 2 Asp 
residues could not be detected, likely due to lack of more extensive line 
broadening for these shorter sidechains 23. To assign the glutamate 
Cd/Hg resonance, we attempted to correlate the Hg resonances to the 
assigned backbone resonances via both triple resonance backbone and 
sidechain resonances. However, neither strategy was successful due to 
poor sensitivity. The corresponding region in the CH constant time 
HSQC spectrum shows 7 resonance pairs that likely correspond to the 
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Figure 5.5. Apparent pKa of H2A-H2B dimer core region measured by 
chemical shift perturbations of backbone amide protons. (a-e) CSP of residues 
are shown on the left column, titration curves fit combined CSP to pH and the 
apparent pKa determined are shown in the middle column, and the structural 
references using the crystal structure of H2A-H2B dimer (PDB id: 2PYO) are 
shown on the right column. 

 
seven Glu residues in H2A (Figure 5.6a). Due to the high dynamics of 
the C-terminal H2A tail, we could tentatively assign C-terminal E120 
to the most intense pair of signals. By comparing the CH constant time 
HSQC spectrum with the 2D HCO spectrum at similar pH conditions 
(5.8 and 6.0 respectively), we could arbitrarily assign the other six 
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glutamates to the overlapped peaks (Figure 5.6c). By following these 
arbitrarily assigned glutamate peaks in the 2D HCO spectrum at 
titrated pH conditions, valuable information of the pKa values of the 
observed resonances was extracted (Figure 5.6d). During titration, all 
peaks shift more or less together, indicating the corresponding 
glutamate side chains have similar pKa values. All glutamates side 
chain carboxyl group pKa are below 5 (Figure 5.6e). Since the dimer 
does not fold stably in conditions with pH lower than 4.5, no data could 
be collected to reach the fully protonated state. Nevertheless, the 
limited CSPs (~1.1 ppm) and approximate fit to the Henderson-
Hasselbalch equation clearly indicate their pKa value is lower than 5. 
These findings thus indicate that the acidic residues in the acidic patch 
have pKa’s close to their default values and thus point to the histidines 
as being responsible for the large CSPs in the acidic patch between pH 
6 and 8. 
 
pKa values of H2B H106 and H46 
To experimentally determine the pKa values of the histidines that line 
the acidic patch, we used heterodimers with 15N,13C-labeled H2B and 
unlabeled H2A and recorded HMQC spectra probing long-range 
correlation between the sidechain 1He1, 1Hd2, 15Ne2 and 15Nd1 spins 
in the histidine side chains. Since H2B contains both H46 and H106 
that line the acidic patch, as well as an additional histidine H79 close 
to the dimer-dimer interface, a titration experiment on this single 
sample suffices to obtained the relevant pKa’s. The spectra indeed 
show correlations for each of the three histidines in H2B (Figure S5.2). 
Titration of the pH between 4.4 and 7.5, resulted in clear chemical shift 
changes (Figure 5.7a) that could be fitted to pKa’s of 5.9, 6.5 and 6.7 
(Figure 5.7b). Although side chain assignment of the histidines is 
currently lacking, we could assign the three histidines based on 
comparison of the side chain determined pKa data with the backbone 
amide proton determined pKa’s. Histidine number 3 has the largest 
chemical shift perturbation in the proton dimension and its pKa is 
determined to be below 6 (Figure 5.7a,b). In the dimer structure, H2B 
H46 side chain is close to several H2A residue backbone amide protons 
whose pKa values were determined to be below 6 (H2A E63-N67, see 
Table S5.2), while residues around H2B H79 have backbone amide 
proton pKa value above 6.5 (H2A A39 6.7, H2B R76 6.8, Y80 6.5).  
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Figure 5.6. glutamates in H2A has pka below 5 for side chain carboxyl group 
in dimer. (a) 13C-H constant time HSQC spectrum of H2A glutamates show well 
resolved peaks for 7 glutamates in sequence. Each glutamate has a duplicated peak 
for the side chain carboxyl group. (b, c, d) H-CO 2D spectra measured using 
HCACO sequence centered on side chain. Glutamines (b) has different chemical 
shifts than glutamates (c, d) on 2D H-CO spectra. (c) Glutamates side chain 
carboxyl group heavily overlap with each other. Dash lines showing the 
assignment of 7 glutamates based on 13C-H constant time HSQC spectrum. 
Question marked peaks are not traceable at other pH conditions. (d) CSPs of H2A 
glutamates shown by 2D H-CO spectra overlay at different pH conditions. During 
pH titration, obvious shift started to occur when pH drops to 5. Peak positions are 
marked at representative pH conditions. Arbitrarily assigned E6 and E7 shifts 
closely represent the pattern of E120. (e) titration curves fit CSP to pH are shown 
for H2A E120, arbitrarily assigned E3 and E4.   

 
For histidine number 2, we have observed a change in shifting direction 
of 2Ne2-Hd2 and 2Nd1-Hd2 side chain group when the pH drops 
below 5 (Figure 5.7e). Similarly, changes in shifting direction of 
backbone amide proton for H2B A107 and L103 were observed 
(Figure 5.7f,g). Since H2B A107 and L103 is close to H106 in the 
dimer structure, we can confirm the assignment for histidine number 2 
to H106. Thus, we assign the measured pKa for number 1 to H79,  
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Figure 5.7. pka value determined by histidine side chain. (a) CSP of 3 
histidines side chain amide groups from H2B at different pH conditions. Peak 
shifting directions are marked as dashed lines. (b) titration curves fit CSP to pH 
are shown for each histidine. (c) Backbone amide protons from H2A E63-N67 
close to H2B H46 side chain amide group report apparent pKa’s below 6 (see table 
S5.2). (d) backbone amide groups from H2B R76 and Y80 and H2A A39 close to 
H2B H79 side chain amide group report apparent pKa’s above 6.5 (see table S5.2). 
(e) change of CSP direction at pH below 5 of histidine’s side chain amide groups 
of 2Ne2-Hd2 and 2Nd1-Hd2. (f) change of CSP direction at pH below 5 of 
backbone amid groups of H2B L103 and A107. (g) H2B L103, H106 and A107 
are close to each other in dimer structure (PDB id: 2PYO). 

  
histidine number 2 to H2B H106, and histidine number 3 to H2B H46. 
To conclude, we have measured histidine side chain pKa values of H2B 
histidines as 5.9 for H46, 6.5 for H79 and 6.7 for H106. 

