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HISTONES & THE NUCLEOSOME 

In eukaryotes, deoxyribonucleic acid (DNA) is organized into chromatin in a dynamic 
manner that enables it to be accessed for processes such as replication, transcription and repair. 
Histones are the main structural proteins associated with DNA in eukaryotic cells. They 
are basic proteins formed by a common histone-fold domain that is involved in histone-
histone and histone-DNA interactions, and extended and flexible tails that play an important 
role in chromatin regulation. Histones must be assembled, replaced or exchanged to preserve or 
change the chromatin organization according to cellular needs. They can be divided into two 
groups: the core histones and the linker histones.  

Histones are amongst some of the very first proteins studied and the most abundant proteins 
in the cell nucleus, yet the plethora of their modifications and their role in the regulation of 
chromatin were scrutinized only within the last few decades. In 1884, Albrecht Kossel was the 
first to describe and name these proteins he isolated through acid-extractions from red blood 
cells of geese (1). In the process, he uncovered their basic nature and association with nucleic 
acids for which, in conjunction with his work on nucleic acids, he received the 1910 Nobel Prize 
in Physiology or Medicine for his studies on the chemical composition of the cell nucleus. Over 
the century that followed others described DNA as carrier of the genome (2), the double-helical 
structure of DNA (3), association of histone post-translational modifications with chromatin 
function (4), epigenetics (5) and the histone code (6), fractionation of histones (7-12), 
composition and structural characterization of the histones and histone octamer (13-18), and 
identification and structural characterization of the nucleosome as chromatin subunit 
(7-12,19-24). 

HISTONE STRUCTURE 

The four core histones H2A, H2B, H3, and H4 are small highly basic proteins, 
ranging between 11 and 16 kDa, with more than 20% of their amino acid composition being 
lysines and arginines. They represent some of the most conserved proteins in eukaryotes, 
highlighting the importance of their role in organizing DNA (25). The histone fold domain is 
characterized by a long central helix flanked by two shorter helices (Figure 1A). The four 
different core histones contain additional N- and C-terminal extensions that are specific to each 
histone. Most notably, they all have an extended basic N-terminal tail. Whereas isolated 
histones are not folded, the core histones fold into the so-called histone fold as dimers (Figure 
1B). The helical bundles form a hydrophobic dimerization interface according to a handshake 
motif through which the core histones form obligate heterodimers, H2A-H2B and H3-H4, 
with similar structures. Two H3-H4 dimers can further associate to form an (H3-H4)2 tetramer 
through a four-helix bundle involving the α2-α3-helices from each copy of histone H3, and 
stabilized by both hydrophilic and hydrophobic interactions. 

Two H2A-H2B dimers and one (H3-H4)2 tetramer (or two H3-H4 dimers) can assemble into a 
histone octamer in vitro and in vivo (Figure 1C). This structure was first determined in the 
absence of DNA (15). In the histone octamer, each H2A-H2B dimer is bound to one side of 
the (H3-H4)2 tetramer by a structurally similar four-helix bundle formed by the α2-α3-helices
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of H2B and H4. This interaction is further aided by the H2A docking domain, a unique C-
terminal extension in H2A, which interacts with the (H3-H4)2 tetramer. Additionally, the two 
symmetrically related H2A-H2B dimers interact with each other through a small interface 
comprised of the L1-loop of each H2A. The histone octamer is only stable in the presence of 
DNA or if the positive charges of the histones are neutralized in high-salt buffer.

Figure 1. Hierarchical view of histone organization. Histones are depicted in cartoon representation. Structures 
are taken from Protein Data Bank (PDB, www.rcsb.org) (26) identifier (ID) 2PYO and the histone tails are added by 
modeling. (A) The four different major core histones with annotation of secondary structure elements: α1-α3 = the 
three alpha-helices forming the histone fold domain, L1/L2 = the two loops connecting the α1-α2/α2-α3-helices, N 
= N-terminus, C = C-terminus. In brackets: additional secondary structure elements specific to each histone with 
naming as in Ref. (27), in particular: βD and αTAC in H2A forming the H2A docking domain, αC in H2B is an 
additional C-terminal alpha-helix, αN in H3 is an additional N-terminal alpha-helix, βD in H4 forms the H4 docking 
sequence. All four histones have N-terminal tail domains, H2A has additionally a C-terminal tail. (B) A combination of 
the H2A and H2B or of the H3 and H4 histone fold domains form the H2A-H2B or H3-H4 histone fold dimers. Two 
H3-H4 dimers associate via a four-helix bundle formed by the α2-α3-helices of each H3 to form an (H3-H4)2

tetramer. (C) Two H2A-H2B dimers and one (H3-H4)2 tetramer associate into a histone octamer stabilized by an 
additional four-helix bundle between the α2-α3-helices of H2B and H4 and by an interaction between the H2A 
docking domain and the H3 αN-helix. The N-terminal histone tails extend beyond the folded α-helical core of the 
histone octamer.
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NUCLEOSOME STRUCTURE 

The histone octamer forms the protein core of the nucleosome, the fundamental 
repeating unit of chromatin (22,28) (Figure 2). As such, the octamer fulfills two conflicting 
functions in the cell. It has to bind and bend the DNA to achieve compaction and partial charge 
neutralization, but it also has to be able to release specific segments of DNA in a concerted 
manner to allow the access of DNA-processing enzymes at the appropriate time. This is 
achieved through the modular nature of the histone octamer: it forms a basic protein core with 
evenly spaced DNA-binding sites (29) (Figure 2A). 

The DNA wrapped around a histone octamer is called nucleosomal DNA (Figure 2B). About 
145-147 base pairs (bp) of DNA are needed to bind the octamer, creating the nucleosome core
particle (NCP). The nucleosomal DNA is bound in a left-handed superhelix that forms a disc-
shaped structure. In conventional terminology, each location where the major groove of the
DNA double helix faces towards the center of the disc is designated a “superhelix
location” (SHL) number from SHL = 0 at the nucleosomal dyad (center of the nucleosomal
DNA) to SHL = ± 7 for the very last region of the nucleosomal DNA (24). Along the two-fold
axis, the nucleosomal DNA can be divided into two gyres of approximately 72 bp each.
Nucleosomal DNA can be extended on each entry-exit site by an arbitrary length of DNA that
will protrude out of the core particle. This is called linker DNA. Histone-DNA particles
containing >150 bp of DNA are referred to as mononucleosomes and contain linker DNA. If
the DNA is long enough, nucleosomal arrays can form with nucleosomes consisting of
~146-165 bp of DNA wrapped around each histone octamer at ~160-210 bp intervals.

The second type of histone proteins, next to the core histones, are linker histones such as H1 
and H5, that can bind to the linker DNA (30) (Figure 2C). Linker histones are much less 
conserved proteins and do not bear structural similarity to the core histones. Linker histones 
are monomeric proteins composed of a globular core and long and basic N- and C-terminal 
tails. A linker histone binds and stabilizes the linker DNA of a mononucleosome to form a so-
called chromatosome (Figure 2D). Recently, high-resolution structures of a chromatosome have 
been solved, highlighting how linker histones promote a closed conformation of the protruding 
linker DNA ends (31-36).  

Within the core particle, the main contacts between histones and DNA are made through the 
structurally conserved histone-fold domains of the histone octamer. The histone dimers bind to 
roughly 30 bp of DNA each and are linked in a stable yet flexible manner to form a basic 
protein core with evenly spaced DNA-binding sites to organize a total of ~120 bp of the 
nucleosomal DNA (29). The histone octamer surface is largely basic and presents regularly 
spaced arginine side chains that anchor into the minor groove of the DNA every 10 bp. These 
arginine-anchors form strong electrostatic interactions with the phosphate backbone of the 
DNA to impose a tight bending of the DNA in a sequence independent manner. Notably, the 
structure of the nucleosome core particle showed that the actual path of nucleosomal DNA 
around the histone octamer was remarkably similar to the path predicted from the earlier 
structure of the octamer alone (16-18,24). Comparison of the histone octamer structure without 
and with DNA demonstrated also that both the histone fold domains within each core histone 
(secondary structure) and the various interaction interfaces between histones observed in the 
histone octamer (tertiary structure) remained largely unchanged in the nucleosome. These 
findings show that the determinants for wrapping nucleosomal DNA reside mainly in the core
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histone octamer. The remaining ~13 bp at each nucleosomal DNA entry-exit site are bound by 
the αN-helix of H3. The latter interactions are important for maintaining the stability of the 
nucleosome (37).

In the eukaryotic cell, many levels of folding are required to allow the DNA, of about two 
meters length in the case of the human genome, to be packaged in a typical interphase nucleus 
(38). The first level of compaction is the formation of nucleosomes. They are typically spaced 
at ~160-210 bp intervals. The folding and further compaction of these so-called nucleosome 
arrays requires the histone tails and the linker histones (39-42). The core histone tails, 
particularly of H3 and H4, mediate both intra- and inter-nucleosome interactions by interacting 
with DNA and the acidic patch, a negatively charged binding interface on the nucleosome 
surface formed from six H2A and two H2B residues (43,44). The ultimate higher-level 
organization is called chromatin, a complex superstructure.

Figure 2. Structural illustration of the chromatosome and its components that make up the nucleosome core 
and linker region. Structures are taken from PDB ID 4QLC. (A) Histone fold region of the tailless histone octamer. 
( B ) Nucleosomal DNA and linker DNA with a total length of 167 bp. Along the two-fold axis, the nucleosomal  DN A
(145-147 bp) can be divided into two gyres (approximately 72 bp each). The superhelix location (SHL) designation 
represents the position of each major groove facing inward. The dyad (center of the nucleosomal DNA) is define d a s
position SHL=0. The numbers 1-7 highlight the SHLs on the nucleosomal DNA. Linker DNA is the extranucleosomal 
DNA. (C) The structure of the folded globular domain of linker histone H5. (D) The crystal structure of t h e
chromatosome containing the globular domain of H5 and linker DNA connected through the nucleosomal DNA entry-
exit site with the nucleosome core particle containing the tailless histone octamer. The globular domain of the linke  r
histone sits on the dyad of the nucleosome and interacts with both linker DNAs. Location of the acidic patc h of on e
H2A-H2B dimer is indicated. Note that a second acidic patch formed by the other H2A-H2B dimer is situate d o n
the opposite side of the chromatosome.



Chapter 1

6 

HISTONE-BASED REGULATION OF CHROMATIN 

The histones contain long and basic N-terminal tails of about 15-30 amino acids that 
protrude out of the nucleosome surface. The tails are generally invisible in structural studies 
using X-ray crystallography and electron microscopy due to their high flexibility (e.g. see Figure 
2A). The N-terminal tails are the main sites of several covalent post-translational modifications 
(PTMs), including acetylation, methylation and phosphorylation, which are involved in the 
regulation of access to the underlying DNA and chromatin dynamics (45). The combinatorial 
nature of histone PTMs has been hypothesized to function as a “histone code” that considerably 
extends the information potential of the genetic code (6), and which is used in two ways: (i) as 
a short-term signal, for instance to activate/repress a specific gene in response to cellular 
demands or to signal for DNA repair after DNA damage, or (ii) as a stable marking system that 
could be used during cellular differentiation to determine specific chromatin states that are 
inherited in an epigenetic manner. It was proposed that this epigenetic system represents a 
regulatory mechanism that has an impact on most, if not all, chromatin processes, directly 
affecting cell fate and development of both health and disease. The key players of underlying 
changes in chromatin architecture have been identified as epigenetic modifiers of chromatin 
and are categorized as: (i) writers, that introduce various chemical modifications on DNA and 
histones; (ii) readers, specialized protein domains that identify and interpret the modifications; 
and (iii) erasers, dedicated enzymes that remove the modifications. The effect of histone PTMs 
and modifications of the DNA on chromatin structure and gene activity can be indirect by 
recruiting chromatin factors, or direct by changing histone tail interactions within the higher-
order chromatin structure (46-48). 

Importantly, the synthesis of core histones is highly regulated and balanced. In fact, in the yeast 
Saccharomyces cerevisiae it was shown that overexpression of either H2A-H2B or H3-H4 leads to 
frequent chromosome loss (49). Therefore, the stoichiometry between histone pairs has to be 
controlled to ensure the maintenance of genome integrity. In proliferating cells, the bulk of 
synthesis of the major histones occurs during the S phase of the cell cycle and is coupled to 
DNA synthesis in order to ensure the assembly of the newly replicated DNA as chromatin. 
However, a lower level of histone synthesis also takes place outside of S phase, especially of 
histone variants, such as H2A.X, H2A.Z, H3.3, and CENP-A, which are important for 
epigenetic regulation and constitutively expressed in small quantities throughout the cell cycle 
(50-53). These variants are incorporated in replication-independent nucleosome assembly 
pathways that are distinct from replication-coupled chromatin assembly.  

STEPWISE NUCLEOSOME ASSEMBLY 

The most extensively studied in vitro determinant of nucleosome 
assembly/disassembly in solution is salt concentration (54-58). In 100-200 mM NaCl, the NCP 
has been shown to have the same general hydrodynamic shape expected from its crystal 
structure (55). As the salt concentration is raised above 600 mM NaCl, the nucleosome 
disassembles through sequential release of H2A-H2B, followed by dissociation of (H3-H4)2 
from the DNA (59). Thus, in contrast to the extremely stable molecular interfaces within 
H2A-H2B and H3-H4, the interfaces between H2A-H2B and H3-H4 in the nucleosome are
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considerably less stable. In addition to the salt concentration in the solution, conformational 
changes and alterations in the dynamics of the nucleosome can also be caused by drug binding, 
post-translational modifications, and binding of chromatin-associated proteins such as linker 
histones and remodeling factors (60-63). The nucleosome assembly pathway is the reverse of 
the nucleosome disassembly pathway and is thought to consist of a sequential deposition of 
H3-H4 followed by H2A-H2B (46,64). The stepwise deposition of H3-H4 followed by H2A-
H2B onto DNA to form chromatin was demonstrated by showing that a micrococcal nuclease 
resistant H3-H4-DNA complex could be isolated and converted to mature chromatin by the 
addition of H2A-H2B (65). However, NCPs do not form spontaneously if histones and DNA 
are mixed under physiological conditions but instead form insoluble aggregates. Hence, in order 
to achieve nucleosome assembly under physiological conditions, additional factors are necessary 
to mediate this process. These factors are a special family of molecular chaperones: histone 
chaperones.  

HISTONE CHAPERONES 

In vivo, there is a crucial need for an ordered deposition of histones onto DNA to 
form nucleosomes, not only during DNA replication, but also during gene expression or when 
a cell encounters DNA damage. During cell metabolism, histones are not continuously 
associated with DNA. Newly synthesized histones have to be transported to the nucleus and 
targeted to the required location, whereas old or damaged histones have to be discarded. In 
addition, cellular processes involving DNA can require transient histone eviction and 
replacement. In some phases of the cell cycle histone storage is important (66). As histones are 
highly basic proteins, their presence in the cell could lead to deleterious effects through 
promiscuous interactions with DNA or other proteins, and aggregation. Thus, under most 
circumstances, when histones are not in association with DNA, they are bound to histone 
chaperones (67). These proteins prevent unintended interactions of histones with other factors 
and help to control histone supply and incorporation into chromatin. Thus, histone chaperones 
are key factors for securing an intact chromatin. After all, it was found that the two most 
abundant histone chaperones in the yeast Saccharomyces cerevisiae are, taken together, present in 
copy numbers equal to the number of nucleosomes in the cell (68). 

A molecular chaperone is a protein that associates with a target protein and prevents its 
unspecific interactions, thereby avoiding the production of inactive or aggregated forms. 
Histone chaperones are a class of proteins responsible for: (i) binding of the basic histones, (ii) 
shielding them from nonspecific interactions with DNA and other factors, (iii) their nuclear 
import, and (iv) facilitating their deposition onto DNA either by directly transferring them to 
DNA or by handing them over to other chaperones (69-72). Histone chaperones are thus crucial 
for the process of nucleosome assembly and disassembly (Figure 3).  
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Figure 3. Illustration of the chaperone-mediated nucleosome assembly and disassembly process. Structures of 
tailless histones and nucleosomal DNA are taken from PDB ID 2PYO. In the nucleosome assembly process from left 
to right, nucleosomal DNA of 147 bp length is wrapped by a sequential addition of H3-H4 and H2A-H2B dimers to 
form the nucleosome via several stable intermediates. In an alternative route, instead of two sequential additions of 
H3-H4 dimers, one (H3-H4)2 tetramer can be added in one step. The nucleosome disassembly from right to left is the 
reverse of the assembly process. Each step is mediated by a histone chaperone. The histone complexes are either 
bound to a chaperone or to DNA. Note that in vivo several additional factors can contribute to nucleosome assembly 
and disassembly which are left out here for simplicity. These factors include the histone tails, post-translational 
modifications, histone variants, linker DNA and linker histones, DNA-processing enzymes such as DNA and 
ribonucleic acid (RNA) polymerases, and chromatin remodeling factors.

Histones appear constantly under surveillance by specific chaperones potentially involved in 
each step of the histone metabolism including folding, nuclear transport, incorporation into 
defined chromatin structures, storage, and post-translational modification (73). Throughout its 
lifetime, an individual histone may be passed between different chaperones that dictate its 
movement within the cell, its assembly into specific chromatin locations and its covalent 
modifications. Histone chaperones can also provide a connection with other regulators of 
cellular metabolism and are involved in integrating and possibly transferring information 
concerning the cellular status. 

Since histones are found as H2A-H2B and H3-H4 pairs, or monomeric linker histones, 
histone chaperones have preferential affinity for one of these histone species. Histone 
chaperones are structurally diverse with few common structural features (74) (Figure 4). A 
proteome-wide functional analysis showed that nuclear and chromatin binding proteins are 
predicted to be enriched in intrinsically disordered regions (IDRs) (75,76). This suggests that 
IDRs may play an important role in regulating the cellular and nuclear processes related to 
chromatin assembly and regulation. IDRs and acidic stretches are found in most histone 
chaperones and may play key roles in histone binding and charge shielding. A prime example is 
the prothymosin-α histone chaperone of linker histone H1 that forms a purely electrostatically 
driven ultrahigh-affinity complex in which both chaperone and histone (tail domain) remain 
largely disordered (77). The extent in which IDRs in histone chaperones contribute to binding 
affinity and specificity in general is not well understood due to difficulties in the structural 
characterization of these IDRs (78).



C
ha

pt
er

 1
C

ha
pt

er
 1

Introduction

C
ha

pt
er

 1

9

Figure 4. Histone chaperone-histone complexes. Annotations: 1Minimal binding domain; 2H2B-H2A.Z 
chimera; 3NMR structure; 4H2A.Z interacting domain; 5Spt16M-H2B chimera; 6Middle domain; 7Histone binding 
domain; 8CENP-A binding domain; 9Histone H3-like centromeric protein; 10Conserved C terminus; 11The biological 
unit is a dimer, shown is the monomeric asymmetric unit; 12Ankyrin repeat domain; 13Cryo EM structure. The structures 
were obtained by X-ray crystallography and shown are the biological units, unless indicated otherwise. Structures are 
shown in cartoon representation, the chaperones (all magenta) additionally in transparent surface representation. The 
PDB ID and the composition of the complex with name of the histone chaperone (name of the domain or fragment 
indicated where applicable) and histone complex are listed below each structure. (A) Histone chaperones of H2A-H2B 
or variants thereof. a1: small chaperone protein fragments or polypeptides. a2: folded chaperone proteins or protein 
domains. (B) Histone chaperones of H3-H4 or variants thereof. b1: histone chaperones binding the H3-H4 dimer. b2: 
histone chaperones binding the (H3-H4)2 tetramer. (C) Histone chaperones of linker histone H1.



Chapter 1

10 

Several H2A-H2B specific chaperones use IDRs to bind key DNA interaction sites on the 
histones, as shown by the structures of the histone chaperone-histone complexes of Spt16 (79) 
and H2A.Z-H2B chaperones Chz1 (80), Swr1 (81), YL1 (82,83), and ANP32E (84,85). Spt16, 
Swr1 and ANP32E interact with the patch of H2B that is made up of its α1- and α2-helices 
(α1-α2-patch), whereas Chz1 interacts with the α1-α2-patch of H2A.Z and YL1 interacts with 
both of the patches which are key interaction sites for DNA in the nucleosome (Figure 4A, a1). 
Swr1, YL1, and ANP32E interact additionally with the H2A.Z specific αC-helix, explaining 
their specificity for this histone variant. Structured H2A-H2B chaperones are Hif1 (86), Spt16 
(middle domain) (87), Nap1 (88), and Importin-9 (89) (Figure 4A, a2). Hif1 interferes with 
DNA and H3-H4 binding to H2A-H2B in the nucleosome. The Spt16 middle domain binds to 
the α1-α2-region of H2B, albeit caution should be taken as for the interpretation of this 
interaction as the structure was obtained by using a fusion construct between the chaperone 
domain and H2B which might have artificially enforced the interaction. Nap1 covers most of 
the H2A-H2B DNA interaction surface. Importin-9 is a nuclear import receptor and wraps 
around the globular core region of H2A-H2B to form an extensive interface. 

For H3-H4, several structured and unstructured chaperones have been identified (Figure 4B). 
H3-H4 represents a special case as it can form stable (H3-H4)2 tetramers. Hence, there are 
chaperones that can bind H3-H4 dimers (Figure 4B, b1) and/or (H3-H4)2 tetramers (Figure 4B, 
b2). Asf1 is a structured protein and binds to the α2- and α3-helices of H3 and hence prevents 
tetramerization of H3-H4 (90). Asf1 can form co-chaperone complexes with chaperones that 
bind to the DNA interaction surface of H3-H4 such as UBN1 and MCM2, which use IDRs to 
bind in particular to the α1-α2-patch of H3 (91-94). Furthermore, UBN1 is a chaperone specific 
to the variant H3.3 due to its special composition of amino acids that make up its α1-α2-patch 
while MCM2 can bind both canonical and variant H3. Another H3.3 chaperone is DAXX which 
envelops H3.3-H4 to form an extensive interface whereas it is predominantly unfolded in the 
absence of its histone binding partner (95-97). Finally, chaperones HJURP and Scm3 bind 
dimers containing the histone H3-like centromeric proteins CENP-A and Scm3, respectively 
(98-100). Both HJURP and Scm3 interfere with H3-H4 tetramerization and DNA binding. 

Histone chaperones Spt2 and Spt16 (middle domain) specifically recognize the (H3-H4)2 
tetramer and bind to its periphery, mimicking the trajectory of nucleosomal DNA (101,102). 
Two copies of histone chaperone MCM2 can also bind the (H3-H4)2 tetramer, covering its 
DNA and H2A-H2B interaction surfaces (92). This complex of (H3-H4)2 with MCM2 can be 
recognized by the protein TONSL which binds the H4 N-terminal tail and is part of a 
homologous recombination complex (103). 

Finally, Importin-7 and Importin-β form a cradle to chaperone and transport linker histone H1 
into the cell nucleus (104) (Figure 4C). Interestingly, transient and nonspecific electrostatic 
interactions form and shape the complex and the H1 tail serves as a zipper that closes and 
stabilizes it through so-called “fuzzy” interactions (105). 

The activity of histone chaperones is typically measured by their ability to mediate histone 
deposition onto DNA in vitro. However, in vivo, some chaperones are restricted to handling 
histones at earlier stages in the delivery pathway and only a few chaperones are recognized as 
actual deposition factors. It remains unclear what functional properties are required to assemble 
nucleosomes, but shared features include the ability to deposit H3-H4 onto DNA.  
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Studies on histone chaperone Nap1 have led to a thermodynamic model of nucleosome 
assembly (106). Nap1 has a very high affinity for histones with KD values of ~10 nM and ~20 
nM for H2A-H2B and H3-H4, respectively. Of the two histone pairs, H3-H4 interacts stronger 
with DNA with a KD value of ~2 nM. Hence, the model postulates that Nap1 carries out 
nucleosome assembly by regulating the concentration of free histones, in particular by 
maintaining a low concentration of free histones due to its high-affinity binding. Maintaining a 
low concentration of free histones prevents unspecific histone-DNA interactions that would 
lead to aggregation and instead promotes specific and productive interactions that lead to 
nucleosome assembly. An additional Nap1 study refined this model by also analyzing affinities 
of the components involved with stable intermediates of the nucleosome assembly process 
(107). In particular, Nap1 promotes nucleosome assembly not by delivering histones, but 
through disfavoring nonnucleosomal interactions between H2A-H2B dimers and DNA, both 
in vitro and in vivo, thereby ensuring that nucleosome assembly goes via sequential deposition of 
H3-H4 followed by H2A-H2B onto DNA (see Figure 3). Together, these studies led to the 
current paradigm in which nucleosome assembly depends on the elimination of competing, 
nonnucleosomal histone-DNA interactions by histone chaperones. 

In addition to preventing non-native interactions, histone chaperones may also promote 
nucleosome assembly by direct delivery of histone dimers to the DNA, as has been proposed 
for chaperones Hif1 (86), CAF1 (108), and FACT (109). Yet, the mechanisms of how these 
chaperones transition from histone binding, in which the functional DNA binding surfaces are 
shielded, to histone release for deposition onto DNA, remain unclear. 

A HISTONE CHAPERONE IN DNA DOUBLE-STRAND BREAK 

REPAIR BY NON-HOMOLOGOUS END JOINING 

DNA packaging into nucleosomes and higher-order chromatin structures restricts 
DNA accessibility for DNA repair. This led to the Access-Repair-Restore (ARR) model which 
integrates nucleosome dynamics in the repair process and constitutes a foundation for studying 
DNA damage response (DDR) related chromatin changes (110,111). This model postulates that 
chromatin has to be disassembled, at least partially, prior to binding of repair factors on 
damaged DNA, and then reassembled after the repair process is completed. Restoring 
chromatin organization and its original information, the so-called epigenome, is key for 
maintaining cell identity. 