Discussion 

The nucleosome acidic patch is a binding surface for many nucleosome 
remodeling factors. The electrostatic potential of the surface is 
essential for binding of specific partners, and moderate changes may 
cause binding deficiency. For chromatin factor HMGN2 it was found 
that a drop in buffer pH from 7 to 6 results in a drastic decrease in 
binding affinity to nucleosome (unpublished data from Hugo van 
Ingen, Hidenori Kato, Lewis E. Kay, Yawen Bai). Such peculiar pH 
dependent binding affinity may directly be caused by changes in the 
electrostatic potential of nucleosome surface. Here, we sought to 
experimentally determine the pKa values of all titratable groups in and 
around the acidic patch within the free H2A-H2B dimer. 
We first determined the H2A-H2B solution structure using a CS-
ROSETTA protocol supplemented with sparse intermolecular distance 
restraints. The resulting structure is well defined and close to 
nucleosomal dimer structure. Notably, this structure does not show 
evidence for an intrinsic conformational heterogeneity present in the 
dimer as was argued in a previous study using CS-ROSETTA only18. 
Determination of all side chain pKa was complicated by the substantial 
size of the H2A-H2B dimer (25 kDa). While residue specific mapping 
of sidechain pKa has been demonstrated before for smaller protein 
domains and intrinsically disordered proteins, the enhanced relaxation 
in this system made it challenging to directly probe the protonation of 
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all sidechain carboxyl groups in an unambiguous manner. Yet, 
combination of these data with apparent pKa derived from backbone 
amide data and experimental pKa’s for the histidine sidechains allows 
to assign pKa values or estimated values to all titratable groups in and 
around the acidic patch (Table 5.1). Our results show that all 
glutamates residues in the acidic patch have pKa below 5, and thus 
unambiguously falsify the high predicted pKa for H2A E55 and E60. 
Surprisingly, for the sole aspartate in the acidic patch, H2A D89, we 
find a best estimate of 5.6 for its pKa. This estimate is based on the 
backbone data and could unfortunately not be verified directly in 
sidechain experiments due to too low a sensitivity. For two histidines 
that line the acidic patch, H106 and H46, pKa values of 6.7 (H106) and 
5.8 (H46) were determined, respectively. At physiological pH, the 
acidic patch is thus highly negatively charged. We found that reduction 
of the pH below the physiological value results in large CSPs in and 
around the acidic patch. Our data indicate that this is first due to the 
protonation of H2B H106, then due to protonation of H2B H46 and 
H2A D98. Protonation of these residues likely alters their sidechain 
position, which in particular for the aromatic histidine rings will result 
in large chemical shift changes for surrounding backbone amides. 
In situ pH measurements have indicated that the nuclear pH is 7.8, 
slightly higher than the cytosolic pH (7.4) 24. At pH of 7.8, the histidine 
H106 and H46 are for 7.4% and 1.0% in their protonated, positively 
charged form, while D89 is <0.6% in the neutral state. At pH 7.4 this 
increases to 16.6%, 2.5% and 1.5%, respectively. The reduced pKa for 
H46 may help to retain a pronounced acidic character near zone I of 
the acidic patch (H2A E60, L64, D89, E91, and H2B E102, L103) 
which is the key interaction site of nucleosome-binding proteins 2, 21. 
Such slight changes in protonation levels are unlikely to result in 
significant perturbation of binding of chromatin factors to the acidic 
patch. In addition, burial of these residues upon protein binding may 
reduce their pKa’s by stabilizing the deprotonated state. Yet, it is 
conceivable that changes in the local microenvironment could result in 
more pronounced acidification that would disfavor binding. 
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Table 5.1. Predicted pKa and experimentally measured pKa values for all titratable 
groups in H2A-H2B dimer. 
residue Predicted 

pKa (dimer / 
nucleosome) 

Best 
estimated 
from 
backbone 
N-H 
apparent 
pKa 

Best 
estimated 
from side 
chain pKa 

Final best 
estimated 
pKa 

H2A H30 5.68/1.28 4.36   
H2A E40 3.82/4.84 5.91 <5 <5 
H2A E55 
(AP) 

5.30/6.37 4.53 (hb to 
Q23, F24) 

<5 4.53 

H2A E60 
(AP) 

5.99/5.56 6.15 <5 <5 

H2A E63 
(AP) 

4.78/4.62 5.52 <5 <5 

H2A D71 3.73/4.02 4.58   
H2A H81 5.53/4.10 N/A (hb to 

I78) 
  

H2A D89 
(AP) 

3.79/3.88 5.59 (hb to 
E91, L92) 

 5.59 

H2A E90 
(AP) 

4.33/4.82 4.24 <5 <5 

H2A E91 
(AP) 

4.40/4.37 4.35 (hb to 
H2B E102, 
L103) 

<5 <5 

H2A E120 -/5.08 4.18 <5 4.18 
H2A A123 
(C-
termini) 

-/3.24 4.08  4.08 

H2B E32 -/3.87 6.10   
H2B H46 6.14/6.43 5.68 (close 

to H2A 
G66, N67) 

5.86 5.77 

H2B D48 2.88/3.85 5.83   
H2B D65 4.42/2.85 -   
H2B E68 4.50/6.28 -   



Chapter 5 

132 

H2B E73 4.25/3.78 -   
H2B H79 6.55/5.23 6.91 6.53 6.53 
H2B E90 3.32/4.02 3.77 (hb to 

T87) 
 3.77 

H2B E102 
(AP) 

4.20/3.59 4.50   

H2B H106 6.96/6.53 6.61 6.69 6.69 
H2B E110 
(AP) 

3.72/4.55 5.14   

H2B K122 
(C-
terminus) 

2.43/3.07 4.25  4.25 

 
Comparison of the experimental and predicted pKa values highlights 
the challenge in accurate prediction of pKa values and the need for 
experimental validation (Table 5.1). The predictions indicate that for 
residues close to the nucleosomal DNA, e.g. D48 or H81, the pKa 
measured may be altered in the nucleosome. This may also be the case 
for H2A E55, for which a higher pKa values was predicted in the 
nucleosome context. Assuming that the experimental value in the 
nucleosome is higher by one unit, as in the predictions, this would 
result in a pKa of ~5.5 for E55 in the nucleosome. This residue would 
thus be the fourth residue to titrate upon dropping the pH below 
physiological value, after H106, H46 and D98.  
In conclusion, we have determined the solution structure of the H2A-
H2B dimer and studied the pH titration of the acidic patch residues. 
We find that the acidic patch is indeed highly acidic at physiological 
pH and remains so down to pH ~6.7 at which point H2B H106 starts 
to titrate. Further reduction in pH will cause protonation of both H2B 
H46 and H2A D98 in that will significantly decrease the 
electronegativity near the key protein interaction site of the acidic 
patch. In addition, H2A E55 may also get significantly protonated 
around pH 5.5 when in the nucleosome context. These results are 
important for proper planning of in vitro experiments as well as for 
accurate molecular dynamics simulations of nucleosome-nucleosome 
or nucleosome-proteins interactions that are mediated through the 
acidic patch. 
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Supplements 

 
Figure S5.1. Superposition of the 10 CS-Rosetta models with the lowest Rosetta 
energy to align the H2A and H2B a2 helices, showing ill-defined positions of 
H2A a1 and H2B aC helices within the dimer structure. 

 

 
Figure S5.2. Side chain H-N spectra for three histidine’s in H2B at pH 7.1. 
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 Table S5.1. Structural statistics for the core region (H2A V26-S97 and H2B Y34-
K122) of isolated H2A-H2B heterodimer 

A. Restraint information  
number of intermolecular NOEs 47 
B. Average RMS deviation from experimental restraints  
All experimental distance restraints (Å) 0.3 ± 0.5 
C. Coordinate RMS deviationa (Å)  
Average RMSD to mean  
Ordered backbone atoms  1.1 ± 0.2 

Ordered heavy atoms 1.5 ± 0.2 
Global backbone atoms 1.2 ± 0.2 
Global all heavy atoms 1.6 ± 0.2 

 
 
 

Average RMSD to 2PYO 
 
 

 
 
 

Ordered backbone atoms 1.6 ± 0.3 
Ordered heavy atoms 
 

2.3 ± 0.3 
Global backbone atoms 1.9 ± 0.3 
Global all heavy atoms 2.5 + 0.3 
Average Pairwise RMSD  
Ordered backbone atoms 1.5 ± 0.3 
Ordered all heavy atoms 2.2 ± 0.3 
Global backbone atoms 1.8 ± 0.3 
Global all heavy atoms 2.3 ± 0.3 
  
a Ordered regions correspond to all helices at the core 
region of H2A-H2B dimer.  
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Table S5.2: NMR samples and buffers (with ionic strength of 200mM NaCl) used 
for pH titration experiments. 
 

13C/15N labeled H2A-unlabeled H2B 
Buffer type (20 mM) pH 
HAC 4.5 
HAC 5.1 
MES 5.6 
MES 6.0 
MES 6.5 
Pi 6.8 
Pi 7.5 
Pi 7.9 
CHES 9.1 
unlabeled labeled H2A-15N H2B 
HAC 4.4 
HAC 5.0 
MES 5.4 
MES 5.8 
MES 6.2 
Pi 6.8 
Pi 7.1 
Pi 7.5 
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Table S5.3: all amide pKa and CSP values for H2A and H2B during the NMR pH 
titration. When the combined CSP is smaller than 10 Hz then no pKa value was 
calculated. 
 
H2A backbone NH apparent pKa 
Residue 
number 

Residue name Combined CSP 
(Hz) 