Recently it has become clear that histone variants and chromatin-associated proteins are integral 
components of the DDR. In particular, histone variants and their specific chaperones and 
associated remodelers fulfill important roles during all steps of the DDR: they contribute to 
early DNA damage signaling, DNA repair, fine-tuning and amplification of checkpoint signals, 
restoration of chromatin organization after repair, and finally, turning off of checkpoint signals. 
To take this into account, the ARR model has been expanded to include a “priming” step of 
chromatin that involves histone variant replacement with the assistance of histone chaperones 
followed by a concerted repair and restoration process, emphasizing the direct link between 
chaperone-mediated nucleosome assembly and DNA repair (110).  
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DNA double-strand breaks (DSBs) are common events in eukaryotic cells. There are an 
estimated 10-50 DSBs per cell and cell cycle (112,113). There are two major pathways for 
repairing them: homologous recombination (HR) and non-homologous end joining (NHEJ). 
NHEJ is active throughout the cell cycle, whereas repair of DSBs via HR occurs only in late S 
and G2 phases when a sister chromatid is available for accurate, template-mediated repair (114). 
In non-dividing haploid cells or in diploid cells that are not in S phase, a homology donor is not 
nearby and NHEJ is the repair pathway (115).  

In mitotic cells, DSBs are all pathologic except the specialized subset of physiologic DSBs 
created during variable (diversity) joining (V(D)J) recombination in the development of T and 
B cells in the vertebrate immune system (116-118). Major pathologic causes of DSBs include 
replication across a nick, giving rise to chromatid breaks during S phase. Such DSBs are ideally 
repaired by HR using the nearby sister chromatid. All of the remaining pathologic forms of 
DSBs are repaired primarily by NHEJ because they mostly occur outside of S phase. These 
causes include reactive oxygen species (ROS) from oxidative metabolism, ionizing radiation 
(IR), and action of DNA processing enzymes (119).  

NHEJ (sometimes referred to as classical or cNHEJ) is the major pathway for repair of IR-
induced DSBs in human cells (117,118). A characteristic is the damage or loss of bases, as well 
as production of DNA single strand breaks (SSBs) that frequently terminate in non-ligatable 
end groups (120,121). The presence of SSBs on both DNA strands can yield a DSB. Moreover, 
IR-induced DSBs are frequently surrounded by other DNA lesions, such as base damage, that 
together make IR-induced DSBs difficult to repair and one of the most cytotoxic forms of DNA 
damage. Consequently, NHEJ in response to IR-induced DNA damage requires flexibility to 
respond to complex and variable types of DSBs. This also requires the removal of the histones 
from the damage site and neighboring DNA regions for complete processing of the DNA 
damage. 

To reduce toxicity and genome instability, DSB repair by NHEJ requires detection and tethering 
of DSB ends, processing of DNA termini to remove non-ligatable end groups, and ligation, and 
all without releasing the DNA ends. DNA end detection is initiated by the Ku70/80 
heterodimer (Ku) (122), followed by recruitment of core NHEJ factors including DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) (123,124), the XRCC4-DNA ligase IV 
(X4L4) complex (125), and XRCC4-like factor (XLF) (126). Loss of any of these core NHEJ 
factors is associated with radiation sensitivity and defective V(D)J recombination and immune 
defects (127-132). NHEJ occurs in three distinct stages (see also Figure 5): (i) detection of the 
DSB by Ku and subsequent tethering by DNA-PKcs to form the DNA-PKcs-Ku-DNA 
complex (termed DNA-PK), (ii) processing of the lesions to remove damaged DNA and non-
ligatable end groups at the termini of the DSB to facilitate ligation, and (iii) ligation of the DNA 
ends by X4L4 that functions in complex with XLF (133). Apart from DSB detection by Ku, the 
order of recruitment of the different NHEJ proteins may be flexible and not all NHEJ 
components may be required for repair of all types of lesions (134,135). Thus, a model is 
emerging in which NHEJ may take place within a dynamic, multi-protein complex (136). 

Ku also interacts with accessory factors such as Aprataxin and Polynucleotide kinase Like Factor 
(APLF). Recently, APLF has emerged as an important scaffolding protein in NHEJ (137). APLF 
is largely an intrinsically disordered protein that binds Ku, DNA-PK, and X4L4 within an 
extended flexible NHEJ core complex that supports DNA accessibility while possibly providing 
flexible attachment of the core repair complex to chromatin. APLF has an N-terminal forkhead 
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associated (FHA) domain to interact with phosphorylated X4 (138,139), while interacting with 
Ku80 via its middle domain (140,141), and poly-(ADP-ribose) (PAR) via its C-terminal PAR-
binding zinc finger (PBZ) domains (142-145). Furthermore, APLF acts as a histone chaperone 
and binds to histones via its unstructured C-terminal acidic domain (146), and the C-terminal 
~150 amino acids of APLF have been associated with 3’-5’-exonuclease activity (139,147). 
APLF stimulates the rate of NHEJ early after damage and the rate of X4L4-mediated 
ligation, and promotes the retention of X4 at DSBs in vivo (140,148). Despite its involvement 
in the multiple steps of NHEJ, the basis for the regulatory and structural activities of APLF 
has been unknown. In particular, its histone chaperone activity has not been integrated into the 
model of NHEJ thus far. 

Since APLF is positioned in the core repair complex at the break site, its histone chaperone 
activity may play a role in restoration of chromatin after DSB repair. For example, APLF could 
store the original histones and subsequently promote nucleosome formation after DNA repair. 
Such preservation of the original histones is essential to maintain the epigenetic status of 
chromatin through the repair process. Furthermore, APLF could contribute to DNA damage-
induced chromatin relaxation and compaction, which are thought to be sequential events in the 
repair process. After rapid relaxation of chromatin to facilitate efficient detection of DNA 
lesions (149-151), chromatin is transiently condensed to promote DNA damage signaling 
(151,152). APLF could have a function in this chromatin compaction step by depositing specific 
histone variants at or near the break site. The histone chaperone function of APLF might be 
crucial for this.  
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Figure 5. The architecture of DNA double-strand break (DSB) repair by NHEJ. DSBs are detected by the 
Ku70/80 heterodimer (Ku), which interacts with multiple components of the NHEJ machinery, including DNA-
PKcs, XLF, and APLF, recruiting them to DSBs. Once the DSB is detected, various enzymes may be involved in 
processing of the DSB ends, for example, removal of non-ligatable end groups and gap filling by DNA 
polymerases (not shown for simplicity). Schematic representation of DNA pairing by the Ku-nucleated XRCC4 
and DNA ligase IV (X4L4)/XLF filament. DNA-PKcs is tethered by Ku (153). The APLF-FHA domain interacts 
with X4 (154). At the same time, APLF residues in its central region bridge Ku80 and DNA-PKcs. The Ku-nucleated 
X4/XLF filament maintains DNA end alignment (155,156). The role of APLF is to scaffold X4L4 with the Ku/
DNA-PKcs assembly. Aligned DNA ends are stabilized by the Ku-X4L4-XLF-APLF complex. X4L4 is 
present at the break site as a multi-protein complex with XLF. The break is resealed by L4.
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SCOPE OF THIS THESIS 

This thesis describes a detailed investigation, using a variety of biochemical and 
biophysical methods, of the histone chaperone activity of the APLF acidic domain (APLFAD) 
with the goal of understanding the function of this activity in NHEJ DNA repair. 

Chapter 2 is adapted from a protocol published in the book Bacterial Chromatin: Methods and 
Protocols (157). Here, we describe in detail the use of microscale thermophoresis (MST) to study 
protein interactions in general, and the interaction of APLFAD with histone complexes H2A-
H2B and (H3-H4)2 in particular. We put emphasis on the step-by-step optimization of 
experimental conditions and provide strategies to detect and overcome experimental issues. 

Chapter 3 is adapted from a publication in the journal Nucleic Acids Research (158). Here, we 
complement the MST data from Chapter 2 by investigating the molecular basis of the histone 
chaperone function of APLFAD, in particular for the histone complex H2A-H2B, using a 
combination of nuclear magnetic resonance (NMR) spectroscopy, crosslinking, isothermal 
titration calorimetry (ITC), and a functional histone chaperone assay. We present a structural 
model of the H2A-H2B-APLFAD complex and its functional implications in NHEJ DNA 
repair. 

Chapter 4 is in preparation for submission for publication. Here, we carry on with the 
investigation of the histone chaperone function of APLFAD by including the histone complex 
H3-H4 as well as the histone octamer complex. Using a combination of analytical gel filtrations, 
native and crosslinking mass spectrometry, ITC, NMR spectroscopy, small-angle X-ray 
scattering, and a functional histone chaperone assay, we build a structural model of the histone 
octamer-APLFAD complex, the major discovery of this work. Based on this, we propose a new 
paradigm of histone chaperone function and implement that in a sophisticated nucleosome 
assembly mechanism. 

In Chapter 5, we discuss the major findings of our investigations and detail the implications of 
our discoveries. We discuss the chaperone-histone interactions involved in the histone octamer-
APLFAD complex, its limitations, mechanisms, and functions in DNA repair. We discuss how 
other histone chaperones function and make a link of our findings to a different type of 
molecular chaperone involved in protein folding. Finally, we propose future perspectives for 
histone chaperone research.  
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ABSTRACT 

Architectural DNA-binding proteins are key to the organization and compaction of 
genomic DNA inside cells. The activity of architectural proteins is often subject to further 
modulation and regulation through the interaction with a diverse array of other protein factors. 
Detailed knowledge on the binding modes involved is crucial for our understanding of how 
these protein-protein and protein-DNA interactions shape the functional landscape of 
chromatin in all kingdoms of life: bacteria, archaea and eukarya. 

Microscale thermophoresis (MST) is a biophysical technique that has seen increasing application 
in the study of biomolecular interactions thanks to its solution-based nature, its rapid 
application, modest sample demand, and the sensitivity of the thermophoresis effect to binding 
events. Here, we describe the use of MST in the study of chromatin interactions, with emphasis 
on the way in which these experiments are set up and the diverse types of information they 
reveal. These aspects are illustrated on the sequential binding of core histone complexes to 
histone chaperone APLF. Special emphasis is given to the key steps in the design, execution 
and analysis of MST experiments in the context of the provided example. 

1. INTRODUCTION

Biophysical characterization of functional chromatin interactions has typically relied
thus far on band-shift assays (electrophoretic mobility shift assays (EMSA)) for protein-DNA 
interactions, as well as on common biophysical techniques such as surface plasmon resonance 
(SPR) spectroscopy, isothermal titration calorimetry (ITC) and nuclear magnetic resonance 
(NMR) spectroscopy (1-3). Thorough characterization of binding modes and binding affinities 
is often a critical step preceding subsequent structural and functional studies. This calls for a 
flexible technique which is fast and can characterize interactions in solution with reasonable 
throughput and modest sample demands. Microscale thermophoresis (MST) fulfills these 
criteria and thus provides an efficient option for the analysis of biological interactions. 

1.1 MST 

Analogous to electrophoresis, thermophoresis is the flow or directed movement of 
molecules along a temperature gradient (4). Technological advances have made it possible to 
use small temperature gradients (typically 2-6 °C) and detect the resulting micrometer-scale 
movements, allowing the application in molecular biology as microscale thermophoresis (MST) 
(5). MST typically requires fluorescent labeling of the protein of interest for high sensitivity of 
detection. Samples are loaded onto glass capillaries and a specific spot is heated by an infrared 
laser (see Figure 1A). The resulting temperature gradient causes thermophoresis of the labeled 
molecule, typically away from the heated spot, which is observed through a decrease in 
fluorescence in the heated region (see Figure 1B). Since thermophoresis is sensitive to molecular 
size, charge and hydration shell (6), changes in these properties due to binding will cause changes
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in thermophoresis. For analysis of interactions, MST curves are recorded as titration series with 
increasing amounts of ligand and normalized with respect to their initial equilibrium 
fluorescence (Fnorm) (Figure 1B). A binding curve is extracted by plotting the Fnorm values at the 
end of the laser on-period (phase IV, Figure 1B), which captures binding induced changes both 
in thermophoresis and in the intrinsic temperature dependence of the fluorophore (indicated 
by the arrow “Thermophoresis + T-Jump” in Figure 1B). Both effects can also be 
analyzed separately. Since the observed Fnorm values are the population weighted averages of the 
unbound and bound molecules, standard methods can be used to fit the binding curve and 
extract the binding affinity. Furthermore, MST can be performed in virtually every buffer 
(7) and other characteristics such as thermodynamic properties, binding stoichiometry and
enzyme kinetics can be extracted with customized experimental designs (8).

Figure 1. Principle of MST. Schematic depiction of the MST experiment (A) and MST time trace (B). In (A), the 
capillaries (left) and particles in a cross-section thereof (right) during different stages of the experiment (I-VI) are 
shown. Starting from equilibrium (phase I), infrared (IR) laser irradiation is started which induces a temperature 
gradient (phase II), causing particles to move out or into the heated volume (thermophoresis, phase III). When 
thermophoresis is counter balanced by mass diffusion, a steady state is reached (phase IV). When the laser is 
switched off, the particle concentration re-equilibrates (phase V+VI). In (B), a four sample titration series is shown, 
relative ligand concentration indicated. Each sample is characterized by a distinct thermophoresis curve. The 
rapid changes in normalized fluorescence in phases II and V are caused by the temperature dependence in 
fluorescence (T-jump). Binding curves can be extracted by plotting Fnorm values for regions “Thermophoresis + T-
jump” (I vs. IV), “Thermophoresis” (start of III vs. IV), or “T-jump” (I vs. start of III).

1.2 MST OF CHROMATIN SYSTEMS

The study of chromatin function is strongly connected to protein-DNA and protein-
protein interactions that modulate the chromatin state. An increasing number of studies has 
employed MST to investigate binding events in chromatin related systems (see for instance (9-
13)), and some of the earliest examples have been included in reviews (1,14-16). A variety of 
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labeling strategies have emerged, in particular for the study of protein-nucleosome interactions. 
Fluorescent nucleosomes have been constructed using Cy5-labeled DNA (16) or 
AlexaFluor647-labeled histone H3 (17). Furthermore, MST has been used to derive insights in 
protein binding mechanisms, e.g. demonstration of cooperative binding (18) or determination 
of binding sites from a comparison of different deletion mutants (19).  

Here, we describe in detail the use of MST to study chromatin interactions. We put particular 
emphasis on the step-by-step optimization of experimental conditions. We present an example 
on the interaction of chromatin architectural proteins, in this case complexes of histone 
proteins, with a binding partner, a histone chaperone, which illustrates the additional 
information MST can provide on the binding mechanism, the sensitivity of the thermophoretic 
effect and the merits of custom data analysis. With these, we provide a first-hand report on 
assay issues that can be observed for chromatin-related samples and strategies to detect and 
overcome them.  

2. MATERIALS

2.1 FLUORESCENT LABELING 

Prepare all solutions using water (resistivity 18.2 MΩ×cm and organic content less than five 
parts per billion) and analytical grade reagents. 

2.2 MST 

1. Monolith NT™ Protein Labeling Kit RED/GREEN/BLUE, either NT-647-
NHS, which reacts with solvent exposed primary amines, or NT-647-
MALEIMIDE, which reacts with sulfhydryl groups to form dye-protein 
conjugates (NanoTemper Technologies) (see Note 1).

2. Variable speed benchtop microcentrifuge.
3. 1.5-2 mL microcentrifuge tubes.
4. 10 mL assay buffer (see Note 2).
5. 100% dimethylsulfoxide (DMSO).
6. Eppendorf heating block capable of reaching 95 °C.

1. MST instrument Monolith NT.115 equipped with “Red” channel (NanoTemper
Technologies) (see Note 3).

2. Capillaries: NT.115 standard, hydrophobic, hydrophilic (see Note 4) or premium
treated capillaries, or the NT.115™ Capillary Selection Set (NanoTemper
Technologies).

3. Personal computer with dedicated NT Control and MO Affinity Analysis software
(version 2.1.5). Custom analysis scripts are available upon request from the
corresponding author of the underlying publication of this chapter.
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4. Small volume reaction tubes (e.g. as found in the labeling kit, or 200 µL PCR tubes).
5. Calibrated pipettes in the range 2-1,000 µL.
6. NanoDrop™ Spectrophotometer (Thermo Scientific).
7. Aluminum foil.

2.3 STOCK SOLUTIONS 

1. At least 100 µL of 20 µM of biomolecule to be labelled (see Note 5).
2. 100 µL of biomolecule to be titrated with a concentration 20 times the expected

dissociation constant (see Note 5).
3. 10 mL of assay buffer.
4. 10-100 mg/mL bovine serum albumin (BSA).
5. 5-10% Tween-20.
6. 4 M NaCl.

3. METHODS

3.1 DESIGN OF MST EXPERIMENT: CHOICE OF FLUORESCENT

LABELING

The MST experiment can be performed with either of the interaction partners 
fluorescently labeled (see Note 6). Proteins and peptides can be labeled either with the 
manufacturer’s labeling kits or with other widely available fluorophores and coupling strategies 
(see also Note 1). DNA molecules are readily labeled using custom oligo synthesis using 
commercially available labeled nucleotides, or using modifications of the termini for coupling 
of dyes. For the applications described below, proteins were labeled using the manufacturer 
supplied labeling kits. 

PROTEIN LABELING 

1. Prepare a solution of pure protein at a concentration of 20 µM in a volume of 100 µL.
2. Prepare the spin column for buffer exchange into labeling buffer, using the

manufacturer supplied spin columns and instructions (see Note 7). Resuspend the
dried labeling buffer in 3 mL water. Prepare column A by resuspending the slurry.
Remove excess storage solution by placing the column in a 1.5-2 mL microcentrifuge
tube and centrifuging at 1,500 g for 1 minute. Wash the column three times with 300
µL labeling buffer.
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3. Exchange the protein to labeling buffer by placing the protein solution from step 1 at
the center of the resin. Be careful not to disturb the resin. Place the column in a new
microcentrifuge tube and centrifuge at 1,500 g for 2 minutes.

4. Dissolve the solid fluorescent dye in 30 μL DMSO (yielding a ~470 μM solution) and
mix thoroughly by vortexing (see Note 8). Prepare 100 μL 20-60 µM dye
solution in Labeling Buffer (see Note 9) and take 100 μL 20 μM protein solution in
Labeling Buffer. Add the dye to the protein in a 1:1 volume ratio for a final 1:1 to 3:1
molar ratio of dye to protein in a 200 μL volume. Incubate the reaction for 30
minutes at  room temperature and in the dark (see Note 10). Proceed with step 5 in
the meantime.

5. Prepare the gravity flow column for purification of labeled protein and removal of
unreacted dye (see Note 11). Pour off the storage solution in column B and wash the
column three times with 3 mL assay buffer (see Note 2) in a 15 mL tube using the
supplied adapter through gravity flow.

6. Separate the labeled protein obtained at step 4 from unreacted dye. Apply the labeling
reaction mixture to the center of column B from step 5. Let the sample enter the
bed completely, then add 300 µL assay buffer and discard the flow-through (see
Note 12). Place the column in a new 15 mL tube. Add 600 μL assay buffer and collect the
eluate in ~50 μL fractions (one drop at a time) in appropriate tubes, e.g. 1.5 mL
microcentrifuge tubes.

7. Verify the presence of labeled protein in elution fractions by determining their
fluorescence intensity and their capillary scan signal shape (see section 3.2 below)
in the MST instrument. According to the gel filtration principle, larger particles will
elute prior to smaller particles (see Note 13). At 20% LED power, 10 nM labeled
protein should yield fluorescence intensities of approximately 100-200 counts (see
Note 14 and section 3.2).

8. Pool the fractions that contain labeled protein and shield them from light.
9. Determine the protein and dye concentrations and derive the labeling efficiency by

measuring the absorbance at 280 (A280) and 650 nm (A650) in a suitable
spectrophotometer, e.g. using a NanoDrop™ Spectrophotometer (Thermo
Scientific) and applying the Lambert-Beer law (see Note 15).

10. Aliquot the labeled protein as 10 μL aliquots (e.g. into 200 µL PCR tubes), flash-freeze
in liquid nitrogen and store for several weeks to months at -80 °C (see Note 5 and 16).

3.2 OPTIMIZATION OF EXPERIMENTAL CONDITIONS 

Optimization of experimental conditions is paramount to obtain high-quality data and 
derive accurate binding parameters, which is in particular due to the sensitivity of the MST 
experiment to protein adsorption to exposed surfaces and protein aggregation. To avoid such 
experimental artifacts, the correct capillary type has to be chosen, and the buffer composition 
needs to be optimized to ensure a homogeneous state of the sample, free from aggregation. 
Here, we outline this procedure step-by-step (see Figure 2), but we note that some parameters 
are interrelated and that addition of ligand may result in the need for further optimization. 

1. Set the machine to the desired temperature and wait for temperature equilibration (see
Note 17 and 18).
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2. Make a calibration curve of the dye alone at the set temperature. To this purpose,
prepare 20 µL 200 nM dye solution in assay buffer in a capped, small volume reaction
tube to avoid evaporation (e.g. 200 μL PCR tubes) and label this tube 1. Label 8 more
PCR tubes 2 through 9. Add 10 µL assay buffer in each tube 2-9. Add 10 µL from
tube 1 to 2 and mix by pipetting up and down. Then add with a new pipette tip 10 µL
from tube 2 to 3 and mix by pipetting up and down. Continue this series through to
tube 9. Fill all samples in standard capillaries (see Note 19) and perform a capillary
scan (button “Start CapScan” in NT Control) at 50% LED power to measure the
fluorescence intensity at each concentration. Prepare a calibration curve with
fluorescence intensity on the y- and dye concentration on the x-axis.

3. Determine the optimal concentration of the fluorescently labeled molecule. To this
purpose, prepare a dilution series using the stock of labeled protein as in step 2. Fill
the samples in standard capillaries and start the capillary scan with 50% LED power.
If the fluorescence is much lower than expected compared to the calibration curve or
not linear over the dilution series, the protein likely sticks to the reaction tube or
pipette tips (see also step 4). In that case, add 0.05% Tween-20 or another detergent
(see Figure 2A) and repeat the experiment. If the sample behaves well, adjust the
concentration to be lower or at most in the order of the expected KD, while still
resulting in a fluorescence signal with high signal-to-noise (see Note 20 and 21).

4. Determine the optimal type of capillary coating to ensure a homogenous sample. To
this purpose, load capillaries of each type (Monolith NT™ Standard, Hydrophobic,
Hydrophilic (see Note 4) and Premium Treated) with working concentration of the
labeled biomolecule determined in step 3 and perform a capillary scan. Inspect the
shape of the fluorescence signal which reflects the distribution of the labeled molecule
in a cross-section of the capillary. If a “U”- or “M”-shaped peak is observed instead
of a smooth Gaussian-shaped fluorescence peak, the sample adsorbs to the capillary
wall (Figure 2B). Also verify that no sticking occurs over time by running a second
capillary scan ~15 minutes after the first one (see Figure 2C and Note 22). For further
experiments, select capillaries with minimal or no sticking. In case of sticking in all
capillary types, proceed to step 6 and optimize the assay buffer.

5. Use the capillary profiles to also judge the reproducibility of the fluorescence intensity
from the four replicates, or from a binding experiment. Random variations larger than
10% can be caused by inaccurate pipetting or sticking to the walls of reaction tubes
and pipette tips (Figure 2D). In that case, test whether addition of detergents like
Tween-20, passivating agents like BSA, or higher salt concentrations in the assay buffer 
improve the results (see Note 23).

6. Check the thermophoresis signal for sample aggregation. To this purpose, start a
thermophoresis measurement with the following settings: labeled molecule at working
concentration; LED power adjusted to yield at least 200 fluorescence counts; 40%
MST power; 30/5 seconds MST power on/off time. Aggregates, when present, will
be transported in and out of the measurement volume, causing sharp increases and
decreases in fluorescence over time and a bumpy appearance of the MST curve (Figure 
2E). Make sure to use stocks and buffers that are free from aggregates or particulate
matter, and adjust the assay buffer composition to prevent later aggregation (see Note
24).
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Figure 2. Optimization of assay conditions. (A) Capillary scans of a dilution series of the fluorescently labeled 
molecule. The addition of additives (0.5 mg/mL BSA and 0.05% Tween-20) prevents sticking to reaction tubes and 
leads to a consistent dilution series. (B) Capillary scans of different types of capillaries loaded with the same 
labeled molecule. Asymmetric peaks are a sign of adsorption to the capillary wall. (C) Time-dependent changes in the 
capillary scans for the same molecule. While both premium and hydrophilic coatings show no adsorption 
initially, only hydrophilic capillaries remain free of adsorption over time. (D) Capillary scans of a titration series 
of the same molecule. Addition of 0.5 mg/mL BSA and 0.05% Tween-20 together with diligent pipetting 
improves the reproducibility of the fluorescence intensity to within the required limits (compare left and 
middle panel). Gradual fluorescence intensity changes are indicative of a binding reaction and can be used for 
analysis (see Note 34). (E) Aggregates in the sample led to irregularly shaped MST-traces (red), which were 
prevented by spinning the sample for 20 minutes at 20,000 g and 4 °C to remove aggregates (Note 24) (blue). All data 
were acquired on NT-467-labeled APLFAD and its interaction with core histone complexes (see Section 3.6).
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3.3 PREPARATION OF DILUTION SERIES 

To determine the dissociation constant (KD) of a molecular interaction, a dilution series of 
up to 16 titration points is prepared, where the concentration of the fluorescent binding partner 
is kept constant and the concentration of the unlabeled binding partner is varied (see Notes 25 
and 26). 

1. Prepare 200 µL of the fluorescently labeled biomolecule (from step 3.1.10) in the
optimized buffer with double the concentration of the final reaction to account for
two-fold dilution with titrant (see Note 27). Here, and in subsequent steps, use small
volume reaction tubes to avoid evaporation (e.g. 200 μL PCR tubes).

2. Prepare the titrant stock concentration to be 40-fold the expected KD (see Note 28) in
assay buffer (labeled tube 1) (see Note 29) and determine the concentration (see Note
30).

3. Prepare 15 tubes labeled 2 through 16 with 15 μL of the assay buffer. With a clean tip,
transfer 15 μL from tube 1 to tube 2 and mix well by pipetting. Continue this serial
dilution until tube 16 (see Note 31).

4. Transfer 10 μL from tubes 1-16 to new reaction tubes and add 10 μL of your
fluorescently labeled sample stock to the tubes (see Note 32). Mix very well by
pipetting up and down. After an adequate incubation time (typically 5 minutes, see
Note 33), place the capillaries in the tubes to load the samples (see Note 19).

3.4 MST MEASUREMENT 

1. Load the capillaries of the previous step in the MST machine (see also Note 18) and
perform a full MST measurement using the LED power setting determined earlier,
and two consecutive measurements using 20% and 40% MST power (button “Start
CapScan + MST Measurement”) (see also Note 22).

2. Analyze the outcome of the measurement carefully to ensure the data is of sufficient
quality. Inspect results of the capillary scan to see if there is ligand-induced sticking;
inspect the reproducibility of the fluorescence intensity to see if the variation is larger
than 10% (Figure 2D, see Note 34); inspect the MST-traces to see if there is ligand-
induced aggregation (see Figure 2E). If any of these issues are observed, carefully
reevaluate the previous steps. A new round of assay condition optimization, this time
including the ligand, can help to solve these issues. When no issues are encountered,
proceed to step 3.

3. Analyze the MST-derived binding curve in the MO Affinity Analysis software. If a
transition is observed, estimate its amplitude. Estimate the noise from the scatter in
the data points at the lowest concentration of ligand where no binding is expected.
Minimum amplitude should be 5 units (5‰ normalized fluorescence intensity change)
and minimum signal-to-noise should be 3. If either the amplitude or signal-to-noise is
too low, increase the MST power to 60-80% (see Notes 35 and 36).

4. Once the final conditions have been established, perform the serial dilution (step 3.3.3
and 3.3.4) in triplicates each with two MST powers of the same dilution series. Next,
proceed to data analysis (see 3.5).
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3.5 MST DATA ANALYSIS 

The manufacturer’s MO Affinity Analysis software provides multiple options to extract a 
binding curve from the raw MST traces (see Note 37). The resulting binding curves can be fit 
directly in the software for a 1:1 binding model, or the data can be exported to be used in third 
party software. Here, we describe the default procedure using the instrument software, together 
with options for custom analysis (see Note 38).  

1. In a new analysis set, click and drag the three replicates in a single experiment for a
combined analysis.

2. If binding-induced changes in fluorescence intensity are observed, fit the binding
curve using the “Initial Fluorescence” button (see also Note 34). Otherwise, proceed
to step 3.

3. Extract replicate-averaged binding curves using the two default settings: (i)
“Thermophoresis + T-Jump”; (ii) “Thermophoresis”, and fit these using the
thermodynamic model to extract the KD (see Note 39). Compare the extracted values
for consistency.

4. Use the “Temperature Jump” method to see if there is a binding-induced change in
the fluorophore, which may hold structural information if the location of the
fluorophore is known.

5. Export the data for further analysis, error estimation of fit parameters or fitting to
custom binding models using e.g. MatLab (scripts available upon request to the
corresponding author of the underlying publication of this chapter), Python, or the
PALMIST program of Scheuermann et al. (20).

3.6 DESCRIPTION OF EXAMPLE 

HISTONE BINDING BY HISTONE CHAPERONE APLF

Histone chaperones are involved in the assembly and disassembly of the nucleosome 
for DNA replication, transcription, and repair (21). Aprataxin and Polynucleotide kinase Like 
Factor (APLF) is a DNA repair protein with histone chaperone function (22). Here, we studied 
the interaction of the APLF acidic domain (APLFAD) with histone complexes using MST. 
APLFAD was labeled with the manufacturer’s red dye NT-647 according to section 3.1. Given 
the low labeling efficiency (~15%) and the expected high affinity, 25 nM of APLFAD was used 
with 100% LED power to obtain an optimal fluorescence intensity of 400 counts. The assay 
buffer was supplemented with both 0.5 mg/mL BSA and 0.05% Tween-20 and experiments 
were conducted in hydrophilic treated capillaries to prevent sticking to the reaction tubes and 
the capillaries (see Figure 2).  

The MST data show that APLFAD binds with high and comparable affinities to both H2A-H2B 
and (H3-H4)2, suggesting that APLF is a generic histone chaperone (Figure 3). Interestingly, the 
binding curves show in both cases two transitions, suggesting two separate binding events (see 
Note 40), one with affinity in the higher nanomolar range and one in the micromolar range. 
The data were fit to a sequential-binding site model using an in-house written MatLab script 
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with the Nelder-Mead simplex algorithm as minimization procedure. Errors in the best-fit 
parameters represent the 95% confidence interval based on statistical F-tests (20). The 
additional binding mode of histones to APLFAD may be relevant for its chaperoning 
mechanism, promoting the retention of multiple copies of histone complexes.

These data demonstrate that MST can produce reproducible binding data for chromatin 
associated complexes in a convenient manner, using small amounts of materials, and 
minimalistic labeling approaches that do not interfere with the binding reaction. Furthermore, 
the sensitivity of the experiment due to its fluorescence detection based setup, might reveal in 
some cases additional binding modes with important functional implications which would 
otherwise remain hidden when using other techniques.

Figure 3. APLFAD binds with similar affinities to H2A-H2B and (H3-H4)2. (A) MST binding curves of H2A-
H2B (red) or (H3-H4)2 (blue) with fluorescently labeled APLFAD (25 nM) in assay buffer (25 mM NaPi, pH 7.0, 300 
mM NaCl, supplemented with 0.5 mg/mL BSA and 0.05% Tween-20), recorded at 25 °C, 20% MST and 100% LED 
power with 30/5 seconds laser-on/off time. The binding curve represents the average from 3 measurements with 
standard deviation. Best-fit values for the corresponding affinities and 95% confidence limits are listed in the table. (B) 
Plots showing the reduced χ2-surface that expresses the quality of the fit in contour-mode as function of the high-
affinity (KD,1) and the low-affinity (KD,2) dissociation constants for H2A-H2B (left) and (H3-H4)2 (right) binding to 
APLFAD. The best-fit values are indicated by a green dot. The 95% confidence critical value for the reduced χ2 is 
indicated with a thick black line. Figure reproduced from Ref. (23) with permission from the authors.
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4. NOTES

1. One is by no means restricted to use the manufacturer’s fluorescent labeling kit. There ar e
many commercially available fluorescent compounds that can be coupled to free amino  or
thiol groups. Make sure to use compounds compatible with the excitation and detecti on
wavelengths of your instrument.

2. Assay  buffer refers to the buffer of choice in which the interaction is investigated.  The
protein should be stable and well behaved in this buffer. Typical buffer conditions are 5 0
mM Tris-HCl pH 7.4, 150 mM NaCl, 10 mM MgCl2, 0.05% Tween-20.

3. We  limit the description of the method to the Monolith NT.115 instrument fro m
NanoTemper Technologies (Munich, Germany). Instruments with either a highe r
fluorescence sensitivity, a setup to excite and detect intrinsic tryptophan fluorescence, o r
a high-throughput automated screening setup are also available.

4. Hydrophilic treated capillaries were used in this study, but these are no longer available. 
Premium capillaries are advised as replacement.

5. Higher  stock concentrations are useful to have optimum flexibility to adjust exact  assay
buffer composition during optimization of the experimental conditions (see section 3.2)  or
in follow-up experiments.

6. In case no binding is detected with one binding partner fluorescently labeled, it is useful t o
try and test labeling the other binding partner.

7. Buffer  exchange to labeling buffer (steps 2 and 3) can be skipped if the protein sample i s
purified directly into a suitable buffer (good buffers are HEPES, PBS, Na-Ac) with 6.5  <
pH < 8.5. Buffers should not contain reducing agents dithiothreitol (DTT) and β-
mercaptoethanol (BME), since these substances significantly reduce labeling efficiency. 
Tris(2-carboxyethyl)phosphine (TCEP) can be used as reducing agent if require d.
Additionally, the buffer for NHS-labeling must be free of primary amines e.g.  ammonium
ions, Tris, glycine, ethanolamine, glutathione or imidazole. Buffers with protein  impurities
or protein carriers like bovine serum albumin (BSA) should not be used. If a labeling buffe r
is used other than the one supplied, dye concentrations required for optimum labe ling
efficiency may need to be re-established.

8. The  dye can be used for a few hours after resuspending it according to the manufacturer’ s
manual. For longer storage of stock solutions, dye may be frozen and aliquoted in  DMSO
under anhydrous conditions to prevent hydrolysis.

9. For some samples labeling efficiency may be increased by using a higher-fold excess o f
dye.

10. The reaction can be incubated in a drawer or cupboard, or wrapped in aluminum foil.
11. For optimal MST results, unreacted dye needs to be removed.
12. When  using 200 μL labeling reaction, the volume must be adjusted to 500 μL afte r

the sample has entered the bed by adding 300 µL assay buffer. If a scale-up or scale-d own
of the reaction is necessary, make sure the total volume loaded on the column is 500  μL.
Ensure the whole labelling mix has entered the column bed before completing to 500 μL.

13. Use  the early fractions that contain higher amounts of labeled protein. Depending on  the
assay buffer composition, later fractions might contain free dye. It can also be helpful t o
look at the thermophoresis signal and check for “bumps”, which are indicative  of
aggregates in the sample (see Figure 2E).

14. If  required, after fluorescent labeling, the protein can be concentrated using a device li ke
an Amicon® Ultra Centrifugal Filter (Millipore).
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15. The molar absorbance of the dye at 650 nm is 250,000 M-1 cm-1. Protein absorption at 2 80
nm has to be adjusted according to Aprotein = A280 – 0.028⋅A650 due to absorption of t he
dye. Typically, the labeling ratio is between 0.5 and 1.1 (according to the manufacturer).

16. If the stored protein is to be used for a new interaction study, repetition of  previous
experiments can be conducted to assess the stability and quality of the sample.

17. The experimental temperature in the MST instrument can be set between 22 and 45 °C  or
left unspecified for room temperature. The temperature is best set to a define d
value and reported, together with the used MST power.

18. After opening of the instrument’s front door for sample insertion, close the door and wai t
until the set temperature is reached as shown on the instrument’s display.

19. Both tube and capillary can be tilted to ease filling. To have air on both sides, the capillar y
may be inverted for one or two seconds after loading.

20. Typically, 5-100 nM of the fluorescently labeled molecule is sufficient to obtain  optimal
fluorescence, with intensity above 400 and below 1,500, with a minimum of 200. The L ED
power can be varied between 15% and 95% to achieve this. For very high -affinity
interactions, use the lowest possible concentration in which you get 2 00
fluorescence counts with 95% LED power.

21. If the concentration of labeled molecule is on the order of the KD, the dilution serie s
(section 3.3) is better prepared linearly to optimally sample the binding curve, in whic h
case the data is best plotted using a linear x-axis resulting in a hyperbole binding curve.

22. Capillary scans of each new titration should be performed at the start of the ex periment
to assess the quality of the samples and again at the end of the experiment to check f or
changes in the fluorescence peak shape and intensity that can occur over time.

23. Additives should be used at the lowest functional concentration possible as they  may
affect the binding.

24. Aggregates can be removed by centrifuging sample stocks (20 minutes, 20,000 g, 4  °C)
and filter buffers through 0.22-0.45 µm filters. Detergents such as Tween-20  or
Triton X-100 (0.01-0.1%) or changes in assay buffer conditions (different ionic strengt h
or pH) can also help to prevent aggregation or binding-induced aggregation.

25. A control experiment can be conducted with an unrelated non-binding molecule or  a
binding-deficient mutant of the binding partner.

26. Do not use less than 10 titration points per experiment.
27. Using a two-fold serial dilution, which is easily performed with minimum source of  error,

optimally spaced data points along the sigmoidal binding curve are obtained (see also  Note
21).

28. The “Concentration Finder” tool within the NT Control software can be used to  simulate
binding curves and determine the required titrant concentration ranges. In case  the
dissociation constant is unknown, a 3-5-fold dilution series starting from a high  (~100
µM) concentration will allow the monitoring of binding events within a li gand
concentration range of nM to µM. If a binding transition is observed, the titrant stoc k
concentration and dilution series can be adjusted accordingly.

29. If the sample buffer is different from the assay buffer, adjust the composition of  the
buffers in order to obtain the same composition (e.g. DMSO, glycerol, salt, detergent,
BSA etc.) by adding the components in the stock preparations to the final concentrat ion
needed.

30. As in any quantitative essay, it is essential to accurately determine protein concentration s,
work with calibrated pipettes, and to perform precise and reproducible protein dilutions.
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ABSTRACT 

Genome replication, transcription, and repair require the assembly/disassembly of the 
nucleosome. Histone chaperones are regulators of this process by preventing formation of 
nonnucleosomal histone-DNA complexes. Aprataxin and Polynucleotide kinase Like 
Factor (APLF) is a non-homologous end joining (NHEJ) DNA repair factor that possesses 
histone chaperone activity in its acidic domain (APLFAD). Here, we studied the molecular basis 
of this activity using biochemical and structural methods. We find that APLFAD is intrinsically 
disordered and binds histone complexes (H3-H4)2 and H2A-H2B specifically and with high 
affinity. APLFAD prevents unspecific complex formation between H2A-H2B and DNA in a 
chaperone assay, establishing for the first time its specific histone chaperone function for H2A-
H2B. On the basis of a series of NMR studies, supported by mutational analysis, we show that 
the APLFAD histone binding domain (HBD) uses two aromatic side chains to anchor to the α1-
α2-patches on both H2A and H2B, thereby covering most of their DNA-interaction surface. 
An additional binding site on both APLFAD and H2A-H2B may be involved in the handoff 
between APLF and DNA or other chaperones. Together, our data support the view that APLF 
provides not only a scaffold but also generic histone chaperone activity for the NHEJ complex. 

INTRODUCTION 

Replication, transcription, and repair of the genome are essential for cell division, 
growth, and maintenance of genome integrity (1-3). In order to carry out their function, 
dedicated molecular machineries have to be able to gain access to the DNA, perform their task, 
and subsequently restore a functional chromatin state. Thus, these processes are highly 
dependent on chromatin dynamics down to its smallest organizational level: the nucleosome. 
The nucleosome is characterized by 146 base pairs of DNA wrapped around a protein core of 
two histone H2A-H2B dimers and one (H3-H4)2 tetramer (4). Assembly and disassembly of 
nucleosomes is coordinated by histone chaperones, a family of histone binding proteins (5,6). 
These chaperones prevent the formation of nonnucleosomal histone-DNA complexes, 
mediate histone variant exchange, and store histone complexes.  

Aprataxin and Polynucleotide kinase Like Factor (APLF) is a DNA repair factor that facilitates 
repair of DNA single- and double-strand breaks (DSBs) (7-9). In non-homologous end joining 
(NHEJ) of DSBs (10,11), it provides a scaffold for the NHEJ complex (12,13), promotes the 
retention of specific NHEJ subunits at DSBs in vivo, and stimulates the rate of NHEJ repair 
(14). APLF is a 57 kDa protein composed of several distinct functional domains (Figure 1A). 
The N-terminal forkhead-associated (FHA) domain interacts with DNA repair proteins XRCC1 
and the XRCC4/DNA Ligase IV complex (9,15). The central, mostly unstructured part of 
APLF contains Ser116, which is phosphorylated in response to DNA damage (9,16), and a 
binding motif for DNA repair factor Ku (17). The C-terminal half of the protein contains two 
poly(ADP-ribose) (PAR) binding zinc (PBZ) domains (18-21). PAR is a post-translational 
modification attached rapidly and transiently at sites of DNA damage by ADP-
ribosyltransferases (ARTs) (22,23). APLF is recruited to DNA damage sites via interaction of 
its PBZ domains with PAR and in a PAR-independent manner via interactions with XRCC1
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and Ku (7-9,18). Recently, the C-terminal acidic domain of APLF was shown to harbor histone 
chaperone activity based on its capability to mediate chromatin assembly, to bind core histones, 
and to disassemble tetrasomes (24). 

Figure 1. APLF contains an extended histone binding domain in its acidic domain. (A) Schematic 
representation of the APLF domain architecture. FHA = Forkhead associated domain, P = phosphorylation site Ser116, 
Ku = Ku-binding motif, PBZ = Poly(ADP)ribose Binding Zinc finger, AD = acidic domain. (B) Sequence alignment 
of APLFAD, motif analysis, and alignment with histone chaperones. APLFAD shows conservation among species and 
with two motifs from histone chaperones: the NAP1L-motif present in Nap1-like proteins and the H2A-H2B binding 
cap-anchor motif of histone chaperones Anp32E, Spt16, and YL1. The amino acids are displayed by Seaview with color 
coding according to amino acid properties. Abbreviations: Hs = Homo sapiens; Mm = Mus musculus; Bt = Bos taurus; Sc = 
Saccharomyces cerevisiae; Dm = Drosophila melanogaster. 

Here, we investigated the molecular basis of the histone chaperone function of the C-terminal 
APLF acidic domain, APLFAD, using a combination of nuclear magnetic resonance (NMR) 
spectroscopy, crosslinking, microscale thermophoresis (MST), isothermal titration calorimetry 
(ITC), and a functional assay.  

We show that APLFAD is intrinsically disordered. It binds specifically and with high affinity to 
both (H3-H4)2 and H2A-H2B histone complexes suggesting that it is a generic histone 
chaperone. Since the specificity and functionality of the H2A-H2B binding activity of APLF 
had not been addressed before, we characterized here in detail the molecular basis for the 
H2A-H2B binding of APLFAD. The histone binding domain of APLFAD, which contains two 
aromatic side chains, binds specifically to the region of H2A-H2B that interacts with DNA in 
the nucleosome. APLFAD is shown to interfere with DNA binding to H2A-H2B, proving its 
H2A-H2B histone chaperone function. To rationalize these findings, we propose a novel 
double-anchor model in which two aromatic side chains anchor to the α1-α2-patches on H2A 
and H2B. Furthermore, we found evidence for a secondary binding mode involving the H2B 
αC-helix. Since this helix is an exposed feature on the surface of the nucleosome and many 
chaperone-histone complexes, this additional binding mode could represent a key step in the 
transfer of histone complexes from and to DNA or other chaperones. Collectively, our results 
suggest that APLF provides the NHEJ machinery with the capacity to bind and transfer histone 
complexes generically through an interaction mode that presents a novel variation in the 
recognition of the histone surface.
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RESULTS 

THE C-TERMINAL ACIDIC DOMAIN OF APLF IS CONSERVED AND

UNSTRUCTURED 

The APLF protein, including its C-terminal acidic domain, is highly conserved in a 
broad range of organisms (8,24). Further sequence analysis shows that the APLF acidic domain 
(APLFAD, Homo sapiens (Hs) APLF residues 450-511) is homologous to various known histone 
chaperones in two partly overlapping regions (Figure 1B). The first region, residues 476-499, is 
conserved in the nucleosome assembly protein 1-like 1 (NAP1L1) protein, and this region has 
been shown to be important for interaction with histone proteins and DNA repair functionality 
(24). The second region is a negatively charged region (residues 471-477, starting just before the 
NAP1L1 motif) that aligns well with the conserved cap-anchor peptide motifs used by other 
histone chaperones for binding the H2A-H2B or H2A.Z-H2B histone dimer (34,38-42). The 
region of similarity with other chaperones is followed by a conserved positively charged C-
terminal region, here termed KR-motif (with K/R as single-letter codes of amino acids 
lysine/arginine), which could have functional relevance. The presence of an extended, highly 
conserved region with homology to known histone chaperones suggests that the entire 
conserved region in APLF may be involved in histone binding. We therefore define residues 
471-499 as the (putative) histone binding domain (HBD) of APLF.

The low complexity of the primary sequence and the sparsity of hydrophobic residues suggest 
that APLFAD is unstructured (43-46). To characterize the structural properties of APLFAD 
experimentally, we used NMR spectroscopy and recorded the fingerprint 1H-15N heteronuclear 
single quantum coherence (HSQC) NMR spectrum of free APLFAD (Figure 2A, and 
Supplementary Figure S1). All backbone amide protons resonate in a narrow spectral region 
between 7.8 and 8.7 ppm, indicating that APLFAD is mostly unstructured in solution. To allow 
more detailed analysis, the backbone chemical shifts were assigned and analyzed for secondary 
structure propensities using the program SSP (30). The entire domain, including the HBD, has 
a very low probability of being in either β-strand or α-helical conformation, implying that 
APLFAD is mostly unstructured (Figure 2B, upper panel). This is in agreement with a recent 
study that showed that full-length APLF is largely an intrinsically disordered protein (13). 
Noteworthy, the stretch of residues 496-506 at the C-terminal edge of the HBD shows a 
probability of up to ~40% of being in an α-helical conformation as found in our SSP analysis. 
Based on relaxation experiments by NMR spectroscopy, it is found that residues in this same 
stretch have significantly higher T1/T2 values compared to the rest of the acidic domain, which 
is indicative of reduced local flexibility and in agreement with transient formation of secondary 
structure (Figure 2B, lower panel). 
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Figure 2. APLFAD is an unstructured protein domain. (A) Zoomed 1H-15N HSQC spectrum of APLFAD showing 
all backbone amide resonances with their assignments. Spectrum recorded at 22 °C, 25 mM NaPi, pH 6.6, 300 mM 
NaCl, 900 MHz 1H Larmor frequency. (B) Secondary structure probabilities (SSPs) derived from NMR Cα and Cβ 
chemical shifts (upper panel) and experimental T1/T2 ratios from NMR relaxation measurements (lower panel) 
plotted against the sequence of APLFAD. In the SSP diagram, negative and positive values indicate the probability of 
β-strand and α-helical conformation, respectively. In the T1/T2 plot, the solid (dashed) lines represent the average 
(average + one standard deviation) value. HBD is indicated in blue, the boundaries of the region with helical 
propensity are indicated with red lines. 

APLFAD INTERACTS WITH HIGH AFFINITY WITH HISTONES AND

FORMS SPECIFIC COMPLEXES WITH H2A-H2B 

In order to obtain the binding properties of APLFAD and histone complexes, we 
studied their interactions by crosslinking, microscale thermophoresis (MST), and isothermal 
titration calorimetry (ITC) (Figure 3). All experiments were done at 300 mM salt in order to 
shield nonspecific interactions. 
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Figure 3. APLFAD binds with high and similar affinities to H2A-H2B and (H3-H4)2. (A) Sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel of room temperature crosslinking experiment of APLFAD, 
H2A-H2B and their mixtures (molar ratios indicated on top of the gel). The molecular size regions for the histone and 
APLFAD monomers are indicated (M), as well as regions for crosslinked histone dimers (HD), histone tetramers (HT), 
and histone-APLFAD complexes: the primary and secondary complex (PC and SC). APLFAD (7.7 kDa) migrates as a 
~14 kDa protein (lane 9, control: non-crosslinked), presumably due to the acidic character of the protein. APLFAD

stains poorly, in particular in presence of the crosslinking agent (lane 3). (B) MST-derived binding curves of H2A-H2B 
(red) or (H3-H4)2 (blue) titrated to fluorescently labeled APLFAD at 25 °C. Data points are the average from three 
measurements, error bars are one standard deviation. Best-fit affinities using a sequential-binding model are listed in 
the table, the 95% confidence interval based on F-test is given in square brackets (see Supplementary Figure S2). Note 
that the concentration of (H3-H4)2 is expressed in dimer units to allow direct comparison with H2A-H2B. (C) 
Calorimetric titration of APLFAD to H2A-H2B (red) and (H3-H4)2 (blue) via ITC at 25 °C. Experimental heat changes 
of injections of APLFAD to H2A-H2B or (H3-H4)2 are shown (upper panel) in red and blue, respectively. The resulting 
binding isotherms (lower panel) were fit to a one-set-of-sites binding mode. Best-fit values and fitting errors are shown 
in the table (D, top) together with the derived thermodynamic parameters (D, bottom). All data are obtained in 25 mM 
NaPi, pH 7.0, 300 mM NaCl.
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The crosslinking agent dithiobis(succinimidyl-propionate) (DSP), which reacts with primary 
amine groups at the N-terminus of peptides and in lysine side chains, was used to trap 
complexes of APLFAD with histone complexes. While mixtures of (H3-H4)2 and APLFAD 
precipitated (data not shown), mixtures of APLFAD and H2A-H2B were readily crosslinked 
(Figure 3A). In the absence of APLFAD, crosslinking of H2A-H2B yields dimers (~25 kDa) and 
a small population of (H2A-H2B)2 tetramers (~50 kDa) (Figure 3A, lane 4), consistent with the 
ability of H2A-H2B to form transient tetramers (47). When APLFAD is titrated with H2A-H2B, 
a primary complex with an apparent molecular weight of ~40 kDa is formed, corresponding to 
one H2A-H2B dimer bound to one APLFAD (Figure 3A, lanes 5-7). In the presence of two-fold 
excess of H2A-H2B, additional bands corresponding to free H2A-H2B and secondary, higher-
order complexes appear. The dominant band at ~70 kDa could correspond to one or two 
APLFAD bound to two H2A-H2B dimers (Figure 3A, lane 7). 