pKa 

4 GLY 31 5.66 
6 GLY 23 6.25 
9 VAL 17 5.87 
10 LYS 19 5.94 
11 GLY 31 6.20 
12 LYS 31 5.52 
13 ALA 190 6.10 
14 LYS 133 6.25 
15 SER 120 6.13 
17 SER 65 5.67 
18 ASN 46 5.75 
20 ALA 118 5.09 
21 GLY 77 5.68 
22 LEU 82 5.44 
23 GLN 460 4.38 
24 PHE 70 4.67 
26 VAL 30 4.73 
27 GLY 58 5.28 
28 ARG 48 5.81 
29 ILE 30 5.23 
30 HIS 52 4.36 
32 LEU 25 4.29 
33 LEU 49 4.52 
34 ARG 120 4.74 
35 LYS 28 5.37 
36 GLY 34 5.48 
38 TYR 47 4.79 
39 ALA 29 6.67 
40 GLU 78 5.91 
41 ARG 30 5.22 
42 VAL 27 4.45 
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43 GLY 45 4.83 
44 ALA 15 4.25 
46 ALA 18 6.08 
51 ALA 50 5.05 
54 MET 62 5.72 
55 GLU 60 5.63 
56 TYR 23 6.50 
57 LEU 32 4.47 
58 ALA 65 5.86 
59 ALA 118 6.14 
60 GLU 63 6.15 
61 VAL 110 5.80 
62 LEU 80 5.54 
63 GLU 120 5.52 
64 LEU 55 4.96 
65 ALA 110 5.75 
66 GLY 145 5.64 
67 ASN 150 5.72 
69 ALA 85 5.55 
70 ARG 79 5.60 
71 ASP 13 4.58 
72 ASN 18 5.58 
73 LYS 24 6.41 
76 ARG 33 6.02 
77 ILE 23 7.11 
80 ARG 14 5.53 
81 HIS 13 6.14 
82 LEU 27 5.30 
83 GLN 17 5.62 
84 LEU 22 3.53 
85 ALA 25 5.69 
86 ILE 42 4.71 
87 ARG 41 4.59 
88 ASN 30 4.85 
89 ASP 87 4.96 
90 GLU 15 4.24 
91 GLU 45 5.36 
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92 LEU 140 5.82 
93 ASN 110 4.91 
94 LYS 140 5.01 
95 LEU 50 4.74 
99 VAL 25 4.11 
100 THR 27 5.04 
101 ILE 13 4.18 
120 GLU 18 4.18 
123 ALA 26 4.08 
H2B backbone NH apparent pKa 
29 LYS 28 7.32 
30 ARG 18 5.10 
31 LYS 21 5.23 
32 GLU 12 6.10 
33 SER 23 5.18 
35 ALA 53 4.91 
36 ILE 25 5.31 
37 TYR 22 4.48 
40 LYS 32 6.29 
41 VAL 46 5.81 
42 LEU 21 5.94 
43 LYS 48 6.00 
44 GLN 40 5.59 
45 VAL 33 6.46 
46 HIS 140 5.77 
48 ASP 50 5.83 
49 THR 90 5.80 
50 GLY 23 6.05 
51 ILE 18 5.42 
52 SER 17 4.67 
55 ALA 90 4.96 
56 MET 49 6.62 
57 SER 15 4.82 
58 ILE 16 5.85 
59 MET 27 5.02 
61 SER 40 5.52 
62 PHE 45 4.38 
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63 VAL 40 3.02 
67 PHE 20 3.75 
69 ARG 46 3.42 
70 ILE 28 4.75 
71 ALA 13 6.44 
74 ALA 33 5.40 
76 ARG 39 6.79 
77 LEU 16 5.88 
79 HIS 100 6.91 
80 TYR 22 6.52 
81 ASN 35 6.42 
82 LYS 52 5.81 
83 ARG 16 5.23 
87 THR 61 3.77 
90 GLU 18 4.23 
91 ILE 26 3.63 
93 THR 40 6.28 
94 ALA 30 5.06 
95 VAL 29 5.03 
97 LEU 38 5.21 
98 LEU 23 4.54 
102 GLU 300 4.50 
103 LEU 70 4.19 
104 ALA 140 5.74 
105 LYS 95 5.70 
106 HIS 71 6.61 
108 VAL 125 5.84 
109 SER 41 5.85 
110 GLU 104 5.14 
111 GLY 33 4.33 
114 ALA 15 4.40 
115 VAL 48 4.41 
117 LYS 115 5.78 
118 TYR 21 7.38 
119 THR 114 5.81 
120 SER 79 5.79 
121 SER 45 5.74 
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122 LYS 21 4.25 
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Chapter 6. Discussion 
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Biological macromolecules including proteins, nucleic acids, and 
membranes carry out most of the cellular functions.  To fully 
understand the biological roles of these macromolecules it is necessary 
to know their three-dimensional structures. This is no less true in the 
field of chromatin biology, where nucleosomes and nucleosome-
binding proteins cooperate to regulate the basic DNA templated 
processes such as transcription and DNA repair. In this thesis, I aimed 
to characterize the structural and dynamical properties of nucleosomes 
containing histone variant H2A.B. This highly divergent variant is 
specifically incorporated into the genome to replace the canonical 
histone H2A in nucleosomes in order to regulate transcription and 
translation. The properties and functions of H2A.B incorporated 
nucleosomes discovered from previous studies were introduced in 
Chapter 1. One of the most peculiar features of H2A.B nucleosomes 
compared to canonical ones is its open conformation of DNA entry/ 
exit ends within the nucleosome. A complete description of the 
structure-function relationship for the H2A.B-nucleosome requires a 
high-resolution structure, which is yet unknown. The loss of DNA-
protein interactions for the ultimate ~15 bp in H2A.B nucleosomes is 
likely to interfere with crystallization as tight packing of the DNA ends 
within the crystal lattice has been decisive for solving the nucleosome 
structure. At the same time, the partially unwrapped and dynamic 
nucleosomal DNA ends and possible dynamics within the octamer will 
likely limit the attainable resolution in cryo-EM studies. NMR 
spectroscopy on the other hand has developed into a viable alternative 
to study large macromolecular assemblies, even for systems as large as 
the nucleosomes with a molecular mass over 200 kDa. NMR 
spectroscopy has the unique advantage to be able to handle dynamic 
systems without necessarily compromising the atomic resolution of the 
data. It is also able to probe dynamics as well as interactions in addition 
to structure. In this thesis, I have used an NMR-driven approach to 
study the structure and dynamics of the H2A.B nucleosome, a prime 
example of large, dynamic assembly. 
 

Isotope-labeling strategies to study H2A.B 
nucleosomes and histone dimers. 
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Incorporation of stable, NMR-active isotopes of carbon and nitrogen is 
an absolute requirement for NMR studies. In chapter 2 I reviewed 
various isotope labeling strategies that address two important 
challenges: strategies to enhance sensitivity and resolution of NMR 
spectra for large proteins, and alternative ways of producing more cost-
friendly and less laborious NMR samples. The latest developments 
over the past six years and the recent applications of these labeling 
strategies were discussed to show the possibilities and capabilities of 
using solution NMR spectroscopy to study macromolecular 
assemblies. In Chapter 4, various labeling schemes were applied to 
H2A.B nucleosomes to study its structure and dynamics. Using 
uniform 15N-labelling, the flexible N-terminal tails of H2A.B and H3 
in the nucleosomes could selectively be observed as signals from the 
rigid core region were effectively broadened beyond detection. To 
observe the folded core of H2A.B, nucleosomes were prepared with 
Ile-d1-[13CH3], Leu, Val-[13CH3, 12CD3]-H2A.B and perdeuterated 
H2B, H3, and H4 with unlabeled 601-DNA (ILV labeling). The 
scarcity of protons within the sample dramatically slows the transverse 
relaxation of the methyl 1H spins, which allows to probe the Ile, Val, 
Leu methyl groups of H2A.B within the nucleosome. Structural and 
dynamical properties of H2A.B docking domain in nucleosomes were 
thus characterized by methyl-NOESY and 13C-1H multiple quantum 
CPMG relaxation dispersion experiments. Not only large systems, but 
also smaller protein complexes can benefit from specific isotope 
labeling. As described in Chapter 3 and Chapter 5, uniformly 2H, 
15N-labeled H2B were refolded with unlabeled H2A.B or H2A to 
selective observe intermolecular NOEs in a 15N-NOESY experiment, 
with the exception of intramolecular HN-HN NOEs. These NOE 
restraints were essential to determine the solution structures of H2A-
H2B and H2A.B-H2B heterodimers.  
 

Chemical shifts vs. NOEs in to solving histone 
heterodimer structures by NMR. 