Next, we set out to determine the affinity of binding between APLFAD and histone complexes 
using MST. Addition of H2A-H2B or (H3-H4)2 to fluorescently labeled APLFAD resulted in 
clear changes in thermophoresis, reflecting binding of both types of histone complexes to the 
acidic domain (Figure 3B). Interestingly, in both cases two binding events were observed, one 
with a KD in the sub-micromolar and one in the high micromolar range. This is consistent with 
the observation of a primary and a secondary complex formation in the crosslinking experiment 
described above that had the same overall titration setup, namely titration of histone complex 
to APLFAD. To extract the corresponding binding affinities, the data were fit to a sequential-
binding model in which it was assumed that (H3-H4)2, given its two-fold symmetry, presents 
two binding sites to APLFAD. The KD values for the high-affinity binding events are 0.8 µM and 
1.4 µM for H2A-H2B and (H3-H4)2, respectively (Figure 3B and Supplementary Figure S2). 
For the secondary binding, the best-fit KD value is ~50-fold higher, although it cannot be 
determined precisely because of lack of saturation (see Figure S2). 

In order to determine the stoichiometry and thermodynamic parameters of binding, we 
investigated the binding between APLFAD and histones by ITC (Figure 3C). APLFAD binds to 
H2A-H2B with a KD of 0.94 µM to form an enthalpically and entropically favorable complex 
(Figure 3D). APLFAD binds to (H3-H4)2 with a KD of 3.81 µM to form an enthalpically favorable 
but entropically unfavorable complex. The numbers of binding sites determined by ITC are 
~0.8 and ~1.7 on H2A-H2B and (H3-H4)2, respectively. This is consistent with one APLFAD 
binding to one H2A-H2B or H3-H4 dimer. The ITC-derived KD value for H2A-H2B is very 
close to the high affinity binding value (KD,1) obtained by MST, while the KD value for (H3-H4)2 
is somewhat higher but close to the upper limit of the MST-derived KD,1. Since high-affinity and 
high-enthalpy interactions dominate the ITC curve, no evidence for additional binding modes 
with lower affinity can be retrieved from the ITC experiments. Overall, MST and ITC data 
consistently show high-affinity interactions between APLFAD and both H2A-H2B and (H3-
H4)2 with low- to sub-micromolar dissociation constants, while crosslinking and MST data 
point to multiple binding modes at excess of histones. 



Chapter 3

46 

H2A-H2B BINDS TO THE HBD OF APLFAD 

Since previous work had suggested that APLF preferentially chaperones (H3-H4)2 and 
that the interaction with H2A-H2B is less salt-tolerant (24), we next asked whether the high-
affinity interaction with H2A-H2B is specific or merely driven by unspecific electrostatic 
interactions. To determine the H2A-H2B interaction site on APLFAD, we titrated unlabeled 
H2A-H2B dimers to 15N-labeled APLFAD and monitored spectral changes by NMR 
spectroscopy. Several APLFAD backbone resonances show a change in peak intensity and/or a 
change in their chemical shift (chemical shift perturbation, CSP), indicating that these residues 
are involved in binding and/or undergo structural reorganization upon binding (Figure 4A). In 
contrast, the N-terminal part of APLFAD up to residue number 468 is largely unaffected by the 
interaction (Figure 4B). Some of the affected resonances, such as of E477 and W485, disappear 
at low molar ratios of added histone dimer, reflecting a large exchange-induced line broadening 
(Figure 4A). This indicates that for these resonances the exchange between free and bound 
states is intermediate on the NMR chemical shift time scale, signifying a large chemical shift 
difference between these states. In a typical 1:1 binding model the bound-state resonances 
should be visible at the end of the titration, but most resonances in the stretch from D475 to 
E486 were not detected at high molar equivalents of H2A-H2B where APLFAD should be fully 
bound. The increased size of the complex, in combination with residual exchange dynamics or 
additional dynamics in the bound states, may cause such loss of NMR signals. This has been 
demonstrated before for other unstructured histone chaperone domains binding to a histone 
complex (34,40,48). The overall pattern of observations is consistent with a low- to sub-
micromolar affinity of APLFAD for H2A-H2B. 

Figure 4. APLFAD interacts with H2A-H2B through its HBD. (A) Zoomed region of overlaid 1H-15N transverse 
relaxation-optimized spectroscopy (TROSY) spectra of APLFAD with increasing concentrations of H2A-H2B. The inset 
shows the region containing Y476 and W485 backbone resonances. Color coding indicated in the figure. Direction of 
peak shifts for disappearing resonances is indicated with dashed arrows. Peak shifts of selected resonances up to one 
(four) equivalents added are indicated with orange (black) arrows. Recorded at 900 MHz 1H Larmor frequency at 35 °C 
in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl. (B) Analysis of APLFAD 1H-15N peak intensity ratios (upper panel) 
and weighted average CSPs (lower panel) between H2A-H2B bound (4:1 molar ratio of H2A-H2B:APLFAD) and free 
APLFAD. Resonances that disappear during the titration are indicated by arrows and labeled. Resonances with CSPs 
more than 2 (1) standard deviation (SD) (orange (yellow) line) from the 10% trimmed mean (green dashed line) are 
highlighted in orange (yellow) and labeled. Position of the HBD and KR-motif are indicated above the plot, white 
stripes denote the helical region. Residues without titration data due to overlap or missing resonances are indicated with 
gray bars. Residues with strongly overlapped resonances in the bound state are indicated with black bars.  
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To map the H2A-H2B binding region on APLFAD, CSPs and peak intensity ratios were 
calculated from spectra without or with four molar equivalents of H2A-H2B (Figure 4B). 
Resonances corresponding to the central part of the putative HBD, residues D475 to E486, 
either show a substantial decrease in intensity or completely disappear. Resonances from 
adjacent residues near the termini of the HBD, including the C-terminal helical element, have 
low signal intensity and high CSPs. These data demonstrate that the primary region to interact 
with H2A-H2B is in fact the HBD of APLFAD. Importantly, this region also includes 
hydrophobic residues, in particular W485, which was previously found to be required for 
interaction with (H3-H4)2 (24), and Y476 which is part of the cap-anchor motif (see Figure 
1B). Additionally, several resonances display curved peak trajectories when adding more than 
one equivalent of histone dimer, see for instance L464, L469, K494 and A504 in Figure 
4A. Together, our data indicate that the conserved HBD of APLFAD is responsible for a direct 
and high-affinity interaction with H2A-H2B, and that regions either N- or C-terminal to the 
HBD may play a role in secondary binding modes between APLFAD and H2A-H2B. 

APLFAD INTERACTS WITH THE DNA AND CHAPERONE BINDING

REGION OF H2A-H2B 

To further investigate the nature of the interaction between APLFAD and H2A-H2B, 
we mapped where the HBD contacts the H2A-H2B dimer. For this purpose, we titrated 
unlabeled APLFAD into the H2A-H2B dimer with either H2A or H2B 15N-labeled ([15N]H2A-
H2B and H2A-[15N]H2B, respectively) (Figure 5A,B). Backbone assignments of H2A and H2B 
in the H2A-H2B dimer were performed and transferred to assay conditions. Addition of 
APLFAD to [15N]H2A-H2B causes significant CSPs for several residues (Figure 5A). Including 
resonances that disappear during the titration, such as R28, the affected residues cluster in and 
around the α1-helix and the L2-loop of H2A, which contain DNA binding residues (Figure 
5C). In particular, the largest CSP is observed for R76, which anchors the L2-loop into the 
minor groove of DNA in the nucleosome (4,37). Additionally, the region around G27 and R28 
is part of the α1-α2-patch formed by the α1-helix, L1-loop, and α2-helix, which is the contact 
point for DNA at the next superhelical location (Figure 5F). 
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Figure 5. APLFAD binds to the DNA and histone chaperone binding region of H2A-H2B. (A,B) Zoomed 
region of overlaid 1H-15N TROSY spectra of [15N]H2A-H2B (A) and H2A-[15N]H2B (B) with increasing 
concentrations of APLFAD. Color coding of spectra is indicated in the figure. Data recorded at 850 MHz (A) or 750 
MHz (B) 1H Larmor frequency in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl, 35 °C. Direction of peak shifts for 
disappearing resonances is indicated with dashed arrows in (A). Peak shifts of selected resonances up to one (four) 
equivalents added are indicated with orange (pink) arrows in (B). (C,D) Weighted average CSP per residue in H2A (C) 
and H2B (D) upon addition of one molar equivalent of APLFAD. Resonances that disappear during the titration are 
indicated by blue arrows and labeled in (C). Resonances with CSPs more than 2 (1) SD (orange (yellow) line) from the 
10% trimmed mean (green dashed line) are highlighted in orange (yellow) and labeled. Residues without titration data 
due to overlap or missing resonances are indicated with gray bars. Secondary structure (SS) of H2A/H2B as in the 
nucleosome (PDB ID 2PYO) (37) indicated below the plot (line = loop, rectangle = α-helix, triangle = β-strand) with 
naming of SS-elements as in Ref. (49). Residues that interact with nucleosomal DNA (PDB ID 2PYO) are indicated by 
red arrows. (E,F) CSPs color coded on the surface (E) and cartoon (F) representation of H2A-H2B. H2A residues of 
which resonances disappear during the titration are colored blue and labeled. Surface residues with significant CSPs 
(more than 2 SD from the 10% trimmed mean, see panels C,D) are labelled in yellow (red) for H2A (H2B). Gray – 
residues without titration data; green – DNA.
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In the titration experiment with H2A-[15N]H2B, very pronounced CSPs were observed such 
as for A55, I58 and K117, shown in Figure 5B. Strikingly, the trajectories of the A55 and I58 
resonances approach the bound state after addition of one molar equivalent APLFAD whereas 
the K117 resonance shifts throughout the titration up to four equivalents. Together with kinked 
or curved CSP trajectories for several resonances (see Figures 6C,D and Supplementary Figure 
S3), these observations point to the presence of two binding sites on the H2A-H2B dimer, one 
with high affinity and a second with lower affinity. Using the CSPs observed up to one 
equivalent APLFAD added, we identified the α1-α2-patch of H2B as the main binding region 
for APLFAD (Figure 5D). This region was previously identified as chaperone binding region for 
H2A(.Z)-H2B chaperones Anp32E, Swr1, Spt16, and YL1 (34,38-41,50). In addition, the H2B 
αC-helix is also involved in the binding of APLFAD as can be seen from the significant CSPs of 
H2B residues T116-T119 (Figure 5D). Using the CSPs between one and four added molar 
equivalents of APLFAD, the secondary binding site can be mapped to the α3- and αC-helix of 
H2B, while no such rigorous conclusion can be drawn for H2A (Figure 6A). The most obvious 
indication of secondary binding in the titration data of [15N]H2A-H2B is found for H2A G21, 
located close to the H2B αC-helix. The resonances of this residue display a curved peak 
trajectory, thus supporting the secondary binding to this site (Figure S3D,E). Interestingly, the 
H2B αC-helix is on the accessible surface of the nucleosome (Figure 6B). 

Figure 6. The H2B α3- and αC-helices form a secondary binding site for APLFAD. (A) Weighted average CSP 
per residue in H2B observed between one and four molar equivalents of APLFAD added to H2A-H2B. Color coding, 
labeling of residues, and secondary structure plot as in Figure 5. (B) Observed CSPs color coded on the cartoon 
representation of H2A-H2B (PDB ID 2PYO). Color coding: yellow – H2A; gray – residues without titration data; 
green – DNA. (C,D) Observed and fitted 2D NMR lineshapes for two residues (C: S52 and D: T119) with pronounced 
kinked trajectories. Color coding of spectra is indicated in the figure. The black (gray) arrows indicate the displacements 
for the high (low) affinity interactions. (E) Table with best-fit values for binding parameters. N = number of binding 
sites. 
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To compare the affinities of the primary and secondary APLFAD binding sites on H2A-H2B, 
the NMR lineshapes were quantitatively analyzed using the program TITAN (31). NMR 
lineshapes are very sensitive to the off-rate, koff, and thus reasonably accurate KD values can be 
determined even when the protein concentration exceeds the KD. An excellent fit to the data 
was obtained using a sequential-binding model in which binding affinity to the primary binding 
site (formed by the chaperone-binding region and the H2A α1-α2-patch) is in the low 
micromolar range and ~40-fold higher than the affinity for the secondary site on the α3- and 
αC-helix of H2B (Figure 6E and Supplementary Figure S3). The difference in affinity can be 
attributed to a difference in dissociation rates (koff), with best-fit values for the koff of 6⋅102 s-1 
and 4⋅103 s-1 for the high- and low-affinity interaction, respectively (Figure 6E). This translates 
to an average lifetime of 1.7 ms for APLFAD bound to the primary interaction region. The highly 
dynamic nature of the complex underscores the important role of electrostatics in the interface. 

We thus find that the negatively charged HBD of APLFAD binds with high affinity to the DNA 
and chaperone-binding region of the H2A-H2B dimer. In addition, there is strong evidence for 
additional interaction modes between APLFAD and H2A-H2B from the observed secondary 
binding sites on both APLFAD and H2A-H2B.

A DOUBLE-ANCHOR MODEL FOR APLFAD BINDING TO H2A-H2B 

Having mapped the binding interfaces of APLFAD and H2A-H2B, we sought to 
understand the interaction in more detail. Since APLFAD is disordered and we have no detailed 
structural information on the bound-state conformation of APLFAD, we decided to make use 
of homology to other known histone chaperones to build a structural model. In the procedure 
detailed below we make use of the following two assumptions.  

First, we assume that the cap-anchor motif in APLFAD binds to H2A-H2B in the same way as 
seen in recent structures of chaperone-histone complexes. These structures show that the 
aromatic anchor residue of this motif is buried in the H2B chaperone-binding region, while the 
cap residue forms a hydrogen bond to the N-terminus of the H2B α2-helix (34,38-41). This 
assumption is based on the conservation of the cap-anchor motif in APLFAD (see Figure 1B) 
and the observation that this region (residues E473/Y476) as well as the chaperone-binding 
region in H2A-H2B (H2B residues Y34-I58) show the strongest effects in the NMR titrations 
(see Figure 4B and 5D).  

Second, we assume that the bound-state conformation of the APLFHBD resembles that of YL1. 
The structure of this chaperone bound to H2A.Z-H2B shows that YL1 binds through a cap-
anchor interaction and a second aromatic side chain that interacts with the H2A α1-α2-patch 
(34,41). Similarly, the H2A-H2B binding region of APLFAD contains two aromatic residues 
(Y476 and W485, see Figure 7A), and the H2A α1-α2-patch is involved in binding APLFAD 
(Figure 5E). Notably, while in YL1 the aromatic anchors are spaced 14 residues apart, their 
separation in APLFAD is only 9 residues (Figure 7A), illustrating the need for an atomistic model 
of the APLFHBD-H2A-H2B complex to verify this assumption. 
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Figure 7. Structural model of APLFHBD bound to H2A-H2B using two aromatic anchors. (A) 
Sequence alignment of APLFHBD with YL1 used as template for modeling. Cap (c) and anchor (a) residues are 
indicated, second aromatic residue is indicated with an arrow. (B) Double-anchor model for APLFHBD bound to 
H2A-H2B. APLFHBD in cartoon representation with side chains shown as sticks. Electrostatic potential is color 
coded on the Van-der-Waals surface of H2A-H2B. (C) APLFHBD (surface representation) binds to NMR-derived 
binding interface and interferes with DNA binding to H2A-H2B. Color coding of CSPs as in Figure 5. (D,E) 
Close-up views on the two aromatic anchor interactions. Cap-anchor bound to H2B chaperone-binding region in 
(D), second anchor bound to H2A α1-α2-patch in (E). APLFHBD in cartoon representation with side chains shown 
as sticks. Selected residues and histone secondary structure elements are labeled. Hydrogen bonds indicated with 
dashes. Green – DNA; cyan – APLF; yellow – H2A; red – H2B. 

To model the APLFHBD-H2A-H2B complex, we thus first constructed a model of APLFHBD 
based on the bound-state structure of histone chaperone YL1 using the program MODELLER 
(35 ) and the alignment in Figure 7A. The resulting APLFHBD model was subsequently docked
onto the structure of H2A-H2B using HADDOCK (36) driven only by distance restraint s 
enforcing the cap-anchor binding motif. This procedure allows to verify whether both Y476
and W485 can simultaneously interact with H2A-H2B and allows validation using the NMR-
derived binding interfaces.

The resulting model for the APLFHBD-H2A-H2B complex shows that both aromatic residues 
are positioned close to the surface of H2A-H2B, connected by the negatively charged linker 
that runs over the positively charged surface of H2A-H2B (Figure 7B). The model has good 
physico-chemical properties, as indicated from excellent electrostatic match between the HBD 
and the dimer surface, the absence of clashes, and Ramachandran plot statistics (Supplementary Table 
S1). The HBD covers the H2A-H2B surface identified in the NMR titration studies and effectively
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replaces the nucleosomal DNA (Figure 7C). Importantly, this structure shows that, despite 
different spacing compared to YL1, both aromatic residues can anchor to the dimer. The 
modeled cap-anchor interaction at the H2B α1-α2-patch is shown in Figure 7D. At the H2A 
α1-α2-patch, W485 of APLF is buried in the H2A patch with π-stacking to R16 in H2A, with 
additional stabilization from a salt bridge between APLF E490 and R41 in H2A (Figure 7E), 
although the precise details of this interaction depend strongly on the conformation of 
APLFHBD submitted for docking (data not shown). In short, our model is in line with the 
experimental evidence and suggests a novel interaction mode between a histone chaperone and 
the H2A-H2B dimer with APLFAD binding the H2B hydrophobic pocket with a conserved 
tyrosine anchor and the H2A patch with a tryptophan anchor. 

TWO AROMATIC ANCHORS IN APLFAD ARE ESSENTIAL TO PREVENT

AGGREGATION OF H2A-H2B-DNA COMPLEXES 

To test our structural model of the APLFAD-H2A-H2B interaction and to validate its 
functional relevance, we assayed the histone chaperone activity of APLFAD in vitro. In absence 
of H3-H4, H2A-H2B binds in non-native manner to DNA, resulting in aggregation and 
precipitation at high concentrations of histone dimer (51). As a true histone chaperone, APLFAD 
should be able to prevent such incorrect histone-DNA interactions (52). We thus used a native 
polyacrylamide gel electrophoresis (PAGE) assay to detect the chaperone-mediated rescue of 
DNA precipitation (53). Control incubations of DNA with APLFAD wildtype (WT) or its 
mutants showed no effect, while incubation of DNA with H2A-H2B dimer led to loss of free 
DNA due to precipitation (Figure S4A), culminating in complete precipitation of DNA at a 15:1 
H2A-H2B:DNA ratio (Figure 8A, lanes 2-3). However, when H2A-H2B was pre-incubated 
with different amounts of APLFAD WT, DNA precipitation was prevented and free DNA as 
well as soluble DNA complexes were observed (Figure 8A, lanes 4-6). Mutating the aromatic 
amino acids that we identified as key anchor residues in APLFAD according to our structural 
model reduces its ability to prevent histone-DNA aggregates. While in APLFAD Y476A 
chaperone activity is partially abolished (Figure 8A, lanes 7-9), the mutation W485A greatly 
reduces chaperone activity (Figure 8A, lanes 10-12), which is almost completely lost in the 
double mutant Y476A/W485A (Figure 8A, lanes 13-15). This reveals that APLFAD interferes 
with DNA binding to H2A-H2B and that the two aromatic side chains in the HBD of APLFAD 
are essential for chaperone function. These data imply that the interaction between APLFAD 
and H2A-H2B is specific and functional, thus strongly supporting the role of APLFAD as a 
domain with H2A-H2B chaperone function. In support of this result, we compared the 
affinities of H2A-H2B to the APLFAD mutants used in the chaperone assay by ITC. While the 
single mutants Y476A and W485A bound with slightly reduced affinities compared to WT 
APLFAD to H2A-H2B, no binding was detected for the double mutant Y476A/W485A (Figure 
8B). This suggests that the linker region retains a high degree of flexibility such that the two 
anchors behave independently. Furthermore, whereas the binding of APLFAD WT and  Y476A 
is mostly enthalpy driven, binding of W485A is entropy-driven. This suggests a higher 
conformational flexibility of the chaperone-histone complex with W485A, reducing its 
capability to screen the H2A-H2B DNA-binding surface, leaving it open for interaction with 
DNA. 
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Figure 8. APLFAD functions as histone chaperone and prevents H2A-H2B-mediated DNA precipitation. (A) 
Native PAGE analysis of 167 base pair (bp) DNA (1 µM) with the 601 nucleosome positioning sequence in presence 
or absence of APLFAD WT or mutants and H2A-H2B. Chaperone assay performed at 37 °C. Lane 1: 50 bp DNA 
ladder (M). Lane 2: free DNA. Lane 3: DNA upon addition of 15 µM H2A-H2B. Lanes 4-15: DNA upon addition of 
15 µM H2A-H2B preincubated with increasing concentrations (15, 45, or 90 µM) of APLFAD WT, Y476A, W485A, or 
Y476A/W485A. (B) Calorimetric titration of APLFAD WT or mutants to H2A-H2B via ITC at 25 °C. The resulting 
binding isotherms (upper panel) were fit to a one-set-of-sites binding mode. Best-fit values and fitting errors are shown 
in the table together with the derived thermodynamic parameters (lower panel). All data are obtained in 25 mM NaPi, 
pH 7.0, 300 mM NaCl.

DISCUSSION

We describe here a detailed characterization of the interaction between the acidic 
domain of DNA repair factor APLF with core histone complexes to understand its histone 
chaperone activity. We have performed structural investigation on the recognition of H2A-H2B 
dimers and we present evidence that APLF can function as a true H2A-H2B chaperone. For 
this function, APLF makes use of a double-aromatic-anchor binding motif, a model supported 
by mutational analysis.

We find that APLFAD binds comparably to both (H3-H4)2 and H2A-H2B, implying that APLF 
is a generic histone chaperone without specificity for either type of histone complex. While 
Mehrotra et al. (Ref. (24)), who first characterized APLF as a histone chaperone, focused on the 
interaction with the H3-H4 tetramer, our data show consistently, quantitatively, and using a 
variety of techniques, that APLFAD binds H2A-H2B with very similar affinity as (H3-H4)2 

(Figure 3). The NMR data indicate that the histone binding domain (HBD) binds generic 
elements of the histone fold in H2A-H2B, namely the α1-α2-patches of each histone that form 
contact points with nucleosomal DNA (Figure 5). Based on homology with YL1 and supported 
by mutational analysis, our structural model indicates that the APLFHBD anchors to these 
patches via two aromatic anchors: W485 binds the H2A-patch (potentially via H2A R16) and 
Y476 binds the H2B-patch (most likely via H2B Y39). The unstructured nature of APLFAD may 
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provide the HBD with the required conformational flexibility to adapt to the surfaces of either 
(H3-H4)2 or H2A-H2B (54,55). 

The double-anchor model of APLFAD bound to H2A-H2B presented here constitutes a novel 
interaction mode that highlights adaptability in recognition of the H2A-H2B surface. 
Comparison of the model and the H2A.Z-H2B-YL1 structure suggests that the change in 
spacing between the two anchor residues (from 14 in YL1 to 9 residues in APLF) prevents 
anchor W485 in APLF from deep burial in the H2A-patch and instead forces it to form a 
different set of interactions.  

Sequence analysis of histone chaperones Spt16, Pob3 and hNap1 (Nap1L1) shows that these 
also contain a second aromatic residue in their histone binding regions. Therefore, we 
hypothesize that the double-anchor interaction mode is also present in these H2A-H2B 
chaperones. The minimal binding domains (MBD) of both Spt16 and Pob3 contain a second 
aromatic residue, spaced 13 and 15 residues, respectively, C-terminal to the tyrosine H2B-patch 
anchor (39). While not present in the crystal structure of Spt16MBD with H2A-H2B, mutagenesis 
data show a strong contribution of this C-terminal region in the MBD to binding affinity. In 
case of hNap1, its C-terminal acidic domain (CTAD) has been shown to facilitate binding of 
two H2A-H2B dimers to the core of hNap1 (42). There are two cap-anchor motifs in the CTAD 
with their aromatic anchors spaced 23 residues apart. Since it was found that both motifs bind 
to one H2A-H2B dimer, it is likely that the CTAD is able to bind in a similar double-anchor 
mode as APLFAD. Differences in the spacer length and the identity of anchor and surrounding 
residues may account for differences in histone specificity.  

We showed that APLFAD binds both H2A-H2B dimers and H3-H4 tetramers with similar, low- 
to sub-micromolar affinities at high ionic strength, comparable to other chaperones under 
similar conditions. The results of our chaperone assay suggest that APLFAD is able to compete 
with DNA to bind the H2A-H2B DNA-interaction surface. This is in line with thermodynamic 
studies indicating that the chaperone-histone binding affinity must be high enough to prevent 
nonnative histone-DNA complexes but low enough to allow handoff to the DNA when proper 
nucleosomal contacts are made (51,56). Thus, APLFAD may promote proper nucleosome 
formation by preventing the formation of unspecific histone-DNA complexes. 