In Chapter 3 and Chapter 5, I heavily invested in solving H2A.B-
H2B and H2A-H2B dimer solution structures using NMR in 
combination with Rosetta. The original approach based only on 
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backbone chemical shifts HN, N, Ca, Cb, and CO have given final 
structural ensembles with unfixed positions of the H2B aC-helix and 
H2A(.B) a1-helix. Similar observations were reported for H2A-H2B 
dimer using the same approach where additional Ha chemical shifts 
were used 1. Moriwaki et al. argued that the observed structural 
variations for these helices are intrinsic properties of the dimer and that 
only upon incorporation into nucleosomes these structures would be 
fully defined. To further validate the plasticity of the dimer, Moriwaki 
et al. performed H/D exchange experiments, fast hydrogen exchange 
experiments, and hetero-nuclear NOE experiments to probe the 
dynamics of the dimer. While H/D exchange rates for amide protons 
located in H2B aC-helix and H2A a1-helix were relatively rapid 
compared to other helices, no obvious differences were detected by fast 
hydrogen exchange experiments or hetero-nuclear NOE experiments. 
In this thesis, I similarly found no obvious differences between T1/T2 
ratios measured for residues in the H2A(.B) a1-helix and H2B aC-
helix and the other helices in the folded core. Moreover, clear 
intermolecular NOE signals were observed between H2B aC-helix and 
H2A(.B) residues indicating a well-defined local tertiary structure. By 
including these NOE data I obtained a well-defined structural ensemble 
for the dimer core, including the H2B aC-helix and H2A(.B) a1-helix, 
for both the H2A.B-H2B and H2A-H2B dimer. Since the primary 
structures of the fruit fly histones used in our work are highly similar 
to the human histones used in the Moriwaki study, with most sequence 
differences located at flexible tail regions, I believe that also the human 
dimer is in fact fully structured in solution and that similar 
intermolecular NOEs would be observed for that system. Vice versa, 
their observation of faster H/D exchange rates of amide protons of H2B 
aC-helix and H2A a1-helix is probably also true in our system, and 
such experiment would be of interest to provide more insights into the 
local dynamics. It should be noted that a somewhat elevated H/D 
exchange rate is not at odds with a defined structural fold. Increased 
solvent accessibility and weaker hydrogen bonding for amides in these 
helices is consistent with their outside and terminal position within the 
fold. Vice versa, the position of the helix within the fold is mostly 
determined by side chain interactions which are not directly probed by 
the backbone chemical shift based structure determination approach, 
but are included in the NOESY approach. The intermolecular NOEs 
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measured in our studies thus provide more reliable information for 
constructing tertiary structures of histone dimers. 
 

Origin of DNA unwrapping of H2A.B nucleosomes. 

In Chapter 4, I characterized the structural and dynamical properties 
of the truncated docking domain of H2A.B in nucleosomes. Both 
NOESY and dynamics data support folding of H2A.B docking domain 
in the canonical conformation when incorporated in the nucleosome. 
The ILV labeling approach unfortunately only gives access to one 
isoleucine, that is centrally located in this region. The absence of more 
ILV residues in this C-terminal region of the docking domain precludes 
to obtain more signals using solution state NMR. As an alternative, 
solid state NMR on sedimented nucleosomes, as has recently been 
demonstrated 2, may be used to examine in more detail the structure of 
the H2A.B docking domain in the nucleosomes. Both backbone Ca, 
Cb chemical shift for H2A.B docking domain residues and dipolar 
contact may be measured to define the structure. 
The H2A.B docking domain is thought to play a role in promoting the 
unwrapping of the last ~15 bp of nucleosomal DNA from the histone 
octamer in the variant nucleosome. Replacement of the H2A docking 
domain with that from H2A.B resulted in nucleosomal DNA ends 
further apart compared to the canonical conformation 3-4. Notably, 
previous studies also established that the truncation of the docking 
domain itself is not the main determinant of DNA unwrapping. Our 
observations of a canonical conformation and lack of large scale 
motions for the H2A.B docking domain in nucleosomes thus suggest 
that its role in unwrapping nucleosomal DNA is due to the sequence 
differences within an otherwise stable and canonical fold. Considering 
22 out of 31 residues forming H2A.B docking domain are different 
from canonical H2A and 9 out of the 22 sequence differences involve 
neutralized or reverse charge mutations, it is likely that altered 
electrostatic interactions make the dimer-tetramer interface less stable 
in the variant nucleosome, as was highlighted in Chapter 3. This could 
allow for slight changes in position or orientation of the H2A.B-H2B 
dimer relative to other components of the nucleosome eventually 
leading to the unwrapping of nucleosomal DNA ends. Alternatively, 



  Chapter 6 

149 

the destabilized interface could allow for increased dynamics in H3, 
thus ‘pushing out’ the DNA.  
A complicating factor in deciphering the determinants of DNA 
unwrapping in the H2A.B nucleosome comes from a previous study in 
which the H2A.B docking domain was replaced with that from H2A 5. 
These chimeric nucleosomes showed several of distinctive properties 
of H2A.B nucleosomes: both the electrophoretic mobility and DNase I 
foot printing pattern largely represented the one from H2A.B 
nucleosomes. Interestingly, also the DNA ends formed a ~180° angle 
as shown from cryo electron-microscopy. These data thus point to a 
role for the histone fold region of H2A.B in promoting unwrapping. In 
Chapter 4, I uncovered the likely origin of nucleosome unwrapping 
within the H2A.B histone fold domain.  
Several arginine residues of histone octamer core play essential role in 
stabilizing the contacts between histones and DNA. One of these is 
H2A R76, which is shifted by one residue position to R80 in H2A.B. I 
have demonstrated that a H2A mutant containing this arginine register 
shift reduces the resistance of its nucleosome to MNase digestion. The 
uniqueness of this arginine shift for H2A.B within the H2A family, 
together with the consistence of this arginine shift for H2A.B proteins 
across different species (except for mouse) supports its role in 
promoting an opened nucleosome structure. An interesting follow-up 
experiment is to make a reverse H2A.B mutant, where the H2A 
arginine anchor position is reintroduced to the variant, and assess its 
impact on counteracting the unwrapped state. Next to MNase 
digestion, cryo electron-microscopic and/or AFM could be used to 
visualize the DNA ends in the nucleosome particles and measure the 
length of DNA wrapped around the histone octamer. Comparison of 
these results with that from docking domain-swapped H2A/H2B.B 
nucleosomes, will allow us to decipher whether the arginine register 
shift, or the altered dimer-tetramer interface is the larger contributing 
factor to the open conformation of H2A.B nucleosomes.  
While writing this chapter, a molecular dynamic simulation was 
running to study the opening of the DNA ends in H2A.B nucleosomes. 
Clear opening of the nucleosomal DNA ends has already been 
observed for the variant nucleosomes in such simulations. As a next 
step, the relation of H2A.B R80 side chain and its contacted DNA is of 
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particular interest to dissect the direct influence of the arginine register 
shift in unwrapping nucleosomal DNA. 
 

A role for the H3 N-terminal tail in DNA unwrapping 
for H2A.B nucleosomes? 

The H3 N-terminal tail consists of 43 residues among which ~35 
residues protrude from the core particle. The H3 tail interacts with 
nucleosomal or linker DNA through electrostatic interactions within 
canonical nucleosomes. It is likely that the extent of the H3-tail/DNA 
interactions are related or perhaps even (co)-determine the extent of 
DNA unwrapping. In chapter 4, I found that in H2A.B nucleosomes 
the H3 N-terminal tail is overall less intimately bound to DNA than in 
canonical nucleosomes. Several residues have chemical shifts close to 
that of the free H3 tail, suggesting that parts of the tail are not in contact 
to the DNA. Other parts of the tail have a distinct interaction with the 
DNA, as based on their unique chemical shifts. Nevertheless, dynamics 
data indicate that overall the tail remains bound to DNA but is more 
dynamic than in canonical nucleosomes. I suggest that in H2A.B only 
the first ~30 residues of the tail are transiently and weakly bound to 
DNA, with rapidly switching short contact points. The last 5 residues 
are not in contact with DNA but rather ‘stretch’ from the nucleosome 
core to the unwrapped DNA. Overall the tail has higher mobility. Since 
H3 N-terminal tail mobility is correlated to its modifiability 6, the 
H2A.B nucleosome is thus potentially more readily modified on its H3 
tail than the canonical nucleosome. With more than 30 known PTMs 
in the H3 tail 7, this could contribute to chromatin remodeling in its 
unique way.  
To further characterize the role of the H3 tail in the unwrapping of the 
DNA, it would be interesting to also measure the dynamics of H3 aN-
helix. This helix is contacted by the H2A C-terminal tail in canonical 
nucleosomes. Since this tail is absent in H2A.B, the loss of these 
contacts together with the destabilization of the dimer-tetramer 
interface (see above) could result in increased dynamics for this region, 
including transient detachment from the nucleosome core, which could 
be transmitted to the H3-tail. The location of seven methyl groups from 
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V46, L48, and I51 on the H3 aN-helix would provide sufficient 
number of probes for reliable determination of local dynamics.  
 

Towards a structural basis for the H2A.B–RNA 
splicing link. 

H2A.B was found to be involved in active gene transcription and RNA 
splicing mechanisms and has the ability to interact with RNA 
processing factors, DNA as well as RNA. Both in vivo and in vitro 
experiments have demonstrated the RNA binding ability of H2A.B, 
and this negatively regulated the H2A.B interaction with RNA Pol II 
and other RNA processing factors 8. An in vitro RNA-pulldown assay 
showed the RNA binding ability of the arginine rich elongated N-
terminal tail of H2A.B 8. I observed that this tail is highly flexible 
within the H2A.B nucleosome. Future RNA titration experiments on a 
H2A.B N-tail peptide and H2A.B nucleosomes could be used to gain 
more insights into how H2A.B interacts with RNA at the molecular 
level. 
In addition, the H2A.B nucleosomes likely also interacts with other 
proteins or splicing factors through the nucleosome core. The partly 
neutralized acidic patch of H2A.B nucleosomes would be suitable 
docking site for such proteins, as is the exposed H2A.B octamer 
surface due to the unwrapping of the nucleosomal DNA ends. While 
several such RNA splicing factors were enriched in H2A.B 
nucleosomes in a mass spectroscopy based screening, these results still 
need to be validated as direct and specific interactions to the 
nucleosome. The data described in this thesis will be helpful to 
generate a refined integrative structural model of the H2A.B 
nucleosome, based on our NMR data and previously recorded SAXS 
data 9 and SANS data 10. Structure-based models of the complex could 
then be made to guide further experimentation to investigate the 
function of these H2A.B nucleosome-protein complexes.  

Electrostatic contributions to protein stability and 
interactions.  
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Protein fold stability is determined by various interactions, including 
hydrophobic, electrostatic, hydrogen bonding, van der Waals 
interactions. Despite the enormous progress in understanding how 
these forces are responsible for protein stability, to what degree 
electrostatic interactions stabilize protein folding is still a subject of 
debate. Histones are highly charged proteins. Histone variant H2A.B 
has a significant amount of charge neutral or reverse mutations 
compared to its canonical counterpart. I showed in Chapter 3 that the 
variant dimer and the canonical dimer have essentially the same 
folding in solution, thus histone H2A-H2B dimer can serve as a good 
model system to investigate the role of surface charge-charge 
interactions in protein stability. A significant increase in 
thermostability of H2A.B-H2B dimer in comparison to H2A-H2B 
dimer was discovered. By selectively substituting H2A.B residues with 
H2A residues at the sites where charge is swapped or neutralized and 
vice versa, an overall correlation between net charge of the dimer core 
and the thermostability was discovered and it was concluded that this 
is due to the reduced electrostatic repulsion between the two histone 
monomers. Further experiments would be needed to determine how 
this increased thermostability translates stability at physiological 
temperature. Notably, the identified sequence differences that 
responsible for the increased thermostability are widely conserved in 
the H2A.B family across different species, suggesting also the 
increased stability is conserved and may thus serve a specific 
biological function. A possible explanation would be that the increased 
stability of the H2A.B-H2B dimer promotes its exchange from and to 
the nucleosomes, accounting for the higher mobility of this protein in 
cells. 
Along with stabilizing protein structures, electrostatic interactions are 
also important for protein-protein interactions. While H2A, H2B, H3, 
and H4 can fold into the histone octamer directly by salt gradient 
dialysis in vitro, H2A.B cannot be refolded into the octamer with the 
other core histones through this conventional method. Instead, H2A.B-
H2B dimers and H3-H4 tetramers have to be mixed together with DNA 
to reconstitute the variant nucleosome. I highlighted in Chapter 3 that 
the failure in refolding may in part be due to the altered electrostatics 
in the H3-H4 binding interface of H2A.B. This region is only partly 
folded in the H2A.B-H2B dimer and becomes fully folded in the 
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nucleosomes, as shown in Chapter 4. In particular the elements that 
form the direct interface between the dimer and tetramer subunits are 
unstructured in the free state and are only folded in the associated state. 
This raises the question as to how the dimer recognizes the H3-H4 
interface in the initial stage of assembly. 
Finally, in Chapter 5 the charged state of the so-called acidic patch on 
the surface of the H2A-H2B dimers, which forms a key binding 
platform for various nucleosome-binding proteins, was investigated. I 
experimentally assessed the side chain pKa’s for titratable residues in 
and around the acidic patch residues using pH titration NMR 
experiments. Notably, while two acidic patch residues were predicted 
pKa’s to have pKa values above 5, I found that neither have elevated 
pKa’s despite their clustering. On the contrary, acidic patch residue 
H2A D89 was determined to have an elevated apparent pKa value. I 
further highlighted a conserved histidine in H2B that directly lines the 
acidic patch, whose pKa is reasonably close to the physiological pH. 
This histidine may thus be able to reduce overall negative electrostatic 
potential of the acidic patch depending on the local environmental pH. 
This may further result in reduced binding of acidic-patch binding 
proteins, thus affecting chromatin biology.  
 