In this regard, the additional weak interaction to the αC-helix of H2B, which is accessible in the 
nucleosome, could play a role in facilitating nucleosome assembly/disassembly or in the 
exchange of histone variants by providing a contact point compatible with DNA or chaperone 
binding (Figure 9A). In particular, APLFAD is essential for the recruitment of macroH2A to 
sites of DNA damage and thus likely plays a role in the exchange of this variant (24,57). We 
speculate that the C-terminal KR-motif of APLF is involved in this interaction, based on the 
NMR data and the structural model showing that this region is closest to the H2B αC-helix. 
More investigation is needed to delineate the functional role of the secondary binding as well as 
its structural basis. 
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Figure 9. Schematic model of APLF chaperone function in NHEJ. (A) APLF binds to the nucleosome via its 
acidic domain to the H2B αC-helix. After nucleosome disassembly, a conformational rearrangement leads to APLF
binding to the DNA binding surface of the histones to prevent non-nucleosomal interactions and store the core
histones. (B) Schematic model of the NHEJ complex, based on Ref. (13) and this work. Broken DNA strands are held
in place by the XRCC4 (X4)/XRCC4-like factor (XLF) protein filaments. The DNA ends are bound by Ku and DNA 
ligase IV (L4). APLF is bound to X4/L4 via its FHA domain at the DNA break site and stores core histone complexes
for later reassembly of nucleosomes. Color coding: gray – DNA; green – H3-H4; yellow/orange – H2A-H2B.

It was recently shown that full-length APLF scaffolds DNA repair factors in an extended and
flexible DNA repair complex for non-homologous end joining (NHEJ) (13). NHEJ involves 
formation of long protein filaments on naked DNA to capture the broken DNA strands (58-
60), requiring disassembly of nucleosomes. The presence of APLF at the DNA end-sites as in 
the model of Hammel et al. (13) suggests that APLF could function to temporarily store histone
complexes and mediate their transfer to and from DNA or other chaperones at the break site
(Figure 9B). After ligation, APLF may promote formation of a nucleosome to “seal” the
repaired break. Overall, APLF could facilitate NHEJ with the required recognition of DNA
damage, histone eviction, DNA repair, histone variant exchange and nucleosome assembly in
one extended multi-protein DNA repair complex.
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formation of long protein filaments on naked DNA to capture the broken DNA strands (58-60), 
requiring disassembly of nucleosomes. The presence of APLF at the DNA end-sites as in the 
model of Hammel et al. (13) suggests that APLF could function to temporarily store histone 
complexes and mediate their transfer to and from DNA or other chaperones at the break site 
(Figure 9B). After ligation, APLF may promote formation of a nucleosome to “seal” the 
repaired break. Overall, APLF could facilitate NHEJ with the required recognition of 
DNA damage, histone eviction, DNA repair, histone variant exchange and nucleosome 
assembly in one extended multi-protein DNA repair complex.
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CONCLUSIONS

In conclusion, we show that the acidic domain of APLF is a histone chaperone
that can bind both the histone H2A-H2B dimer and H3-H4 tetramer. We provide
experimental proof for the chaperone activity for H2A-H2B and show that this can be
rationalized by the screening of the DNA-binding surface by APLFAD. APLFAD binds
H2A-H2B through electrostatic interactions and two aromatic residues that form
anchors to the α1-α2-patches on both histones. The recognition of these generic
histone-fold elements combined with the unstructured nature of APLFAD suggests that
APLF has the capability to temporarily store histone complexes at the DNA damage
site for later nucleosome reassembly. Chaperone activity may be facilitated by the
observed binding to the exposed H2B αC-helix as a key step in nucleosome
(dis)assembly and histone transfer. Together, our study extends the assigned functions
of APLF and underscores its important role in NHEJ. Finally, the case of the APLF
acidic domain highlights that such domains are more than simple polyanionic
unstructured polymers: their sequences encode specific recognition of the histone
surface and may be tuned to provide the required specificity and affinity.

MATERIALS AND METHODS

PROTEIN EXPRESSION AND PURIFICATION

APLFAD production

An APLFAD expression plasmid was constructed according to the enzyme free cloning
method for bacterial expression of proteins with an N-terminal histidine (His) and glutathione-
S-transferase (GST) tag using a plasmid with the DNA sequence of human APLF as DNA
template (25). The following primers were used:

5’-GCCGCGCGGCAGCCTGGATGAAGATAATGATAATGTTGGGCAAC-3’ (LICFW)
+
5’-CTATTTTCTTTTCATAAACCTTTTTGCTTC-3’ (RV)
and
5’-TGGATGAAGATAATGATAATGTTGGGCAAC-3’ (FW)
+
5’-CAAGAAGAACCCCCTATTTTCTTTTCATAAACCTTTTTGCTTC-3’ (LICRV)

and the pLIC-His-GST vector. Correct construction of the plasmid was verified by DNA
sequencing. APLFAD mutants were generated by site-directed mutagenesis on this vector and
verified by sequencing.
APLFAD was expressed as fusion protein with N-terminal His-GST tag in Rosetta2 (DE3) cells
(Novagen). All media used contained ampicillin (100 mg/L) and chloramphenicol (34 mg/L).

CONCLUSIONS 

In conclusion, we show that the acidic domain of APLF is a histone chaperone 
that can bind both the histone H2A-H2B dimer and H3-H4 tetramer. We provide 
experimental proof for the chaperone activity for H2A-H2B and show that this can be 
rationalized by the screening of the DNA-binding surface by APLFAD. APLFAD binds 
H2A-H2B through electrostatic interactions and two aromatic residues that form 
anchors to the α1-α2-patches on both histones. The recognition of these generic 
histone-fold elements combined with the unstructured nature of APLFAD suggests that 
APLF has the capability to temporarily store histone complexes at the DNA damage 
site for later nucleosome reassembly. Chaperone activity may be facilitated by the 
observed binding to the exposed H2B αC-helix as a key step in nucleosome 
(dis)assembly and histone transfer. Together, our study extends the assigned functions 
of APLF and underscores its important role in NHEJ. Finally, the case of the APLF 
acidic domain highlights that such domains are more than simple polyanionic 
unstructured polymers: their sequences encode specific recognition of the histone 
surface and may be tuned to provide the required specificity and affinity. 
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Colonies from a lysogeny broth (LB) agar plate were first grown in liquid LB at 37 °C. Cells
from the LB culture were transferred to supplemented M9 minimal medium (MM) containing
either 14NH4Cl and 12C-glucose or 15NH4Cl and 13C-glucose as the sources of nitrogen and
carbon, respectively, and left to grow at 37 °C. Expression of recombinant protein was induced
at OD600 0.8 with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and the culture was
transferred to 30 °C. Cells were harvested 10-14.5 h after induction and frozen for storage. For
purification, cells were resuspended in lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM
β-mercaptoethanol (BME), 1 mM ethylenediaminetetraacetic acid (EDTA)) supplemented with
0.2 mM phenylmethylsulfonyl fluoride (PMSF) and in-house made protease inhibitor cocktail
(PIC) (100 µM AEBSF, 0.3 µM aprotinin, 1 µM bestatin, 1 µM E-64, 10 µM leupeptin, 1 µM
pepstatin A), then treated with lysozyme (Sigma-Aldrich) (2 mg per 1 g of wet cell pellet; 20 min
on ice) and benzonase (Merck Millipore), frozen, thawed and sonicated. After insoluble cell
material was removed by centrifugation (30 min, 35,000 g, 4 °C), His-GST-APLFAD was purified
using glutathione agarose beads (Sigma-Aldrich) preincubated in lysis buffer, and, after fusion
protein binding, washed with lysis buffer. Bound fusion protein was eluted with 15 mM reduced
glutathione (Sigma-Aldrich) in lysis buffer and cleaved with thrombin (Sigma-Aldrich) at room
temperature, typically overnight. Cleavage was monitored using SDS-PAGE analysis and after
complete cleavage, the protein mixture was dialyzed extensively against lysis buffer to remove
glutathione and reapplied on glutathione agarose beads to remove GST. APLFAD was further
purified by anion exchange on a 5 ml HiTrap Q HP column (GE Healthcare Life Sciences)
using ion exchange (IEX) low salt buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM BME, 1
mM EDTA) and IEX high salt buffer (20 mM Tris, pH 7.5, 1 M NaCl, 5 mM BME, 1 mM
EDTA). Fractions with APLFAD were pooled and concentrated using a 3 kDa molecular weight
cut-off (MWCO) Amicon Ultra Centrifugal Filter Unit (Merck Millipore) and elution buffer was
exchanged to assay buffer (25 mM NaPi, pH 7.0, 300 mM NaCl). APLFAD was aliquoted, flash-
frozen in liquid nitrogen and stored at -20 °C until further use.

Histone production

Histone proteins H2A, H2B, H3 and H4 from Drosophila melanogaster (Dm) were
expressed in Rosetta2 (DE3) cells (Novagen) from a pET21b plasmid. All media contained
ampicillin (100 mg/L) and chloramphenicol (34 mg/L). Colonies from an LB agar plate were
first grown in LB at 37 °C. The cell culture was transferred to supplemented M9 minimal
medium (MM) (unlabeled or containing 13C6D7-glucose, 15NH4Cl, and D2O for labeling) and
grown at 37 °C. Expression of recombinant protein was induced at OD600 0.6-0.8 with 0.5 mM
IPTG. Cells with H4 were harvested 3 h after induction, cells with other histones 12.5 h after
induction by centrifugation at 4,000 g for 20 min. Cells were resuspended in histone lysis buffer
(50 mM Tris at pH 7.5, 100 mM NaCl, 5 mM BME, 1 mM EDTA) supplemented with 0.2 mM
PMSF and in-house made PIC (as above), treated with lysozyme (as above), frozen, thawed and
sonicated. First steps of purification – isolation and solubilization of histone inclusion bodies –
were done according to the protocol described by Luger et al. (26). Solubilized histones were
first purified on a gel filtration column HiLoad Superdex 75 pg (GE Healthcare Life Sciences)
pre-equilibrated with histone gel filtration buffer (50 mM NaPi, pH 7.5, 150 mM NaCl, 5 mM
BME, 1 mM EDTA, 7 M urea). Histone-containing fractions were pooled and loaded on a
cation exchange chromatography column HiTrap SP HP (GE Healthcare Life Sciences) pre-
equilibrated with histone gel filtration buffer. The same buffer was used to wash the column

MATERIALS AND METHODS 

PROTEIN EXPRESSION AND PURIFICATION 

APLFAD production 

An APLFAD expression plasmid was constructed according to the enzyme free cloning 
method for bacterial expression of proteins with an N-terminal histidine (His) and glutathione-
S-transferase (GST) tag using a plasmid with the DNA sequence of human APLF as DNA 
template (25). The following primers were used: 

5’-GCCGCGCGGCAGCCTGGATGAAGATAATGATAATGTTGGGCAAC-3’ (LICFW) 
+  
5’-CTATTTTCTTTTCATAAACCTTTTTGCTTC-3’ (RV) 
and 
5’-TGGATGAAGATAATGATAATGTTGGGCAAC-3’ (FW) 
+  
5’-CAAGAAGAACCCCCTATTTTCTTTTCATAAACCTTTTTGCTTC-3’ (LICRV)  

and the pLIC-His-GST vector. Correct construction of the plasmid was verified by DNA 
sequencing. APLFAD mutants were generated by site-directed mutagenesis on this vector and 
verified by sequencing. 
APLFAD was expressed as fusion protein with N-terminal His-GST tag in Rosetta2 (DE3) cells 
(Novagen). All media used contained ampicillin (100 mg/L) and chloramphenicol (34 mg/L). 
Colonies from a lysogeny broth (LB) agar plate were first grown in liquid LB at 37 °C. Cells 
from the LB culture were transferred to supplemented M9 minimal medium (MM) containing 
either 14NH4Cl and 12C-glucose or 15NH4Cl and 13C-glucose as the sources of nitrogen and 
carbon, respectively, and left to grow at 37 °C. Expression of recombinant protein was induced 
at OD600 0.8 with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and the culture was 
transferred to 30 °C. Cells were harvested 10-14.5 h after induction and frozen for storage. For 
purification, cells were resuspended in lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM 
β-mercaptoethanol (BME), 1 mM ethylenediaminetetraacetic acid (EDTA)) supplemented with 
0.2 mM phenylmethylsulfonyl fluoride (PMSF) and in-house made protease inhibitor cocktail 
(PIC) (100 µM AEBSF, 0.3 µM aprotinin, 1 µM bestatin, 1 µM E-64, 10 µM leupeptin, 1 µM 
pepstatin A), then treated with lysozyme (Sigma-Aldrich) (2 mg per 1 g of wet cell pellet; 20 min 
on ice) and benzonase (Merck Millipore), frozen, thawed and sonicated. After insoluble cell 
material was removed by centrifugation (30 min, 35,000 g, 4 °C), His-GST-APLFAD was purified 
using glutathione agarose beads (Sigma-Aldrich) preincubated in lysis buffer, and, after fusion 
protein binding, washed with lysis buffer. Bound fusion protein was eluted with 15 mM reduced 
glutathione (Sigma-Aldrich) in lysis buffer and cleaved with thrombin (Sigma-Aldrich) at room 
temperature, typically overnight. Cleavage was monitored using SDS-PAGE analysis and after 
complete cleavage, the protein mixture was dialyzed extensively against lysis buffer to remove 
glutathione and reapplied on glutathione agarose beads to remove GST. APLFAD was further 
purified by anion exchange on a 5 ml HiTrap Q HP column (GE Healthcare Life Sciences) 
using ion exchange (IEX) low salt buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM BME, 1 
mM EDTA) and IEX high salt buffer (20 mM Tris, pH 7.5, 1 M NaCl, 5 mM BME, 1 mM 
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after loading. Histones were eluted with a linear gradient of NaCl (0.15 – 1 M), dialyzed against
water, lyophilized, and stored at -20 °C.

PREPARATION OF HISTONE COMPLEXES

Lyophilized histone proteins were unfolded in unfolding buffer (50 mM Tris, pH 7.5,
100 mM NaCl, 10 mM dithiothreitol (DTT), 6 M guanidine hydrochloride) and mixed (H2A
with H2B and H3 with H4) in equimolar ratios to a final protein concentration of 1 mg/ml.
Refolding by dialysis and gel filtration of histone complexes were performed as described before
for histone octamers (26). The gel filtration buffer was exchanged to assay buffer (see above)
using a 3 and 10 kDa MWCO Amicon Ultra Centrifugal Filter Unit (Merck Millipore) for H2A-
H2B and (H3-H4)2, respectively. Protein samples were concentrated and used for experiments
immediately or flash-frozen in liquid nitrogen and stored at -20 °C.

CROSSLINKING EXPERIMENTS

Crosslinking was performed using dithiobis(succinimidyl-propionate) (DSP). APLFAD

(5 µL of 40 µM) was mixed with H2A-H2B (5 µL of 20, 40 or 80 µM). Experiments on individual
proteins were done by mixing APLFAD (5 µL of 5 µM) or H2A-H2B (5 uL of 20 µM) with 5 µL
of assay buffer. After 15 min of incubation at room temperature (RT), 1 µL of 1 mM DSP in
dimethyl sulfoxide (DMSO) was added. Samples were crosslinked for 25 min at RT and then
mixed with 4 µL of 4x non-reducing Laemmli sample buffer. After 15 min at RT, the samples
were heated to 95 °C for 5 min and analyzed by non-reducing SDS-PAGE on a 14%
polyacrylamide gel and stained with Coomassie Brilliant Blue G.

MICROSCALE THERMOPHORESIS

For MST experiments, APLFAD was labeled with a fluorescent tag (NT-647) on
exposed lysine amino groups with the Monolith NT™ Protein Labeling Kit RED-NHS
(NanoTemper Technologies) according to the supplied labeling protocol. NT-647-labeled
APLFAD was used at a concentration of 25 nM. Unlabeled H2A-H2B was titrated in 1:1 dilutions
beginning at 118 μM. Unlabeled (H3-H4)2 was titrated in 1:1 dilutions beginning at 217.5 μM
(tetramer concentration). Optimization of experimental conditions is described in Ref. (27).
Experiments were performed in assay buffer supplemented with 0.5 mg/ml bovine serum
albumin (BSA) and 0.05% Tween-20 and measured in hydrophilic capillaries (NanoTemper
Technologies). Three independent measurements were done on a NanoTemper Monolith
NT.015 instrument at 25 °C, 20% MST and 100% LED power with 30/5 seconds laser-on/off
time. Data were fit to a sequential-binding model using in-house MATLAB 2017a (The
MathWorks, Inc.) scripts (available upon request to the corresponding author of the underlying
publication of this chapter). Error bars were set to the standard deviation of each replicate point

EDTA). Fractions with APLFAD were pooled and concentrated using a 3 kDa molecular weight 
cut-off (MWCO) Amicon Ultra Centrifugal Filter Unit (Merck Millipore) and elution buffer was 
exchanged to assay buffer (25 mM NaPi, pH 7.0, 300 mM NaCl). APLFAD was aliquoted, flash-
frozen in liquid nitrogen and stored at -20 °C until further use. 

 

Histone production 

 Histone proteins H2A, H2B, H3 and H4 from Drosophila melanogaster (Dm) were 
expressed in Rosetta2 (DE3) cells (Novagen) from a pET21b plasmid. All media contained 
ampicillin (100 mg/L) and chloramphenicol (34 mg/L). Colonies from an LB agar plate were 
first grown in LB at 37 °C. The cell culture was transferred to supplemented M9 minimal 
medium (MM) (unlabeled or containing 13C6D7-glucose, 15NH4Cl, and D2O for labeling) and 
grown at 37 °C. Expression of recombinant protein was induced at OD600 0.6-0.8 with 0.5 mM 
IPTG. Cells with H4 were harvested 3 h after induction, cells with other histones 12.5 h after 
induction by centrifugation at 4,000 g for 20 min. Cells were resuspended in histone lysis buffer 
(50 mM Tris at pH 7.5, 100 mM NaCl, 5 mM BME, 1 mM EDTA) supplemented with 0.2 mM 
PMSF and in-house made PIC (as above), treated with lysozyme (as above), frozen, thawed and 
sonicated. First steps of purification – isolation and solubilization of histone inclusion bodies – 
were done according to the protocol described by Luger et al. (26). Solubilized histones were 
first purified on a gel filtration column HiLoad Superdex 75 pg (GE Healthcare Life Sciences) 
pre-equilibrated with histone gel filtration buffer (50 mM NaPi, pH 7.5, 150 mM NaCl, 5 mM 
BME, 1 mM EDTA, 7 M urea). Histone-containing fractions were pooled and loaded on a 
cation exchange chromatography column HiTrap SP HP (GE Healthcare Life Sciences) pre-
equilibrated with histone gel filtration buffer. The same buffer was used to wash the column 
after loading. Histones were eluted with a linear gradient of NaCl (0.15 – 1 M), dialyzed against 
water, lyophilized, and stored at -20 °C. 

PREPARATION OF HISTONE COMPLEXES 

Lyophilized histone proteins were unfolded in unfolding buffer (50 mM Tris, pH 7.5, 
100 mM NaCl, 10 mM dithiothreitol (DTT), 6 M guanidine hydrochloride) and mixed (H2A 
with H2B and H3 with H4) in equimolar ratios to a final protein concentration of 1 mg/ml. 
Refolding by dialysis and gel filtration of histone complexes were performed as described before 
for histone octamers (26). The gel filtration buffer was exchanged to assay buffer (see above) 
using a 3 and 10 kDa MWCO Amicon Ultra Centrifugal Filter Unit (Merck Millipore) for H2A-
H2B and (H3-H4)2, respectively. Protein samples were concentrated and used for experiments 
immediately or flash-frozen in liquid nitrogen and stored at -20 °C. 

 



C
ha

pt
er

 3

DNA repair factor APLF acts as a H2A-H2B histone chaperone 
through binding its DNA interaction surface

C
ha

pt
er

 3

59 

or to 0.5 Fnorm units at minimum. Errors in fit parameters were based on statistical F-test with
95% confidence interval (see Supplementary Figure S2).

ISOTHERMAL TITRATION CALORIMETRY

A calorimetric titration of APLFAD to H2A-H2B or (H3-H4)2 was performed using a
MicroCal VP-ITC microcalorimeter (GE Healthcare) at 25 °C. Proteins were buffer exchanged
exhaustively at 4 °C into assay buffer before use in the titration experiments. All solutions were
degassed under vacuum for 5 min with gentle stirring immediately before use. For comparison
between histone complexes (Figure 3C,D), H2A-H2B or (H3-H4)2 was used in the sample cell
at a concentration of 30 µM and titrated with 450 µM APLFAD in the injection syringe. For
mutational analysis (Figure 8B), binding of WT and mutant APLFAD to H2A-H2B was
measured using 10 µM H2A-H2B in the cell and 90 µM APLFAD in the syringe. The H2A-H2B
and APLFAD cell and syringe components as well as the reaction mixes at the end of the
titrations were analyzed by Tris-Tricine SDS-PAGE followed by coomassie staining as control
of the integrity of the proteins and protein concentrations (Figure S4C). Binding isotherms were
generated by plotting the heat change of the binding reaction against the ratio of total
concentration of APLFAD to total concentration of H2A-H2B or (H3-H4)2. The enthalpy of
binding (∆H, kcal mol-1) was determined by integration of the injection peaks (5 µL) and 
correction for heats of dilution were determined from identical experiments without histone
complexes. The entropy of binding (ΔS), the stoichiometry of binding (N), and the dissociation
constant (KD) were determined by fitting the resulting corrected binding isotherms by nonlinear
least-squares analysis to a one-set-of-sites binding model using the Origin software (MicroCal,
Inc.). Error in fit parameters are the standard errors derived from the regression analyses as
reported by the software.

NMR EXPERIMENTS, BACKBONE ASSIGNMENTS AND TITRATION

ANALYSIS

All NMR experiments were carried out on Bruker Avance III HD spectrometers. All
NMR spectra were processed using Bruker TopSpin or NMRPipe (28) and analyzed using
Sparky (29).
Samples of free APLFAD typically contained 200-500 µM protein in buffer containing 25 mM
NaPi, pH 7, 300 mM NaCl, 5% (v/v) D2O, 0.02% NaN3 and 1x PIC (cOmplete EDTA-free
Protease Inhibitor Cocktail (Roche)). Experiments for backbone assignment of APLFAD were
performed on a spectrometer operating at 600 MHz 1H Larmor frequency and equipped with a
cryoprobe. Spectra were recorded on [13C/15N]APLFAD at 300 K for optimal resolution.
Relaxation experiments to measure 15N-T1 and -T2 of free APLFAD were performed at 750 MHz
1H Larmor frequency on [15N]APLFAD at 298K.
Backbone resonances of APLFAD were assigned to 94% completeness using 3D HNCO,
HN(CA)CO, HNCACB, CBCA(CO)NH and HBHA(CO)NH spectra. The program SSP was
used to analyze the secondary structure propensities based on the assigned Cα and Cβ chemical
shifts (30).

CROSSLINKING EXPERIMENTS 

Crosslinking was performed using dithiobis(succinimidyl-propionate) (DSP). APLFAD 
(5 µL of 40 µM) was mixed with H2A-H2B (5 µL of 20, 40 or 80 µM). Experiments on individual 
proteins were done by mixing APLFAD (5 µL of 5 µM) or H2A-H2B (5 uL of 20 µM) with 5 µL
of assay buffer. After 15 min of incubation at room temperature (RT), 1 µL of 1 mM DSP in 
dimethyl sulfoxide (DMSO) was added. Samples were crosslinked for 25 min at RT and then 
mixed with 4 µL of 4x non-reducing Laemmli sample buffer. After 15 min at RT, the samples 
were heated to 95 °C for 5 min and analyzed by non-reducing SDS-PAGE on a 14% 
polyacrylamide gel and stained with Coomassie Brilliant Blue G.

 

MICROSCALE THERMOPHORESIS 

For MST experiments, APLFAD was labeled with a fluorescent tag (NT-647) on 
exposed lysine amino groups with the Monolith NT™ Protein Labeling Kit RED-NHS 
(NanoTemper Technologies) according to the supplied labeling protocol. NT-647-labeled 
APLFAD was used at a concentration of 25 nM. Unlabeled H2A-H2B was titrated in 1:1 dilutions 
beginning at 118 μM. Unlabeled (H3-H4)2 was titrated in 1:1 dilutions beginning at 217.5 μM 
(tetramer concentration). Optimization of experimental conditions is described in Ref. (27). 
Experiments were performed in assay buffer supplemented with 0.5 mg/ml bovine serum 
albumin (BSA) and 0.05% Tween-20 and measured in hydrophilic capillaries (NanoTemper 
Technologies). Three independent measurements were done on a NanoTemper Monolith 
NT.015 instrument at 25 °C, 20% MST and 100% LED power with 30/5 seconds laser-on/off 
time. Data were fit to a sequential-binding model using in-house MATLAB 2017a (The 
MathWorks, Inc.) scripts (available upon request to the corresponding author of the underlying 
publication of this chapter). Error bars were set to the standard deviation of each replicate point 
or to 0.5 Fnorm units at minimum. Errors in fit parameters were based on statistical F-test with 
95% confidence interval (see Supplementary Figure S2).  

 

ISOTHERMAL TITRATION CALORIMETRY 

A calorimetric titration of APLFAD to H2A-H2B or (H3-H4)2 was performed using a 
MicroCal VP-ITC microcalorimeter (GE Healthcare) at 25 °C. Proteins were buffer exchanged 
exhaustively at 4 °C into assay buffer before use in the titration experiments. All solutions were 
degassed under vacuum for 5 min with gentle stirring immediately before use. For comparison 
between histone complexes (Figure 3C,D), H2A-H2B or (H3-H4)2 was used in the sample cell 
at a concentration of 30 µM and titrated with 450 µM APLFAD in the injection syringe. For 
mutational analysis (Figure 8B), binding of WT and mutant APLFAD to H2A-H2B was 
measured using 10 µM H2A-H2B in the cell and 90 µM APLFAD in the syringe. The H2A-H2B 
and APLFAD cell and syringe components as well as the reaction mixes at the end of the 
titrations were analyzed by Tris-Tricine SDS-PAGE followed by coomassie staining as control 
of the integrity of the proteins and protein concentrations (Figure S4C). Binding isotherms were 
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Samples for assignment of H2B contained 500 µM H2A-[U-2H/13C/15N]H2B in NMR
assignment buffer (20 mM NaPi, pH 6.5, 50 mM NaCl, 5% D2O, 0.02% NaN3, 1x PIC). 
Backbone assignments were based on TROSY-based HNCACB, HN(CO)CACB, HNCA,
HN(CO)CA, HNCB, HN(CO)CB, HNCO, and HN(CA)CO spectra, recorded at 900 MHz 1H 
Larmor frequency at 308 K. Assignment of H2B backbone resonances was 94.1% complete.
Assignments were transferred to assay conditions through a buffer titration. Assignment of
H2A (96.1% complete) will be reported elsewhere (manuscript in preparation).
NMR titration of [15N]APLFAD with H2A-H2B was done at 900 MHz 1H Larmor frequency at
308 K using sample containing 200 µM (at start) [15N]APLFAD in NMR titration buffer (25 mM
NaPi, pH 7, 300 mM NaCl, 5% D2O, 0.02% NaN3, 1x PIC). 1H-15N TROSY spectra were
measured for the free APLFAD and after each addition of unlabeled H2A-H2B (12 points from
1:0 to 1:4 APLFAD:H2A-H2B).
H2A-H2B refolded with either 15N-labeled H2A or [2H/13C/15N]-labeled H2B was used at a
concentration of 200 µM (at start) for NMR titration experiments with unlabeled APLFAD. Both 
APLFAD and H2A-H2B samples were buffer exchanged to NMR titration buffer (as above).
1H-15N TROSY spectra were measured for the free H2A-H2B and after each addition of
APLFAD at 308 K. The two titrations consisted of 8 (12) points in the range of 1∶0 and 1∶1 (1:4)
molar ratio (H2A-H2B:APLFAD) on a 850 (750) MHz spectrometer with H2A(H2B)-labeled
H2A-H2B.
Reported peak intensity ratios are corrected for differences in protein concentration (due to
dilution) and number of scans. Residue-specific chemical shift perturbations (CSPs) were
quantified from the perturbations in the 1H (∆δH) and 15N (∆δN) dimensions as the weighted
average (composite) CSP in ppm:

��� = �∆��
2 + (∆�� 6.51⁄ )2

2D NMR LINESHAPE ANALYSIS

2D NMR lineshape analysis of the H2A-[15N]H2B NMR titration with APLFAD was 
done using the program TITAN (31). The experimental data were fit using a sequential-binding
model. Fitting was done in three steps: (i) using residues that reported only on the high affinity
interaction (A35, Y37, I38, K40, T49, G50, A55, I58, and N60) the parameters KD,1, koff,1, and 
n1 of the high affinity binding event were determined using a simple 1:1 binding model with 
flexible binding stoichiometry; (ii) keeping these parameters fixed, data from residues that
reported primarily on the second interaction (R89, V95, E102, H106, S109, G111, K113, K117,
and S120) were fit to a sequential-binding model to extract the parameters KD,2 and koff,2 of the
low-affinity binding event whilst fixing n2 to 1; (iii) in the final step the thus obtained global
parameters were kept fixed and the data for resonances with kinked trajectories that report on 
both binding events, such as S52 and T119 (see Figure 6C,D), were fit by optimizing the
chemical shifts and line widths for the free and the two bound states. Error estimates for the
fit-parameters were obtained using the bootstrap resampling of residuals procedure
implemented in TITAN.

generated by plotting the heat change of the binding reaction against the ratio of total 
concentration of APLFAD to total concentration of H2A-H2B or (H3-H4)2. The enthalpy of 
binding (∆H, kcal mol-1) was determined by integration of the injection peaks (5 µL) and 
correction for heats of dilution were determined from identical experiments without histone 
complexes. The entropy of binding (ΔS), the stoichiometry of binding (N), and the dissociation 
constant (KD) were determined by fitting the resulting corrected binding isotherms by nonlinear 
least-squares analysis to a one-set-of-sites binding model using the Origin software (MicroCal, 
Inc.). Error in fit parameters are the standard errors derived from the regression analyses as 
reported by the software. 

 

NMR EXPERIMENTS, BACKBONE ASSIGNMENTS AND TITRATION

ANALYSIS 

All NMR experiments were carried out on Bruker Avance III HD spectrometers. All 
NMR spectra were processed using Bruker TopSpin or NMRPipe (28) and analyzed using 
Sparky (29). 
Samples of free APLFAD typically contained 200-500 µM protein in buffer containing 25 mM 
NaPi, pH 7, 300 mM NaCl, 5% (v/v) D2O, 0.02% NaN3 and 1x PIC (cOmplete EDTA-free 
Protease Inhibitor Cocktail (Roche)). Experiments for backbone assignment of APLFAD were 
performed on a spectrometer operating at 600 MHz 1H Larmor frequency and equipped with a 
cryoprobe. Spectra were recorded on [13C/15N]APLFAD at 300 K for optimal resolution. 
Relaxation experiments to measure 15N-T1 and -T2 of free APLFAD were performed at 750 MHz 
1H Larmor frequency on [15N]APLFAD at 298K. 
Backbone resonances of APLFAD were assigned to 94% completeness using 3D HNCO, 
HN(CA)CO, HNCACB, CBCA(CO)NH and HBHA(CO)NH spectra. The program SSP was 
used to analyze the secondary structure propensities based on the assigned Cα and Cβ chemical 
shifts (30). 
Samples for assignment of H2B contained 500 µM H2A-[U-2H/13C/15N]H2B in NMR 
assignment buffer (20 mM NaPi, pH 6.5, 50 mM NaCl, 5% D2O, 0.02% NaN3, 1x PIC). 
Backbone assignments were based on TROSY-based HNCACB, HN(CO)CACB, HNCA, 
HN(CO)CA, HNCB, HN(CO)CB, HNCO, and HN(CA)CO spectra, recorded at 900 MHz 1H 
Larmor frequency at 308 K. Assignment of H2B backbone resonances was 94.1% complete. 
Assignments were transferred to assay conditions through a buffer titration. Assignment of 
H2A (96.1% complete) will be reported elsewhere (manuscript in preparation). 
NMR titration of [15N]APLFAD with H2A-H2B was done at 900 MHz 1H Larmor frequency at 
308 K using sample containing 200 µM (at start) [15N]APLFAD in NMR titration buffer (25 mM 
NaPi, pH 7, 300 mM NaCl, 5% D2O, 0.02% NaN3, 1x PIC). 1H-15N TROSY spectra were 
measured for the free APLFAD and after each addition of unlabeled H2A-H2B (12 points from 
1:0 to 1:4 APLFAD:H2A-H2B). 
H2A-H2B refolded with either 15N-labeled H2A or [2H/13C/15N]-labeled H2B was used at a 
concentration of 200 µM (at start) for NMR titration experiments with unlabeled APLFAD. Both 
APLFAD and H2A-H2B samples were buffer exchanged to NMR titration buffer (as above). 
1H-15N TROSY spectra were measured for the free H2A-H2B and after each addition of 
APLFAD at 308 K. The two titrations consisted of 8 (12) points in the range of 1∶0 and 1∶1 (1:4) 
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CHAPERONE ASSAY

A high-copy number plasmid containing 12 tandem repeats of a 167 base pair strong
positioning DNA sequence (Widom’s 601; (32,33)) was transformed into DH5α cells. The
plasmid was purified using a Qiagen Plasmid Giga Kit. The 167-bp fragment was released from
the vector by ScaI digestion and purified by anion exchange.
The ratio of H2A-H2B to DNA that caused complete precipitation was determined 
experimentally at a ratio of 15 molar equivalents of histone dimer to DNA (Figure S4A).
Controls containing assay buffer or WT or mutant APLFAD at the concentration corresponding
to the highest titration point of the assay were also carried out with DNA alone (Figure S4A).
For the assay, histone dimer (final reaction concentration: 15 µM) was preincubated alone or
with 1, 3 or 6 molar equivalents of APLFAD wildtype (WT) or its mutants. Binding of chaperone
to histone was allowed to proceed at 37 °C for 15 min before the addition of DNA to a final
concentration of 1 µM in a total reaction volume of 20 µL. Precipitation was carried out at 37
°C for 15 min before the addition of 5 µL native PAGE loading buffer (10 mM Tris-HCl, pH 
7.5, 1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 0.1 mg/ml BSA, 25% sucrose, 0.1%
bromophenol blue), removal of precipitates by centrifugation, and separation of the remaining
soluble complexes on a 5% polyacrylamide gel run in 0.2 × TBE (17.8 mM Tris, 17.8 mM boric
acid, 0.4 mM EDTA) buffer at 4 °C. The gels were stained with DNA stain G (SERVA) before
visualization using a Molecular Imager Gel Doc XR System (Bio-Rad). The histone dimer-
APLFAD reaction mixes were analyzed by Tris-Tricine SDS-PAGE followed by coomassie
staining as control of the integrity of the proteins and protein concentrations (Figure S4B).

STRUCTURAL MODELING

A structural model for APLF (residues 471-490) was built using the H2A.Z-H2B 
bound state of YL1 (residues 39-59, PDB ID 5CHL (34)) as template in the program
MODELLER (http://salilab.org/modeller/; last accessed: May 17, 2018) (35). The sequences
were aligned as in Figure 7A. This structure was used as input for docking to the H2A-H2B 
dimer using the program HADDOCK (36). Structure of the H2A-H2B dimer was taken from 
the Dm. nucleosome, PDB ID 2PYO (37). Docking was driven using unambiguous distance
restraints to impose the cap-anchor interaction with the H2B chaperone region. These restraints 
were defined between side chain heavy atoms of E473/Y476 and heavy atoms of H2B Y39,
I51, S52, K54 and M56 as average distance observed in the structures of histone chaperones
Anp32E, Spt16, and YL1 bound to H2A(.Z)-H2B (PDB ID 4CAY, 4WNN, 5CHL (34,38,39)). 
No active or passive residues were defined, otherwise the default HADDOCK protocol was
followed. Out of the 200 final water-refined structures, all but one clustered in a single cluster.
The structure with lowest HADDOCK score was used for display. Validation statistics are
reported in Table S1.

molar ratio (H2A-H2B:APLFAD) on a 850 (750) MHz spectrometer with H2A(H2B)-labeled 
H2A-H2B. 
Reported peak intensity ratios are corrected for differences in protein concentration (due to 
dilution) and number of scans. Residue-specific chemical shift perturbations (CSPs) were 
quantified from the perturbations in the 1H (∆δH) and 15N (∆δN) dimensions as the weighted 
average (composite) CSP in ppm:
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2D NMR LINESHAPE ANALYSIS  

2D NMR lineshape analysis of the H2A-[15N]H2B NMR titration with APLFAD was 
done using the program TITAN (31). The experimental data were fit using a sequential-binding 
model. Fitting was done in three steps: (i) using residues that reported only on the high affinity 
interaction (A35, Y37, I38, K40, T49, G50, A55, I58, and N60) the parameters KD,1, koff,1, and 
n1 of the high affinity binding event were determined using a simple 1:1 binding model with 
flexible binding stoichiometry; (ii) keeping these parameters fixed, data from residues that 
reported primarily on the second interaction (R89, V95, E102, H106, S109, G111, K113, K117, 
and S120) were fit to a sequential-binding model to extract the parameters KD,2 and koff,2 of the 
low-affinity binding event whilst fixing n2 to 1; (iii) in the final step the thus obtained global 
parameters were kept fixed and the data for resonances with kinked trajectories that report on 
both binding events, such as S52 and T119 (see Figure 6C,D), were fit by optimizing the 
chemical shifts and line widths for the free and the two bound states. Error estimates for the 
fit-parameters were obtained using the bootstrap resampling of residuals procedure 
implemented in TITAN. 

CHAPERONE ASSAY 

A high-copy number plasmid containing 12 tandem repeats of a 167 base pair strong 
positioning DNA sequence (Widom’s 601; (32,33)) was transformed into DH5α cells. The 
plasmid was purified using a Qiagen Plasmid Giga Kit. The 167-bp fragment was released from 
the vector by ScaI digestion and purified by anion exchange.  
The ratio of H2A-H2B to DNA that caused complete precipitation was determined 
experimentally at a ratio of 15 molar equivalents of histone dimer to DNA (Figure S4A). 
Controls containing assay buffer or WT or mutant APLFAD at the concentration corresponding 
to the highest titration point of the assay were also carried out with DNA alone (Figure S4A). 
For the assay, histone dimer (final reaction concentration: 15 µM) was preincubated alone or 
with 1, 3 or 6 molar equivalents of APLFAD wildtype (WT) or its mutants. Binding of chaperone 
to histone was allowed to proceed at 37 °C for 15 min before the addition of DNA to a final 
concentration of 1 µM in a total reaction volume of 20 µL. Precipitation was carried out at 37 
°C for 15 min before the addition of 5 µL native PAGE loading buffer (10 mM Tris-HCl, pH 
7.5, 1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 0.1 mg/ml BSA, 25% sucrose, 0.1% 
bromophenol blue), removal of precipitates by centrifugation, and separation of the remaining 
soluble complexes on a 5% polyacrylamide gel run in 0.2 × TBE (17.8 mM Tris, 17.8 mM boric 
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acid, 0.4 mM EDTA) buffer at 4 °C. The gels were stained with DNA stain G (SERVA) before 
visualization using a Molecular Imager Gel Doc XR System (Bio-Rad). The histone dimer-
APLFAD reaction mixes were analyzed by Tris-Tricine SDS-PAGE followed by coomassie 
staining as control of the integrity of the proteins and protein concentrations (Figure S4B). 

 

STRUCTURAL MODELING 

A structural model for APLF (residues 471-490) was built using the H2A.Z-H2B
bound state of YL1 (residues 39-59, PDB ID 5CHL (34)) as template in the program 
MODELLER (http://salilab.org/modeller/; last accessed: May 17, 2018) (35). The sequences 
were aligned as in Figure 7A. This structure was used as input for docking to the H2A-H2B 
dimer using the program HADDOCK (36). Structure of the H2A-H2B dimer was taken from 
the Dm. nucleosome, PDB ID 2PYO (37). Docking was driven using unambiguous distance 
restraints to impose the cap-anchor interaction with the H2B chaperone region. These restraints 
were defined between side chain heavy atoms of E473/Y476 and heavy atoms of H2B Y39, 
I51, S52, K54 and M56 as average distance observed in the structures of histone chaperones 
Anp32E, Spt16, and YL1 bound to H2A(.Z)-H2B (PDB ID 4CAY, 4WNN, 5CHL (34,38,39)). 
No active or passive residues were defined, otherwise the default HADDOCK protocol was 
followed. Out of the 200 final water-refined structures, all but one clustered in a single cluster. 
The structure with lowest HADDOCK score was used for display. Validation statistics are 
reported in Table S1. 
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Table S1. Structural quality of the APLFHBD-H2A-H2B modela.
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a Scores and statistics are reported for only the APLFHBD chain and the full model for the lowest energy HADDOCK
structure. Statistics for the top four structures are given between brackets.
b Percentage core/allowed/generously allowed/outliers, as reported by PROCHECK (1).
c Number of clashes > 0.4 Å, reported by MolProbity webserver (2).
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Figure S3-1. 1H-15N HSQC spectrum of APLFAD showing all backbone and side chain amide resonances with
their assignments. Spectrum recorded at 22 °C, 25 mM NaPi, pH 6.6, 300 mM NaCl, 900 MHz 1H Larmor frequency.
Assignments of the main-chain amide resonances are indicated by the single-letter amino acid code and residue number,
asparagine/glutamine side chain amine resonances and side chain indole resonance of W485 are indicated. In total, 60
out of a possible 62 (1H, 15N) backbone cross-peaks are resolved with only the N-terminal 2 residues from the thrombin-
cleavage site missing. All resolved backbone cross-peaks are in the spectral region indicated in gray.

Figure S3-2. Error estimation in best-fit KD values obtained from MST. MST-derived binding curves were fit to
a sequential-binding model and quality of the fit was evaluated using the reduced χ2. The plots show the reduced χ2-
surface in contour-mode as function of the high-affinity (KD,1) and the low-affinity (KD,2) dissociation constants for
H2A-H2B (left) and (H3-H4)2 (right) binding to APLFAD. The best-fit values are indicated by a green dot (H2A-H2B:
0.8/68 µM KD,1/KD,2 with reduced χ2 2.7; H3-H4: 1.4/58 µM KD,1/KD,2 with reduced χ2 2.4). The 95% confidence
critical value of the reduced χ2 is indicated with a thick black line.

SUPPORTING INFORMATION

Table S1. Structural quality of the APLFHBD-H2A-H2B modela. 

APLFHBD APLFHBD-H2A-H2B

Ramachandran plotb 93/7/0/0 

(77/23/0/0)

92/6/2/0 

(92/7/2/0)

Number of clashesc 1 

(3)

4d

(9d)

a Scores and statistics are reported for only the APLFHBD chain and the full model for the lowest energy HADDOCK
structure. Statistics for the top four structures are given between brackets.
b Percentage core/allowed/generously allowed/outliers, as reported by PROCHECK (1). 
c Number of clashes > 0.4 Å, reported by MolProbity webserver (2). 
d Intermolecular clashes only.
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Figure S3-3. Confirmation of secondary binding to H2A-H2B. (A,B) CSP of H2B resonances selected for two-
dimensional NMR lineshape analysis of the high (A) and the low (B) affinity binding site plotted against equivalents of
APLFAD added. (C) Observed and fitted 2D NMR lineshapes for binding analysis. Zoomed region of overlaid 1H-15N
TROSY spectra of H2A-[15N]H2B (left panel) with increasing concentrations of APLFAD. Data recorded at 750 MHz
1H Larmor frequency in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl, 35°C. Peak shifts of selected resonances up
to one (four) equivalents added are indicated with orange (pink) arrows. Results of two-dimensional lineshape analysis
of the high (middle panel) and the low (right panel) affinity binding site for the titration of H2A-[15N]H2B with APLFAD.
The chemical shifts of free and 1st (2nd) bound states determined by the fitting procedure are marked by the black (gray)
dots. The black (gray) arrows indicate the displacements for the high (low) affinity interactions. Color coding of spectra
is indicated in the figure. (D) Zoomed H2A G21 region (note: peak is aliased) of overlaid 1H-15N TROSY spectra from
the [15N]H2A-H2B titration with APLFAD (see Figure 5). Color coding of spectra is indicated in the figure. Data
recorded at 850 MHz 1H Larmor frequency in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl, 35 °C. Direction and
curvature of the peak shift is indicated with a green arrow. Inset: Plot showing the peak displacement of H2A G21;
black bars – standard deviation. (E) Residue H2A G21 (blue) is located close to the H2B αC-helix. Observed CSPs
from the titration of H2A-[15N]H2B between one and four molar equivalents of APLFAD added color coded on the
cartoon representation of H2A-H2B (PDB ID 2PYO; yellow – H2A; gray – residues without titration data) with labeling
of relevant secondary structure elements (see Figure 6).

Figure S2. Error estimation in best-fit KD values obtained from MST. MST-derived binding curves were fit to a 
sequential-binding model and quality of the fit was evaluated using the reduced χ2. The plots show the reduced χ2-
surface in contour-mode as function of the high-affinity (KD,1) and the low-affinity (KD,2) dissociation constants for 
H2A-H2B (left) and (H3-H4)2 (right) binding to APLFAD. The best-fit values are indicated by a green dot (H2A-H2B: 
0.8/68 µM KD,1/KD,2 with reduced χ2 2.7; H3-H4: 1.4/58 µM KD,1/KD,2 with reduced χ2 2.4). The 95% confidence 
critical value of the reduced χ2 is indicated with a thick black line.
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TROSY spectra of H2A-[15N]H2B (left panel) with increasing concentrations of APLFAD. Data recorded at 750 MHz
1H Larmor frequency in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl, 35 °C. Peak shifts of selected resonances up 
to one (four) equivalents added are indicated with orange (pink) arrows. Results of two-dimensional lineshape analysis 
of the high (middle panel) and the low (right panel) affinity binding site for the titration of H2A-[15N]H2B with APLFAD. 
The chemical shifts of free and 1st (2nd) bound states determined by the fitting procedure are marked by the black (gray) 
dots. The black (gray) arrows indicate the displacements for the high (low) affinity interactions. Color coding of spectra 
is indicated in the figure. (D) Zoomed H2A G21 region (note: peak is aliased) of overlaid 1H-15N TROSY spectra from 
the [15N]H2A-H2B titration with APLFAD (see Figure 5). Color coding of spectra is indicated in the figure. Data 
recorded at 850 MHz 1H Larmor frequency in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl, 35 °C. Direction and 
curvature of the peak shift is indicated with a green arrow. Inset: Plot showing the peak displacement of H2A G21; 
black bars – standard deviation. (E) Residue H2A G21 (blue) is located close to the H2B αC-helix. Observed CSPs 
from the titration of H2A-[15N]H2B between one and four molar equivalents of APLFAD added color coded on the 
cartoon representation of H2A-H2B (PDB ID 2PYO; yellow – H2A; gray – residues without titration data) with labeling 
of relevant secondary structure elements (see Figure 6).
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Figure S3-4. Quality control of chaperone assay and ITC experiments. (A) Native PAGE analysis of 167 base
pair (bp) DNA (1 µM) with the 601 nucleosome positioning sequence in presence or absence of APLFAD WT or
mutants, and H2A-H2B. Lane 1: 50 bp DNA ladder (M). Lane 2: free DNA. Lanes 3-6: DNA upon addition of 90 µM
APLFAD WT and mutants, showing no effect. Lanes 7-10: DNA upon addition of 6, 9, 12, and 15 µM H2A-H2B,
showing loss of free DNA due to precipitation. (B) Tris-Tricine SDS-PAGE analysis of protein mixes used in the
chaperone assay (see Figure 8A). Lane 1: Protein molecular weight marker (M). Lane 2: H2A-H2B. Lanes 3-14: H2A-
H2B with increasing concentrations (1, 3, and 6 molar equivalents) of APLFAD WT, Y476A, W485A, and
Y476A/W485A. (C) Tris-Tricine SDS-PAGE analysis of protein mixes used in the ITC experiments of H2A-H2B with
WT or mutant APLFAD (see Figure 8B). I, II, III, and IV stand for the reactions with APLFAD WT, Y476A, W485A,
and Y476A/W485A, respectively. i and ii stand for the reactions of H2A-H2B with APLFAD and control experiments
without H2A-H2B, respectively. a, b, and c stand for the component in the cell, the syringe, and the reaction mixture
at the end of the titration, respectively. M: Protein molecular weight marker.

Figure S3. Confirmation of secondary binding to H2A-H2B. (A,B) CSP of H2B resonances selected for two-
dimensional NMR lineshape analysis of the high (A) and the low (B) affinity binding site plotted against equivalents of
APLFAD added. (C) Observed and fitted 2D NMR lineshapes for binding analysis. Zoomed region of overlaid 1H-15N 
TROSY spectra of H2A-[15N]H2B (left panel) with increasing concentrations of APLFAD. Data recorded at 750 MHz
1H Larmor frequency in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl, 35°C. Peak shifts of selected resonances up
to one (four) equivalents added are indicated with orange (pink) arrows. Results of two-dimensional lineshape analysis
of the high (middle panel) and the low (right panel) affinity binding site for the titration of H2A-[15N]H2B with APLFAD. 
The chemical shifts of free and 1st (2nd) bound states determined by the fitting procedure are marked by the black (gray)
dots. The black (gray) arrows indicate the displacements for the high (low) affinity interactions. Color coding of spectra
is indicated in the figure. (D) Zoomed H2A G21 region (note: peak is aliased) of overlaid 1H-15N TROSY spectra from
the [15N]H2A-H2B titration with APLFAD (see Figure 5). Color coding of spectra is indicated in the figure. Data
recorded at 850 MHz 1H Larmor frequency in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl, 35 °C. Direction and
curvature of the peak shift is indicated with a green arrow. Inset: Plot showing the peak displacement of H2A G21; 
black bars – standard deviation. (E) Residue H2A G21 (blue) is located close to the H2B αC-helix. Observed CSPs
from the titration of H2A-[15N]H2B between one and four molar equivalents of APLFAD added color coded on the
cartoon representation of H2A-H2B (PDB ID 2PYO; yellow – H2A; gray – residues without titration data) with labeling
of relevant secondary structure elements (see Figure 6).
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Figure S3-5. Primary APLFAD binding to H2A-H2B causes changes in H2B N-terminal tail. Recorded at 750
MHz 1H Larmor frequency, 35 °C, 25 mM NaPi buffer, pH 7.0, 300 mM NaCl. Analysis of H2B 1H-15N peak intensity
ratios between free H2A-H2B and after addition of one molar equivalent of APLFAD (A) or between one and four
molar equivalents of APLFAD added (B). The 10% trimmed mean is indicated with a green dashed line. Secondary
structure (SS) of H2B as in the nucleosome and residues interacting with nucleosomal DNA (PDB ID 2PYO) (3))
indicated below the plot (line = loop, rectangle = α-helix, triangle = β-strand, red arrows = DNA interaction sites) with
naming of SS-elements as in Ref. (4). Position of H2B repression (HBR) domain indicated with a red bar (5,6). Residues
without titration data due to overlap or missing resonances indicated with gray bars.
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ABSTRACT 

Genomic DNA forms chromatin with the nucleosome, consisting of a histone 
octamer that is encircled by 146 base pairs of double-stranded DNA, as repeating unit. The 
histone octamer consists of two copies of each histone H2A, H2B, H3 and H4. The mechanism 
of nucleosome assembly in vivo is unclear. 