Final remarks. 

In this study, I have achieved solution structure for H2A.B-H2B dimer, 
uncovered the structural and dynamical properties of H2A.B C-
terminal docking domain and H3 N-terminal tail in nucleosomes, and 
verified the importance of H2A.B R80 in opening nucleosome 
conformations. Altogether, I improved the H2A.B nucleosome model. 
This study offers fundamental knowledge of the H2A.B nucleosome 
and provides a solid basis for future experiments to understand its 
function in vivo.   
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Summary 
 
Nature uses a special class of histone proteins, histone variants, to 
modulate the properties of chromatin at defined genomic locations. 
H2A.B is one of the most divergent H2A variants and is involved in 
important cellular functions, such as transcription and mRNA splicing. 
Incorporation of H2A.B in nucleosomes causes unwrapping of ~15 bp 
entry/ exit nucleosomal DNA from the histone octamer core. Yet, the 
molecular basis of such peculiar nucleosome conformation is unclear. 
The work described in this thesis aimed to determine the impact of 
H2A.B incorporation on the structural and dynamical properties of the 
nucleosome, primarily using nuclear magnetic resonance (NMR) 
spectroscopy.  
Chapter 1 summarizes the current knowledge on the structure and 
function of histone variant H2A.B. I highlight the sequence differences 
between the variant H2A.B and canonical H2A, present an overview 
of the studies that uncovered the opened nucleosome structure for 
H2A.B, and conclude by discussing its role in active transcription and 
mRNA splicing. Chapter 2 provides a compact review of isotope-
labeling techniques used in solution NMR for studies of macro-
molecular complexes, such as nucleosomes, with particular emphasis 
on the range of options available in terms of labeling strategy.  
In the first step of our studies on H2A.B, the solution structure of the 
H2A.B-H2B heterodimer was determined using NMR spectroscopy 
and Rosetta, as described in Chapter 3. Through the combination of 
backbone chemical shifts and sparse intermolecular NOE distance 
restraints, a converged ensemble of structures could be obtained. The 
H2A.B-H2B structure shows that the dimer core is folded in the 
canonical histone handshake motif from which highly flexible N- and 
C-terminal regions protrude. The variant dimer structure is highly 
similar to the structure of canonical H2A-H2B dimer. I further found 
that the H2A.B-H2B dimer has a higher thermostability than the 
canonical H2A-H2B dimer. On the basis of an analysis of several 
mutant dimer proteins, I conclude that the lower the net charge of the 
H2A.B core region, resulting in reduced electrostatic repulsion with 
the H2B core, is responsible for the increased stability. 
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I next investigated the structural and dynamical properties of the 
H2A.B nucleosomes in Chapter 4. First, using an isotope-labeling 
strategy optimized for the highly flexible parts of the nucleosome, I 
studied in detail the H2A.B and H3 N-terminal histone tails within the 
variant nucleosome. Our data show the tails have similar length as the 
canonical nucleosome structure, indicating that the  aN helix in H2A.B 
and H3 are well folded in the H2A.B nucleosome, despite its more open 
structure. Furthermore, our data suggest decreased DNA binding and 
increased flexibilty for the H3 N-tail in the variant nucleosome. 
Second, using methyl-specific labeling, I probed the conformation and 
dynamics of the H2A.B core within the nucleosome. Supported by both 
structural and dynamical data, I found that the H2A.B docking domain, 
which forms the interface to H3-H4, is folded into the canonical 
conformation upon incorporation into the nucleosome. On the basis of 
the updated structural model for the H2A.B nucleosome, I identified a 
register shift of a DNA-binding arginine in H2A.B that would cause a 
clash with the nucleosomal DNA and could thus cause opening of the 
DNA ends. Nucleosomes formed from an H2A mutant with the 
arginine shifted in position as in H2A.B showed significantly increased 
digestion of the nucleosomal DNA by micrococcal nuclease, 
highlighting that the arginine register shift is a contributing factor to 
the opened nucleosome conformation for H2A.B. 
In chapter 5, I studied the acidity of the acidic patch, a key protein 
binding site on the surface of the nucleosome, by experimentally 
determining the pKa values of residues in and around the acidic patch 
by NMR. Prediction of pKa values based on the solution structure of 
the canonical H2A-H2B dimer, determined following a similar 
approach as in Chapter 3, indicated that several acidic residues may 
have elevated pKa’s due to the clustering of many acidic residues in 
this patch. However, NMR pH titration experiments showed clearly 
that all glutamate side chains have pKa values below 4.5, in contrast to 
the predicted values. I further identified H2B H106 as the group that 
titrates most closely to the physiological pH range. Its proximity to the 
binding interface of several nucleosome-binding proteins suggests that 
protonation of this histidine upon lowering pH to sub-physiological 
values may be decrease the binding of acidic patch binding proteins. 
Chapter 6 offers a general discussion of the results obtained in this 
thesis in perspective of NMR-driven integrative structural biology, the 
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structure-function relationship of H2A.B, and the role of protein 
electrostatics in general. Suggestions are made for future experiments 
that may add to our knowledge on the structure and function of H2A.B 
nucleosomes.  
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Samenvatting 
 