Here, we report a structural model based on an integrative approach of a histone chaperone-
bound histone octamer. This complex, that we call the “chaperonosome”, is capable of 
promoting histone deposition onto DNA through a mechanism that is dependent on aromatic 
residues in the chaperone. We show that two copies of the histone chaperone acidic domain of 
DNA repair factor APLF (APLFAD), which is disordered free in solution, can bind the histone 
octamer to compete with major DNA interactions of the histones. APLFAD has two distinct 
binding sites specific for each of the histone dimers H2A-H2B and H3-H4, and both contain 
aromatic amino acid residues that bind to the α1-α2-patches of H2A, H2B, and H3 as the key 
determinants of the interaction and of histone chaperone function. Small-angle X-ray scattering 
of the complex formed by APLFAD, H2A-H2B and H3-H4, in combination with biochemical 
and biophysical data, including nuclear magnetic resonance spectroscopy and mass 
spectrometry, support an underlying chaperone-mediated assembly of the histone octamer for 
its possible deposition mechanism onto DNA. These results provide insights for understanding 
the mechanism of nucleosome assembly.  

INTRODUCTION 

The replication, transcription, and repair of DNA are essential for cell division, 
growth, and genome stability (1-3). Molecular machineries have to access the DNA to perform 
their tasks and subsequently restore the chromatin state (4,5). These processes are dependent 
on the dynamics of the nucleosome, the repeating unit of chromatin, characterized by 
approximately 146 base pairs of DNA wrapped around a histone octamer of two H2A-H2B 
dimers and one (H3-H4)2 tetramer (6). In its role as the principal packaging element of 
chromatin in eukaryotes, the nucleosome is the primary determinant of DNA accessibility.  

Nucleosome assembly and disassembly are coordinated by histone binding proteins called 
histone chaperones (7-9). They prevent incorrect histone-DNA and promote nucleosomal 
interactions, mediate histone variant exchange, and store histone proteins (10-13). The common 
feature of histone chaperones is their shielding of histone surfaces that functionally interact with 
other histones and DNA in the nucleosome. An entire histone chaperone network supports 
histone dynamics across different cellular processes that depend on chromatin dynamics (14). 
Several structures of histone chaperones alone and in complex with histones have helped to 
elucidate the structural basis of histone chaperone specificity for the type of histone complex 
(H2A-H2B or H3-H4), the recognition of histone variant specific motifs, the binding of H3-
H4 as dimer or tetramer, as well as histone transport (15). Many histone chaperones rely on 
intrinsically disordered and/or highly acidic domains for their chaperone function (16). In some 
cases it has been shown that such chaperones involve in fuzzy complexes that are primarily 
electrostatically driven (17,18). Yet, little is known about the individual steps and possible 
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intermediate complexes formed by which histones are exchanged between chaperones or 
deposited onto DNA. Furthermore, the mechanistic details and structural determinants of how 
histone chaperones promote the organized assembly of nucleosomes are unknown (19). 

In the classical paradigm of their function, histone chaperones are thought to promote 
nucleosome assembly by maintaining a very low free histone pool to eliminate competing, 
nonnucleosomal histone-DNA interactions (20,21).  

Histone chaperones regulate accessibility to the genome during the processes of DNA 
transcription, replication and repair (22,23). In DNA repair, the chaperones involved allow to 
incorporate histone variants to promote the process and to reassemble chromatin as signal for 
DNA damage checkpoint recovery (24-26). In non-homologous end joining (NHEJ) repair of 
DNA double-strand breaks, histones are evicted from DNA and the NHEJ machinery is 
assembled at the break site. The scaffold for this complex is the protein Aprataxin and 
Polynucleotide kinase Like Factor (APLF) (27-43). Its disordered C-terminal acidic domain 
(APLFAD) harbors histone chaperone activity, and deletions of this chaperone domain have 
been shown to impair cell survival after DNA damage (44,45). 

Here, we use a range of biochemical, biophysical and structural methods to show that APLFAD 
can simultaneously bind to H2A-H2B and H3-H4 and form stable complexes with histone 
octamers. We show by nuclear magnetic resonance spectroscopy and mutational analysis that 
APLFAD has distinct histone binding motifs for H2A-H2B and H3-H4, each containing two 
aromatic side chains that are crucial for binding and chaperone activity. Together with small-
angle X-ray scattering and mass spectrometry studies, our findings strongly support a structural 
model of the histone octamer-APLFAD complex in which the aromatic side chains of APLFAD 
anchor simultaneously to the α1-α2-patches of the helical histone fold of H2A, H2B, and H3 
in the histone octamer which are key histone interaction sites for DNA in the nucleosome. 
APLFAD assembles the histones in their octameric organization as in the nucleosome. Hence, 
we call the APLFAD-bound histone octamer complex the “chaperonosome”. 

APLFAD interferes with DNA binding to the histone octamer and promotes histone deposition 
onto DNA in a chaperone assay. This supports a function of APLFAD as histone chaperone for 
the histone octamer. Our results support a new paradigm in which histone chaperones can 
promote nucleosome assembly by pre-assembling the histone octamer in its nucleosomal 
arrangement. 

RESULTS 

APLFAD INTERACTS WITH THE HISTONE OCTAMER TO FORM A

SPECIFIC HIGH-AFFINITY COMPLEX 

We recently reported that APLFAD can bind H2A-H2B and H3-H4 with high affinity 
(45). This raises the possibility that APLFAD can also bind both histone complexes 
simultaneously. To test this, a stoichiometric mixture of H2A-H2B and H3-H4 corresponding 
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to the histone octamer (referred to here as a histone octamer mix) was incubated with APLFAD 
and subjected to analytical gel filtration, isothermal titration calorimetry (ITC), and native mass 
spectrometry (MS). Analytical gel filtrations of mixtures of APLFAD with either H2A-H2B or 
H3-H4 show formation of a higher molecular weight complex as expected (Figure 1A, upper 
and middle panel). While the histone octamer mix alone elutes as two separate species 
corresponding to H2A-H2B and (H3-H4)2, one defined peak is obtained in the presence of 
APLFAD with significantly increased apparent molecular weight than either H2A-H2B-APLFAD 
or (H3-H4)2-APLFAD (Figure 1A, bottom panel). Careful titration experiments, monitored by 
analytical gel filtration, suggest that the complex includes two equivalents of APLFAD per 
histone octamer (Supplementary Figure S1).  

In order to firmly establish the composition of the complexes and the stoichiometry of the 
constituents involved, we subjected the various histone-APLFAD complexes to native MS. 
APLFAD binds to H2A-H2B to form a 35 kDa H2A-H2B-APLFAD complex and to (H3-H4)2 
to form a 69 kDa (H3-H4)2-(APLFAD)2 complex (Figure 1B, (i) and (ii)). Interestingly, the minor 
fraction of free H3-H4 is detected as (H3-H4)2 tetramers whereas H3-H4 alone appears 
exclusively as dimers under the native MS conditions (Supplementary Figure S2) (46). Whereas 
the histone octamer is not detected in native MS in the absence of chaperone, in the presence 
of APLFAD several high molecular weight complexes are obtained (Supplementary Figure S2). 
Titration of APLFAD to the histone octamer mix shows that the minimal size of this complex 
corresponds to histone octamer-(APLFAD)2 (Figure 1B, (iii)), while at higher APLFAD:histone 
octamer ratios up to four copies of APLFAD are bound through an interaction that as stable at 
varying ionic strengths in the native MS samples (Supplementary Figures S2-S4).  

In order to confirm the stoichiometry and determine thermodynamic parameters of binding, 
we investigated the interaction between APLFAD and the histone octamer mix by ITC and 
compared it with its binding to either H2A-H2B or H3-H4 (Figure 1C,D). APLFAD binds the 
histone octamer with a KD of 150 nM to form an enthalpically favorable but entropically 
unfavorable complex. The isolated H2A-H2B or H3-H4 complexes are bound with slightly 
lower affinities, corresponding to KD values of 250 nM and 550 nM for H2A-H2B and H3-H4, 
respectively. These values are consistent with our previous investigation (45), except for a 
slightly lower KD for H3-H4 which we ascribe to a lower protein concentration 
used here (Supplementary Figure S5). The enthalpy of binding of APLFAD to the histone 
octamer is more than twice the combined binding enthalpies for H2A-H2B and H3-H4, 
suggesting that new histone-histone contacts are formed when bound by APLFAD (Figure 1D 
and Supplementary Figure S6). This synergistic binding effect is accompanied by a strong 
entropic loss from the combination of at least five individual subunits forming one complex. 

The number of APLFAD binding sites on H2A-H2B and (H3-H4)2 is ~1 and ~2, respectively, 
which is consistent with one APLFAD binding to one H2A-H2B or H3-H4 dimer (Figure 1D). 
For the histone octamer, the stoichiometry of binding is ~2:1 APLFAD:octamer. These data are 
consistent with the results obtained from native MS. Evidence for higher order complexes 
cannot be retrieved from the ITC curves, although their presence may be masked by the 
major high-affinity and high-enthalpy interactions. Overall, analytical gel filtration, native MS 
and ITC data consistently demonstrate that APLFAD can bind all four histones simultaneously 
to form a stable and high-affinity complex. 
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Figure 1. APLFAD can bind all four histones simultaneously to form a stable and high-affinity complex. (A) 
Analytical gel filtration assay of histone complexes in absence and presence of APLFAD. (B) Native mass spectra of the 
histone-APLFAD complexes. The relative signal intensity (RSI) is plotted against the mass-to-charge ratio (m/z) with 
peak annotation and experimental (theoretical in brackets) molecular weights of the identified species. (C) ITC of 
APLFAD to H2A-H2B, H3-H4 or histone octamer mix at 25 °C. The resulting binding isotherms were fit to a one-set-
of-sites binding mode. (D) ITC derived best-fit values and fitting errors are shown in the table, the derived 
thermodynamic parameters in the histogram. Experiments were performed in 25 mM NaPi, pH 7.0, 300 mM NaCl.

H3-H 4 BINDS TO A SECOND DOUBLE-AROMATIC ANCHOR MOTIF IN

APLFAD

Both ITC and native MS analysis show that one APLFA D binds per H2A-H2B or H3-
H4 dimer, yet, two APLFA D bind the octamer which corresponds to 0.5 APLFA D per histone 
dimer. This can be reconciled with APLFA D binding H2A-H2B and H3-H4 through distinct 
binding interfaces. Previously, we used nuclear magnetic resonance (NMR) spectroscopy to map 
the binding sit e for H2A-H2B within the histone binding domain (HBD) spanning residues 
471-499 of APLFA D (HBD471-499) (45). To delineate also the APLFA D binding interface for H3-
H4, we titrated unlabeled H3-H4 to 15N-labeled APLFA D and monitored spectral changes b y
NMR spectroscopy (Figure 2A). This titration was conducted in 600 mM salt to reduc e
nonspecific interactions because we observed complete precipitation of the complex in a
titration conducted in 300 mM salt (Supplementary Figure S7). Several APLFA D backbone
amide resonances show significant chemical shift perturbations (CSPs), indicating that these
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residues are involved in binding and/or undergo structural changes upon binding, while other 
signals, such as of Y462 and F468, disappear already at low molar ratios of added H3-H4 (Figure 
2A). The latter reflects a large chemical exchange-induced line broadening, even further 
aggravated by line broadening due to formation of a large 69 kDa complex (see Figure 1B). 
These effects, possibly in combination with residual exchange or conformational dynamics in 
the bound state, may cause the loss of the NMR signal intensities, as we also reported for the 
H2A-H2B binding of [15N]APLFAD (45). The overall pattern of spectral changes is consistent 
with the sub-micromolar affinity of APLFAD for H3-H4 that we measured (see Figure 1D).  

We mapped the H3-H4 binding site on APLFAD by comparing peak intensity ratios and CSPs 
from APLFAD spectra in its free state and after the addition of one molar equivalent of H3-H4 
(Figure 2B). Resonances corresponding to a continuous stretch of residues N460-E474 
completely disappear, indicating this region to be the core interaction site. In contrast, residues 
N-terminal and directly C-terminal to this region are mostly unaffected by the interaction. 
Resonances from the C-terminal helical element and KR-motif (residues 496-511) have low 
signal intensity combined with high CSPs indicating these are additionally involved in the 
interaction. Comparison of the NMR spectra of APLFAD in its free state and in complex with 
either H2A-H2B or H3-H4 confirms that different sets of APLFAD resonances are perturbed 
in the two complexes (Figure 2C). A plot of the APLFAD peak intensity ratios between the H2A-
H2B or H3-H4 bound and the free state of APLFAD shows that the primary H3-H4 binding 
region is N-terminal and directly adjacent with only partial overlap to the previously defined 
HBD471-499, namely residues 460-474 (Figure 2D). Interestingly, the NMR signal of W485, which 
was previously shown by us to be important for H2A-H2B binding and chaperone activity (45), 
and by others to be important for the interaction with H3-H4 (44), is not strongly affected 
during the titration with H3-H4 but disappears in the titration with H2A-H2B (Supplementary 
Figure S8). Furthermore, the 1H-15N NMR spectral region of the Asn/Gln side chain NH 
groups shows the disappearance of resonances in the H3-H4 but not in the H2A-H2B bound 
state indicating that one or several Asn/Gln of APLFAD are strongly involved in H3-H4 but 
not in H2A-H2B binding (Supplementary Figure S8). In APLFAD, the only Asn/Gln can be 
found between residues N453-N465, which is part of the primary H3-H4 binding region. These 
data demonstrate that the primary region of APLFAD to interact with H3-H4 is adjacent to the 
region we previously defined (HBD471-499).

Full analysis of the NMR titration data indicates that the conserved part HBD471-499 of APLFAD, 
that interacts with H2A-H2B, is extended by residues 460-470 containing a motif that is 
responsible for the direct and high-affinity interaction with H3-H4, and that the full HBD of 
APLFAD comprises residues 460-499 with adjacent H3-H4 and H2A-H2B binding regions.  

We previously showed that two aromatic residues of APLFAD (Y476 and W485) are critical for 
imposing a functional H2A-H2B binding mode (45). Strikingly, the H3-H4 binding region 
includes two aromatic residues, Y462 and F468, that are particularly affected in the NMR 
titration (see Figure 2A,B). The segment of APLFAD that contains these residues aligns well with 
the binding motifs of the known H3-H4 histone chaperones UBN1 and MCM2 (Figure 2E) 
(47,48). Their motifs contain a conserved tyrosine, the so-called “tyrosine-key”, which is buried 
in the deep surface pocket formed by the α1-α2-patch of H3 in the chaperone-histone complex 
(49). In the APLFAD binding site for H3-H4, the well-conserved tyrosine residue Y462 could be 
the tyrosine-key. The UBN1 interaction with H3-H4 is further aided by a second aromatic 
anchor residue (F138) that is also present in the H3-H4 binding region of APLFAD (F468, Figure 
2E). 
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Figure 2. APLFAD interacts with H3-H4 through an extension of its HBD. (A) Zoomed region of overlaid 1H- 
15 N heteronuclear single quantum coherence (HSQC ) spectra of APLFA D with increasing concentrations of H3-H4. 
The inset shows the region containing the Y462 backbone resonance. Color coding indicated in the figure. Residues 
with disappeared resonances at the end of the titration are labeled red. Recorded at 900 MHz 1H Larmor frequency at 
25 °C in 25 mM NaPi buffer, pH 7.0 with 600 mM NaCl, 20 µM APLFAD. (B) Analysis of APLFA D 1H-15N peak intensity 
ratios (upper panel) and weighted average CSPs (lower panel) between H3-H4 bound (1:1 molar ratio of H3-
H4:APLFAD) and free APLFAD. Resonances that disappear during the titration are indicated by arrows and labeled. 
Resonances with CSPs more than 2 (1) standard deviation (SD) (orange (yellow) line) from the 10% trimmed mean 
(green dashed line) are highlighted in orange (yellow) an d labeled. Position of the HBD and KR-motif are indicated 
above the plot, white stripes denote the helical region. Residues without titration data due to overlap or missing 
resonances are indicated with gray bars. (C) Overlaid 1H-15 N HSQC spectra of APLFA D (red), and APLFA D in complex 
with H2A-H2B (orange) or H3-H4 (blue). (D) Plot showing the APLFA D peak intensity ratios between its free and 
H2A-H2B (orange) or H3-H4 (blue) bound state. (E) Sequence alignment of APLFAD, motif analysis, and alignment 
with the H3-H4 binding tyrosine-key of histone chaperones UBN1 and MCM2. The amino acids are displayed with 
color coding according to amino acid properties. Abbreviations: H s = Homo sapiens; M m = Mus musculus; Bt = Bos taurus.

To test whether the APLFA D residue s Y462 and F468 are crucial for H3-H4 binding, we 
compared the affinities of H3-H4 to the APLFA D aromatic anchor alanine mutants by ITC. 
Whereas Y462A bind s with ~4-fold reduced affinity and F468A with slightly reduced affinity 
compared to WT APLFA D to H3-H4, a ~10-fold reduced affinity is detected for the double 
mutant Y462A/F468A (double-anchor 1 mutant (DA1mut)) (Figure 3A,B). In comparison, 
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Figure 3. APLFAD interacts with the α1-α2-patch of H3 through a tyrosine-key motif. (A) ITC of APLFAD WT 
or mutants to H3-H4 at 25 °C. The resulting binding isotherms were fit to a one-set-of-sites binding mode. (B) ITC 
best-fit values and fitting errors together with the derived thermodynamic parameters. All data were obtained in 25 mM 
NaPi, pH 7.0, 300 mM NaCl. (C) Overlaid 1H-15N transverse relaxation-optimized spectroscopy (TROSY) spectra of 
[15N]H3-H4 with increasing concentrations of the synthetic peptide corresponding to APLF459-474. Color coding 
indicated in the figure. Positions of selected residues are marked by a rectangle and labeled. (D) Overlaid 1H-15N 
TROSY spectral regions of selected H3 residues marked in (C). Color coding as in (C). Peak shift directions are marked 
with arrows. (E) Selected residues from (D) labeled red on the cartoon representation of H3-H4 (PDB ID 2PYO). 
Blue: H3; green: H4. Secondary structural elements are labeled. 

mutating the two aromatic residues of APLF A  D that are critical for imposing a functional H2A-
H2B binding mode, Y476 and W485 (Y476A/W485A, double-anchor 2 mutant (DA2mut)), 
doe   s not have such a strong effect on H3-H4 binding (Supplementary Figure S9).

To also map the interaction site for APLF A  D on the H3-H4 surface, we optimized the NMR 
spectral qualities of the H3-H4 dimer. A series of mutants and conditions were assayed to have 
H3-H4 in a purely dimeric state to minimize the size of the complex for NMR. Most successful 
results were obtained using wildtype [15N]H3-H4 at pH 5, conditions under which the H3-H4 
secondary structure remains well-preserved (50). Under these conditions, addition of the 
unlabeled synthetic peptide APLF459-474, representing the primary H3-H4 binding motif as 
found in the NMR titration (see Figure 2B), result   s in CSP  s and loss of peak intensity that clearly 
indicate the presence of a specific binding site on the H3-H4 surface (Figure 3C and 
Supplementary Figure S10). Based on a preliminary NMR amide backbone assignment of H3, 
we identified CSPs and loss of peak intensities for resonances corresponding to residues F84, 
S86, and S87, which are situated in the α1-α2-patch of H3 (Figure 3D,E). 
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Combined, our data support an interaction mode between APLF A     D and H3-H4 where APLF A     D

binds the H3 α1-α2-patch using two aromatic anchor residues in a binding interface that is 
distinct from the H2A-H2B binding site. This strengthens the hypothesis that one APLF A     D

monomer can bind a half-octamer that is formed by H2A-H2B and H3-H4 in the histone 
octamer complex.

STRUCTURAL CHARACTERIZATION OF THE OCTAMER-APLFAD

COMPLEX

To get more structural insights into the interaction of APLFAD with the histone 
octamer, we used small-angle X-ray scattering (SAXS) and crosslinking MS and tested the 
relevance of the aromatic anchors for binding the histone octamer. SAXS data obtained from 
batch measurements of the histone octamer mix yield a radius of gyration (Rg) of 3.5 nm with a 
molecular weight (MW) estimate of 87-99 kDa (Supplementary Table S1). These values are close 
to the ones expected for a histone octamer in solution and as it occurs in the nucleosome (MW 
(theoretical) = 107 kDa, Rg (literature) = 3.25-3.30 nm (51,52)). Importantly, when subjecting 
this sample to size exclusion chromatography coupled SAXS (SEC-SAXS) scattering curves of 
two distinct peaks were obtained, corresponding to the individual histone complexes (data not 
shown). In contrast, the octamer-APLFAD complex eluted as a single peak from the column in 
SEC-SAXS, and dilution negligibly affected the scattering curves (data not shown). The batch 
mode curves show increased scattering of the octamer-APLFAD complex at low scattering 
values compared to the histone octamer mix alone indicating an increase in overall size of the 
complex (Figure 4A). Analysis of the scattering curves indicates that the octamer-APLFAD 
complex has an Rg of 4 nm and a molecular weight of 122-152 kDa (Supplementary Table S1), 
similar to the native MS determined and theoretical mass for the minimal complex of 123 kDa. 
Further analyses indicates a slight tendency for oligomerization at higher concentrations of the 
complex (Supplementary Figure S11 and Table S1). Kratky plot analysis suggests that the 
octamer-APLFAD complex has the same conformation as the histone octamer and the pair-
distance distribution function suggests that the complex is slightly more extended than the 
histone octamer  alone  (Figure 4B,C).  Overall, the data is consistent with ~2 APLFAD binding 
per histone octamer assembled into a predominantly globular structure.  

A crosslinking MS analysis of similar preparations as for SAXS, using disuccinimidyl sulfoxide 
(DSSO, which imposes a 28 Å protein backbone Cα-Cα distance constraint) as crosslinking 
agent, reveal many close contacts, mostly between the abundant and highly reactive lysines that 
are present in the flexible histone tails. In our analysis, however, we focused on the crosslinks 
between the lysines that can be localized to the structured histone fold regions. Since the SAXS 
data indicate that the octameric histone mixture in absence and with APLFAD resembles a 
histone octamer in its overall shape, the crosslinks were compared to the structure of the native 
histone octamer as it occurs in the nucleosome. Crosslinks were categorized into three classes 
depending on their solvent-accessible surface distance (SASD) (53) in the native histone 
octamer complex: (i) those that are consistent with this structure (SASD ≤ 28 Å), (ii) tha  t coul  d
be compatible when allowing for some “breathing” of the complex (28 Å < SASD ≤ 32 Å), 
and (iii) that are incompatible (SASD > 32 Å). For the histone octamer mixt ur e wit  hout
APLFAD, approximately 40% of the crosslinks are consistent with the structure while about
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50% of the crosslinks are incompatible with SASD values of even up to 80 Å (Figure 4D,E).
The remaining 10% of crosslinks belong to category (ii). This indicates that under the assay
conditions the histone dimers interact to a large extent in an unspecific manner. Addition of
increasing amounts of APLFAD results in a drastic reduction of the unspecific while retaining
the native dimer-dimer contacts as in the histone octamer and this effect is dependent on the
presence of the aromatic anchor residues. Addition of all the APLFAD Y462A/F468A mutant
(DA1mut, mutation in the H3-H4 binding region), the Y476A/W485A mutant (DA2mut,
mutation in the H2A-H2B binding region), or the Y462A/F468A/Y476A/W485A mutant
(quadruple anchor mutant (QAmut)) results in a large increase in non-native histone-histone
contacts (Figure 4E). Together with the SAXS data these results strongly suggest that H2A-
H2B and H3-H4 are associated in their native octameric organization in the histone octamer-
APLFAD complex and that this binding mode depends on the presence of the aromatic anchor
residues.

In conclusion, the SAXS data unambiguously demonstrate that in solution the histone octamer-
APLFAD complex has overall dimensions compatible with the formation of a native histone 
octamer. This is consistent with the native MS data showing the formation of the histone 
octamer complex and the native histone-histone contacts observed in the presence of APLFAD.

Figure 4. APLFAD stabilizes the histone octamer arrangement. (A) Batch mode SAXS data for histone octamer 
mix (black) and histone octamer-APLFAD complex (green). (B) Dimensionless Kratky plot indicates that the two 
complexes are slightly elongated. The reference point in gray indicates where most globular compact particles have a 
maximum. (C) Normalized pair-distance distribution function shows that histone octamer-APLFAD is slightly larger 
than histone octamer alone. (D) The solvent accessible surface distance (SASD) for the crosslinks involving the 
histone core are shown as spheres with color coding of the three SASD categories on the surface representation of 
the histone octamer structure as in the nucleosome (PDB ID 2PYO) (paleyellow: H2A, lightpink: H2B, lightblue: H3, 
palegreen: H4). (E) Plotted relative number of crosslinks of the three SASD categories for the different histone 
octamer mix preparations without and with APLFAD WT or mutants.
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STRUCTURAL MODEL OF THE HISTONE OCTAMER-APLFAD COMPLEX 

We next aimed to obtain an atomic model for the histone octamer-APLFAD complex 
combining the binding data from NMR, SAXS and crosslinking MS in an integrative modeling 
approach using HADDOCK (54). We focus here on the minimal complex formed by one 
histone octamer and two APLFAD as demonstrated by native MS and supported by SAXS and 
ITC. Based on the globular shape of the complex as indicated by SAXS and the high degree of 
correspondence between the observed crosslinks and the native octamer structure, we assume 
that the histones are organized in their nucleosomal octameric configuration and that the 
structure of the histone octamer is a valid starting point for modeling. Since APLFAD is fully 
disordered in solution and we have no detailed structural information on the conformation of 
APLFAD in the bound state, we made use of the sequence homology of the double-aromatic 
anchor motifs of APLFAD to other histone chaperones for which structural information is 
available to build our structural model. We previously modeled the complex between H2A-
H2B and its APLFAD interaction region (APLF471-490) using NMR and mutational data (45). 
Here, we extended this model by including the H3-H4 interaction motif (APLF460-470) identified 
in our NMR titration of [15N]APLFAD with H3-H4 (see Figure 2B). Since this part of the 
sequence aligns well with the two aromatic residues in the histone binding motif of histone 
chaperone UBN1 (see Figure 2E), we used this structure as a template for modeling of the 
bound-state conformation of the H3-H4 binding region of APLFAD. The structural model of 
APLF460-490 was docked to the histone octamer structure guided by the experimentally 
supported interaction data: we enforced the interaction of Y462 and F468 to H3 to mimic the 
tyrosine-key motif seen in UBN1 as supported by the NMR titration data (see Figures 2 and 3), 
and we enforced the interaction of Y476 and W485 to the H2A-H2B α1-α2-patches as 
described previously (45). 