De natuur gebruikt een speciale klasse van histon-eiwitten, de 
zogenaamde histon-varianten, om eigenschappen van chromatine op 
specifieke plekken in het genoom te veranderen. Histon variant H2A.B 
is een van de meest afwijkende varianten van histon H2A en is 
betrokken bij een aantal belangrijke cellulaire functies, zoals 
transcriptie en mRNA-splicing. Door incorporatie van H2A.B in 
nucleosomen laten circa 15 baseparen van de uiteindes van het 
nucleosomale DNA los van de histoneiwitkern. De onderliggende 
moleculaire basis van deze bijzondere, geopende 
nucleosoomconformatie is nog niet bekend. Het werk beschreven in dit 
proefschrift heeft als doel om het effect van H2A.B-integratie op de 
structurele en dynamische eigenschappen van het nucleosoom te 
bepalen, voornamelijk met behulp van kernspinresonantie (NMR). 
Hoofdstuk 1 vat de huidige kennis over de structuur en functie van 
histonvariant H2A.B samen. Ik belicht de verschillen in 
aminozuurvolgorde tussen de variant H2A.B en de canonieke H2A, 
geef een overzicht van het experimentele bewijs voor de geopende 
nucleosoomstruktuur en bespreek de rol van H2A.B in transcriptie en 
mRNA-splicing. 
Hoofdstuk 2 biedt een compact overzicht van isotooplabeling 
technieken die worden gebruikt in NMR aan vloeistoffen met 
macromoleculaire complexen, zoals nucleosomen.  
Als eerste stap in deze studie van H2A.B wordt de structuurbepaling 
van de H2A.B-H2B heterodimeer met behulp van NMR-spectroscopie 
en Rosetta beschreven in Hoofdstuk 3. Het combineren van de 
chemische verschuivingen van de kernen in de eiwit-backbone met 
intermoleculaire NOEs resulteerde in een goed gedefinieerd ensemble 
van structuren. De H2A.B-H2B-structuur laat zien dat de kern van de 
dimeer is gevouwen volgens het klassieke ‘histone-handshake’ motief 
waaruit zeer flexibele N- en C-terminale staarten steken. De structuur 
van de variant lijkt sterk op die van het canonieke H2A-H2B dimeer. 
Ik heb verder ontdekt dat de H2A.B-H2B dimeer een hogere 
thermostabiliteit heeft dan de canonieke H2A-H2B dimeer. Op basis 
van een analyse van verschillende mutanten concludeer ik dat de lagere 
netto lading van de H2A.B-kern resulteert in verminderde 
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elektrostatische afstoting met de H2B-kern, en daardoor in verhoogde 
stabiliteit. 
Vervolgens heb ik onderzoek gedaan naar de structurele en 
dynamische eigenschappen van de H2A.B-nucleosomen in Hoofdstuk 
4. Met behulp van een isotooplabeling strategie geoptimaliseerd voor 
de zeer flexibele delen van het nucleosoom, heb ik eerst in detail de N-
terminale staarten van H3 en H2A.B onderzocht. De gegevens laten 
zien dat de lengtes van de staarten zijn zoals verwacht op basis van de 
canonieke nucleosoomstructuur. Dit wijst erop dat de aN-helix van 
H2A.B of H3 stabiel gevouwen zijn, ondanks de geopende conformatie 
van het H2A.B nucleosoom. Daarnaast is de H3-staart flexibeler en 
waarschijnlijk minder sterk aan DNA gebonden in H2A.B 
nucleosomen. De conformatie en dynamiek van de H2A.B-kern in het 
nucleosoom is vervolgens onderzocht met behulp van specifieke 
isotooplabeling van methyl groepen. Op basis van zowel structurele als 
dynamische gegevens, concludeer ik dat zogenaamde ‘docking’ 
domein van H2A.B, dat de interface vormt met histon H3-H4, stabiel 
gevouwen is in het nucleosoom. Met hulp van het bijgewerkte 
structurele model voor het H2A.B-nucleosoom kon ik een 
verschuiving van een DNA-bindende arginine in de 
aminozuurvolgorde van H2A.B identificeren. Door deze verschuiving 
in register zou de zijketen kunnen botsen met het nucleosomale DNA 
en dus bijdragen aan de opening van de DNA-uiteinden. Nucleosomen 
gemaakt met een H2A-mutant waarin deze arginine is verschoven naar 
de positie zoals in H2A.B vertoonden een aanzienlijk verhoogde 
gevoeligheid voor restrictie van het nucleosomale DNA door 
micrococcal nuclease. Dit laat zien dat de arginine-
registerverschuiving bijdraagt aan de geopende 
nucleosoomconformatie voor H2A.B. 
In hoofdstuk 5 heb ik de pKa-waarden van residuen in en rond de 
‘acidic patch’, een bindingsplaats voor vele eiwitten op het oppervlak 
van het nucleosoom, experimenteel bepaald met behulp van NMR 
spectroscopie. Allereerst heb ik de structuur van het canonieke H2A-
H2B-dimeer bepaald volgens dezelfde methode als beschreven in 
Hoofdstuk 3 voor de variant-dimeer. De op basis van deze structuur 
voorspelde pKa waarden zijn voor  verschillende zure residuen 
verhoogd als gevolg van een clustering effect. Desalniettemin tonen de 
NMR pH-titratie experimenten duidelijk aan dat de pKa-waarden van 
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alle glutamaten lager zijn dan 4.5. Ik heb daarnaast H2B H106 
geïdentificeerd als de groep die het dichtst bij de fysiologische pH 
titreert. Dit residu bevindt zich dicht bij de bindingsplek van 
verschillende nucleosoom-bindende eiwitten, wat suggereert dat 
protonering van deze histidine verantwoordelijk kan zijn voor 
vermindering van bindingsaffiniteit. 
Hoofdstuk 6 bevat een brede bespreking van de resultaten verkregen 
in dit proefschrift vanuit het perspectief van integratieve structurele 
biologie, de structuur-functie relatie van H2A.B en de rol van eiwit-
elektrostatica in het algemeen. Er worden suggesties gedaan voor 
vervolgexperimenten die kunnen bijdragen aan onze kennis over de 
structuur en functie van H2A.B-nucleosomen. 
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