The resulting solutions cluster in one group. All solutions show that the four aromatic residues 
of APLFAD are appropriately spaced to allow a simultaneous interaction of the tyrosine-key and 
cap-anchor motifs with H3-H4 and H2A-H2B, respectively (Figure 5A). The APLFAD 
backbone has reasonable backbone angles in this conformation as judged from the 
Ramachandran plot quality and the interface has overall proper physio-chemical properties 
(Supplementary Table S2). The interface between APLFAD and the histones is formed by 
extensive electrostatic contacts, next to the hydrophobic aromatic anchor interactions (Figure 
5B). Importantly, the model shows that the aromatic anchors of one APLFAD can 
simultaneously bind to the α1-α2-patches of H3, H2A, and H2B in the histone octamer (Figure 
5C,D). The interface between the two bound APLFAD molecules and the histones largely 
overlaps with the DNA binding surface of the histone octamer (Figure 5E). Overall, our data-
driven model suggests that APLFAD may act to substitute the DNA and organize the histone 
octamer as in the nucleosome. Hence, we refer to this structure as the “chaperonosome”. 
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Figure 5. Structural model of APLF460-490 bound to the histone octamer using four aromatic anchors. (A) 
Quadruple-anchor model for two copies of APLF460-490 bound to the histone octamer. APLF460-490 and histones in 
cartoon representation. APLF460-490 aromatic anchor side chains as well as interacting histone residues shown as sticks.
(  B) APLF460-490 in cartoon representation with side chains shown as sticks. Electrostatic potential is color coded on t  he
Van-der-Waals surface of the histone octamer. (C,D) Close-up views on the aromatic anchor interactions. Double-
anchor 1 (DA1) bound to H3 α1-α2-patch (C), and double-anchor 2 (DA2) bound to H2A-H2B α1-α2-patches (D). 
APLF460-490 in cartoon representation with side chains shown as sticks. Selected residues and histone secondary struct  ure
elements are labeled. (E) APLF460-490 (surface representation) interferes with DNA binding to the histones. DNA take  n
from PDB ID 1KX5.

FOUR AROMATIC ANCHORS OF APLFAD ARE ESSENTIAL FOR

CHAPERONE ACTIVITY

To test our structural model of the histone octamer-APLFAD complex and to validate 
its functional relevance, we assayed the histone octamer chaperone activity of APLFAD in vitro. 
In the absence of a histone chaperone and at close to physiological salt concentration, the 
histone octamer binds in non-native manner to DNA, resulting in aggregation and precipitation 
at high molar excess of histones (21). As a genuine histone chaperone, APLFAD should be able
to prevent incorrect histone-DNA interactions and promote nucleosome formation (7). We
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thus used a native polyacrylamide gel electrophoresis (PAGE) assay to detect the chaperone-
mediated rescue of DNA precipitation and nucleosome assembly (45,55). As a control, 
incubation of a 167 bp DNA fragment with histone octamer leads to loss of free DNA due to 
precipitation, culminating in almost complete precipitation of DNA at a 2.05:1 histone 
octamer:DNA ratio (Figure 6A, lanes 2-3). However, when the histone octamer is pre-incubated 
with different amounts of APLFAD WT, DNA precipitation is prevented and soluble histone-
DNA complexes are observed, of which the major species, running between the 450 and 500 
bp marker bands, could correspond to the nucleosome (Figure 6A, lanes 1 and 4-6). This 
suggests that APLFAD can function as histone chaperone by competing with DNA for binding 
to the histone octamer, thereby preventing aggregation and promoting histone deposition onto 
DNA. Mutations of the aromatic amino acids that we identified as key anchor residues in 
APLFAD according to our structural model reduce its histone chaperone activity. While in the 
APLFAD Y462A/F468A double-anchor mutant (DA1mut) chaperone activity is partially 
abolished (Figure 6A, lanes 7-9), the double-anchor mutation Y476A/W485A (DA2mut) greatly 
reduces chaperone activity (Figure 6A, lanes 10-12), which is almost completely abolished in the 
quadruple anchor mutant Y462A/F468A/Y476A/W485A (QAmut) (Figure 6A, lanes 13-15).  

To further evaluate the impact of the aromatic anchors on binding, we investigated the 
interaction of the APLFAD mutants with the histone octamer mix by native MS and ITC. 
Strikingly, native MS experiments of the mutants show that they can form a complex with the 
histone octamer as WT APLFAD and ITC shows that they bind the histone octamer with slightly 
reduced affinities (Figure 6B-D). However, the reduced binding enthalpies of the mutants 
clearly show the involvement of these aromatic anchor residues in direct contacts of APLFAD 
with the histones. With these major binding residues missing in the mutants, the interaction 
between APLFAD and the histone octamer likely relies predominantly on electrostatics. In such 
a charge-mediated interaction in the absence of the aromatic anchor residues, however, specific 
histone-APLFAD interactions are reduced making APLFAD unable to effectively compete with 
DNA binding as well as leading to more non-native histone-histone contacts which could be 
captured in the crosslinking MS experiments (see Figure 4E). 

The combined results reveal that APLFAD interferes with DNA binding to the histone octamer 
and that the four aromatic side chains in the HBD of APLFAD are essential for 
chaperone function. Strikingly, since the quadruple mutant is capable of binding the histone 
octamer, its lack of chaperone activity suggests that without the specific aromatic anchors 
APLFAD lacks the capability to bind the histone DNA-binding surface, leaving it open for 
interaction with DNA. These data imply that the interaction between APLFAD and the 
octamer is specific and functional, thus strongly supporting the role of APLFAD as a 
domain with histone octamer chaperone function. 
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Figure 6. APLFAD functions as histone chaperone to assemble the nucleosome. (A) Native PAGE analysis of 
167 base pair (bp) DNA (1 µM) with the 601 nucleosome positioning sequence in presence or absence of APLFAD 

WT or mutants and histone octamer. All APLFAD were with N-terminally fused SUMO which was shown in the WT 
version to bind as APLFAD without fusion (Supplementary Figure S12). Chaperone assay performed at RT. Lane 1: 50 
bp DNA ladder (M). Lane 2: free DNA. Lane 3: DNA upon addition of 2.05 µM octamer. Lanes 4-15: DNA upon 
addition of 2.05 µM octamer pre-incubated with increasing concentrations (25-, 50-, or 100-fold) of APLFAD WT or 
mutants. (B) Native mass spectra of mixtures of histone octamer and APLFAD aromatic anchor mutants showing 
same type of complex formation as with WT APLFAD with up to 4 APLFAD bound (see Supplementary Figure S3). 
APLFAD-QAmut was with N-terminally fused SUMO for the purpose of concentration determination by 
absorbance at 280 nm. The relative signal intensity (RSI) is plotted against the mass-to-charge ratio (m/z). Charge 
states are given for each signal. Experimental (theoretical in brackets) molecular weights of the identified species are 
listed. Samples were in 300 mM ammonium acetate, pH 7.5. (C) Calorimetric titration of APLFAD WT or mutants to 
histone octamer mix via ITC at 25 °C. APLFAD-QAmut was with N-terminally fused SUMO for the purpose 
of concentration determination by absorbance at 280 nm. The resulting binding isotherms (upper panel) were fit to 
a one-set-of-sites binding mode. Best-fit values and fitting errors are shown in the table together with the derived 
thermodynamic parameters. All data were obtained in 25 mM NaPi, pH 7.0, 300 mM NaCl. (D) ITC best-fit values 
and fitting errors together with the derived thermodynamic parameters.
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THE ROLE OF THE KR-MOTIF IN THE CHAPERONOSOME 

APLFAD contains six lysines of which four are in the KR-motif (residues 500-511), 
which is together with two arginines a positively charged segment of the otherwise acidic APLF 
C-terminal domain (theoretical pI = 11.17 for the KR-motif, theoretical pI = 3.87 for APLFAD). 
The NMR titrations of [15N]APLFAD with both H2A-H2B and H3-H4 at high salt concentratio n
show spectral changes, disappearance of resonances and high CSPs for residues in the KR-moti f
(see Figure 2 and Supplementary Figures S8). To test for direct interaction with the histon e
octamer, we measured binding of the APLFAD deletion mutant without KR-motif (mutan t
APLFAD-∆) for binding to the histone octamer via ITC (Figure 7A,B). APLFAD-∆ binds t he
histone octamer similar to APLFAD WT. However, combining this deletion with APLF AD

mutants containing the H2A-H2B binding deficiency mutation Y476A/W485A in APLFAD-
DA2mut and -QAmut, APLFAD-DA2mut∆ and -QAmut∆, leads to a decreased enthalpy a nd
affinity of binding. In contrast, no additional effect on histone octamer binding is observed f or
the H3-H4 binding site mutant APLFAD-DA1mut when combined with the KR-deletio n
(APLFAD-DA1mut∆), confirmed by a similar outcome for binding H3-H4 alo ne
(Supplementary Figure S13). As support of these results, the native mass spectrum of APLFAD-
QAmut∆ shows that, other than the histone octamer-APLFAD complexes, histone hexamer-
APLFAD complexes are formed in which one H2A-H2B dimer is lost from the histone octame r
(Supplementary Figure S14). Furthermore, in the crosslinking MS data, for which we assume 
that the compositions of the complexes are as revealed by native MS, intermolecular crosslink s
in the minimal histone octamer-(APLFAD)2 complex are found between the APLFAD KR-motif 
and the H2B αC-helix (Supplementary Figure S15). Crosslinks with H3- H4 are only found in
histone-octamer-(APLFAD)3/4, but not in the minimal complex. These results indicate that  in
the minimal histone octamer-(APLFAD)2 complex the KR-motif is not involved in binding H3-
H4 but H2A-H2B, in particular H2B. The crosslinks in the histone octamer-(APLFAD)3/ 4

complex could come from the additional bound APLFAD molecules. Histone-APLF AD

crosslinks in histone octamer-(APLFAD)3/4 are also present in the double-anchor mutant s
suggesting that the KR-motif can interact with the histone octamer independently from th e
aromatic anchors. In particular, several crosslinks between the KR-motif of APLFAD and th e
H2B αC-helix are found. This suggests a secondary binding close to the H2B αC-helix. Thi s
fits with our previously demonstrated NMR titration of H2A-[15N]H2B with APLFAD whic h
revealed that the region around the H2B αC-helix is a binding site for a secondary, weake r
interaction with APLFAD (45), which we support here with a similar NMR titration wit h
[15N]H2A-H2B and APLFAD (Supplementary Figure S16).

SAXS data suggest a slightly reduced overall size for the histone octamer-APLFAD-∆ complex 
as can be judged from the reduced scattering at low s values compared to the complex with 
APLFAD WT (Figure 7C). Importantly, an ab-initio-model using the SAXS data demonstrates 
that the histone octamer-APLFAD-∆ complex has overall dimensions compatible with the 
formation of a globular complex in the shape of the native histone octamer (Figure 7C, inset, 
and Supplementary Table S3). Kratky plot analysis and the pair-distance distribution function 
also indicate that the octamer-APLFAD-∆ complex is more compact than the complex with 
APLFAD WT (Figure 7D,E and Supplementary Table S3).  
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Figure 7. The APLFAD KR-motif is involved in histone octamer binding. (A) Calorimetric titration of APLFAD WT 
or mutants to histone octamer via ITC at 25 °C. APLFAD-QAmut and -QAmut∆ were with N-terminally fused SUMO 
for the purpose of concentration determination by absorbance at 280 nm. The resulting binding isotherms were fit to a 
one-set-of-sites binding mode. All data were obtained in 25 mM NaPi, pH 7.0, 300 mM NaCl. (B) ITC best-fit values 
and fitting errors together with the derived thermodynamic parameters. (C) Batch mode SAXS data for histone 
octamer-APLFAD WT (green) and histone octamer-APLFAD-∆ (blue) with ab-initio bead model. (D) Dimensionless 
Kratky plot indicates that the histone octamer-APLFAD-∆ is more compact than histone octamer-APLFAD WT. The 
reference point in gray indicates where most globular compact particles have a maximum. (E) Normalized pair-
distance distribution function shows that histone octamer-APLFAD-∆ has a globular shape and is more compact than 
histone octamer-APLFAD WT.

Taken together, the results suggest that the KR-motif contributes to histone octamer binding, 
and forms part of the binding interface for H2A-H2B within the histone octamer. Thus, we 
wanted to see whether APLFAD could bind simultaneously to H3-H4 and H2A-H2B using the 
aromatic anchors and to the H2B αC-helix using the KR-motif. Hence, we extended the APLF 
model (residues 460-490) to include the KR-motif. We modeled the structure of the KR-motif 
in the conformation of Chz1, an intrinsically disordered histone chaperone that also binds the 
H2B αC-helix and for which structural information is available from its complex with H2A.Z-
H2B (56,57). As restraints for this motif, we used the two intermolecular crosslinks between 
APLFAD and the histones found in the crosslinking MS experiment of the minimal histone 
octamer-(APLFAD)2 complex. Additionally, we enforced the aromatic anchor interactions and 
docked APLF460-511 on the histone octamer (Figure 8 and Supplementary Table S4). 
Interestingly, the model demonstrates that the KR-motif can bind the distal H2A-H2B dimer, 
suggesting that APLFAD not only can bind H2A-H2B and H3-H4 but could also stabilize their 
octameric arrangement (Figure 8A,B). Furthermore, the model indicates that intermolecular 
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contacts can be formed between the two bound APLFAD molecules in this conformation which 
could further stabilize the complex (Figure 8C). These possible stabilizing interactions are 
supported by a crosslinking MS analysis of histone octamer complexes with KR-motif deletion 
mutants of APLFAD which show increased non-native histone-histone contacts compared to 
the histone octamer-APLFAD WT complex (Supplementary Figure S17). Finally, the model 
shows how APLFAD could interfere with DNA binding to the histone octamer but also bind to 
a histone site that is exposed in the nucleosome (Figure 8D).

Figure 8. Structural model of APLF460-511 bound to the histone octamer with the KR-motif bound to the distal 
dimer. (A) Model for two copies of APLF460-511 bound to the histone octamer. APLF460-511 in cartoon representation 
with its aromatic anchor side chains as well as interacting histone residues shown as sticks. Lysines forming crosslink 
pairs are shown as sticks. (B) Close-up view on the lysine crosslink pairs. Crosslinked lysines are indicated by dashed 
lines between their Cα atoms with distance labels in Å. APLF460-511 in cartoon representation with side chains shown as 
sticks. Selected residues and histone secondary structure elements are labeled. An asterisk indicates the symmetry-
related histone. (C) APLF460-511 in cartoon representation with side chains shown as sticks. Electrostatic potential 
is color coded on the Van-der-Waals surface of the histone octamer. (D) APLF460-511 (surface representation) 
interferes with DNA binding to the histones. DNA taken from PDB ID 1KX5.
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DISCUSSION 

We describe here a detailed characterization of the interaction between the acidic 
domain of DNA repair factor APLF (APLFAD) and different histone complexes to get more 
insight into its histone chaperone activity. We performed biophysical, mutational, and structural 
investigations on the recognition of the histone octamer and our results strongly suggest that 
APLFAD is a true histone octamer chaperone with possible nucleosome assembly function. For 
this, APLFAD makes use of a quadruple-aromatic-anchor binding motif, a model that is 
supported by mutational analysis. 

Our data show consistently, quantitatively, and using a variety of techniques, that APLFAD can 
bind simultaneously to both H2A-H2B and H3-H4 to form a specific, high-affinity complex. 
The NMR data indicate that the APLFAD histone binding domain (HBD) uses distinct regions 
to bind the two different types of histone complexes. Each of these regions contains two 
aromatic residues embedded within a predominantly acidic sequence. Mutation of these 
aromatic residues impairs histone binding, both in the context of the individual histone 
complexes, H2A-H2B and H3-H4, as well as for the histone octamer. While in the APLFAD 
H2A-H2B binding region the aromatic residues Y476/W485 are strictly required for H2A-H2B 
binding, Y462 and F468 in the H3-H4 binding region are not strictly required for H3-H4 
binding indicating the importance of electrostatic interactions to support this interaction. 
Similarly, in the context of the histone octamer mixture the mutation of the aromatic residues 
impairs but does not abrogate complex formation. Strikingly, despite complex formation these 
residues are indispensable for chaperone activity, indicating that they are crucial for imposing a 
specific and functional binding mode. 

The stoichiometry of the histone octamer-APLFAD complex corresponds to two APLFAD 
molecules bound to one histone octamer as evidenced by native MS and supported by analytical 
gel filtrations, SAXS and ITC. At higher APLFAD concentrations, additional APLFAD molecules 
can associate to this minimal complex as shown by both native MS and SAXS. While this means 
that under the conditions of the chaperone activity assay such higher order complexes can also 
be formed, our mutational analysis clearly highlights the essential role of the aromatic anchor 
residues, suggesting the minimal octamer-(APLFAD)2 complex as the functional unit that we call 
the chaperonosome. Importantly, the SAXS data unambiguously demonstrate that in solution 
the histone octamer-APLFAD complex has overall dimensions compatible with the formation 
of a histone octamer. This is consistent with the native MS data showing the formation of the 
histone octamer and the native histone-histone crosslinks observed in crosslinking MS of the 
histone octamer-APLFAD complex. 

The presented structural model rationalizes the chaperone activity of APLFAD by illustrating 
how the placement of the aromatic anchors within the acidic domain optimally fits with the α1-
α2-patches of H2A, H2B, and H3 of the H2A-H2B and H3-H4 dimers within the histone 
octamer. These regions form contact points with nucleosomal DNA. Upon specific binding to 
the DNA binding surface, APLFAD prevents, by competition, non-native histone-DNA 
interactions. Our data further suggest that the APLFAD C-terminal KR-motif could interact with 
the distal H2A-H2B dimer within the minimal chaperonosome complex. Mechanistically, this 
interaction may be in part responsible for stabilization of the histone octamer arrangement, and 
could explain how APLFAD can capture the octamer in its near-native conformation. Given the 
basic character of the KR-motif, an intriguing idea is that it could also interact with DNA. To 
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this end, an NMR titration of [15N]APLFAD with 167 bp 601-DNA was carried out to test for 
binding (Supplementary Figure 18). However, no spectral changes were visible and titration 
analysis revealed only very small effects of binding on APLFAD backbone resonances suggesting 
there could be a slight tendency for the KR-motif to weakly interact with DNA alone. But in 
the context of the chaperonosome it could be involved in fuzzy interactions mediating contacts 
between histones and DNA. 

The structural model of the chaperonosome in combination with all data presented further 
provides a plausible mechanism for octamer deposition onto DNA. In the absence of APLFAD, 
predominantly nonspecific histone-DNA complexes are formed because the specific complexes 
involve only a subset of all potential histone-DNA interactions (Figure 9, left part). But APLFAD 
may guide nucleosome assembly in a direct fashion by presenting the histones in the correct 
organization and orientation (Figure 9, right part). In our model, two copies of APLFAD wrap 
around the histone octamer. This interaction is stabilized by the APLFAD aromatic anchors 
interacting with the α1-α2-patches on H2A, H2B and H3 leaving the one of H4 free for 
interaction with DNA. By increasing the likelihood of specific interactions between the histone 
octamer and the DNA, APLFAD skews the reaction kinetics towards nucleosome formation. 
APLFAD is involved in a transient complex with the histone octamer and the DNA. The 
formation of this transient ternary complex prevents nonspecific histone-DNA interactions and 
causes an apparent decrease in activation energy for nucleosome formation, favoring it over the 
nonspecific histone-DNA interaction path. Once the first contact between the DNA and the 
histone octamer-APLFAD complex is formed, the DNA can outcompete APLFAD by having 
higher affinity for binding to the other histone-DNA interaction sites (in the order) of H3, H2A, 
and finally H2B. The DNA displaces APLFAD as it wraps around the histone octamer to form 
the nucleosome (Figure 9). While ternary chaperone-histone-DNA complexes have not been 
observed directly, as expected by their transient nature, they can be inferred from experimental 
indications. In the native PAGE gel of the chaperone assay (see Figure 6A), a reaction band is 
visible at the height of the 1,350 bp marker band. This reaction band increases in intensity with 
higher APLFAD concentrations. Hence, it could represent a low populated ternary APLFAD-
histone-DNA complex of one of the intermediates of the nucleosome assembly reaction. 
Such an intermediate has also been suggested from similar experimental observations for 
histone chaperones FACT and CAF1 (58-62).  

The quadruple-aromatic anchor model of APLFAD bound to the histone octamer presented 
here constitutes a novel interaction mode that highlights adaptability in recognition of the 
histone surface by combination of distinct histone binding motifs in APLFAD. The unstructured 
nature of APLFAD may provide the HBD with the required conformational flexibility to adapt 
to the histone surfaces (63,64). Our chaperone assay together with the structure of the APLFAD 
bound histone octamer suggests that APLFAD can bind the histone octamer and promote its 
deposition onto DNA. Further validation by a micrococcal nuclease (MNase) assay is needed to 
proof that the DNA band formed between the 450-500 bp marker bands in the chaperone 
assay is indeed the nucleosome. To support the tyrosine-key binding of APLFAD to H3-H4, a 
mutational analysis can be performed to confirm the binding site on H3-H4. Furthermore, 
since it was shown that APLFAD is essential for cell survival upon DNA damage and that this is 
associated with impaired DNA repair by NHEJ, it would be interesting to find out the in vivo 
importance of the aromatic residues identified here to be essential for histone binding and 
chaperone activity and relate this to DNA repair. Collectively, our results suggest that 
APLFAD provides the NHEJ machinery with the capacity to store the histone octamer during 
the DNA repair process and deposit it on the repaired DNA to reassemble the nucleosome. 
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Figure 9. Free-energy reaction diagram of histone chaperone function and nucleosome assembly 
mechanism. Free-energy is plotted along the histone-DNA interaction coordinate. Reaction is postulated to go 
through a “transition state” of highest free-energy (‡) before forming the product. The transition state represents a 
kinetic barrier for the reaction. Left: In the absence of a histone chaperone under physiological conditions: 1. 
hydrophobic histone-histone interactions cannot overcome the repulsion of their positive charges, 2. nonspecific 
histone-DNA interactions are favored over nucleosomal interactions. Right: The chaperone binds to form a “transition 
state” that is competent to directly deposit histones onto DNA (19). This state might be a conformationally activated 
histone complex, like the histone octamer, that is primed to form nucleosomal DNA contacts. In the presence of a 
histone chaperone: 1. nonspecific histone-DNA interactions are efficiently competed by more stable histone chaperone-
histone interactions, 2. negative charges of the histone chaperone neutralize positive charges of the histones making 
hydrophobic histone-histone interactions favorable. The “chaperonosome” (histone chaperone-bound histone 
octamer) is: 1. a stabilized “transition state” compensated for high loss of entropy concurrent with nucleosome assembly 
through a high enthalpy interaction, 2. able to directly deposit the histone octamer in a nuclesomal arrangement. Note 
that stable intermediates and additional transition states that could form on the nucleosome assembly path are omitted 
for simplicity.
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CONCLUSIONS

Here, we show that the acidic domain of DNA repair factor APLF (APLFAD) is a
histone chaperone that can bind the histone octamer. We provide experimental proof for the
APLFAD histone chaperone activity for the histone octamer and show that this can be
rationalized by the binding to the DNA-binding surface of the histones by APLFAD and 
structural organization of the histone octamer with controlled stoichiometry. APLFAD binds the
histone octamer through electrostatic interactions and four aromatic residues that form anchors
to the α1-α2-patches of H2A, H2B, and H3. The recognition of these generic histone-fold
elements combined with the unstructured nature of its acidic domain suggests that APLF has
the capability to temporarily store histone complexes at a DNA damage site and that this may
subsequently promote nucleosome assembly to seal the repaired DNA. Our study extends the
assigned functions of APLF that may be relevant for NHEJ DNA repair. Finally, since until
now it has been assumed that histone chaperones function to prevent non-functional histone-
DNA interactions and promote correct ones by reducing the pool of free histones, our findings
represent a paradigm shift in this regard by showing that the histone deposition process depends
on a controlled pre-assembly of the histone octamer for a possible step-wise deposition
mechanism onto DNA to form the nucleosome.

MATERIALS AND METHODS

PROTEIN AND 601-DNA EXPRESSION AND PURIFICATION

APLFAD production

APLFAD for all NMR titrations as well as ITC experiments of H3-H4 for comparison
between APLFAD WT, Y476A, W485A, and Y476A/W485A was expressed and purified using
a pLIC_His-GST-TCS-APLFAD plasmid that upon induction expresses a fusion protein with
an N-terminal histidine (His) and glutathione-S-transferase (GST) tag and thrombin cleavage
site (TCS) as previously described (45).

For all other experiments the TCS was either replaced by tobacco etch virus protease cleavage
site (TEVPCS) using site-directed mutagenesis to yield the construct pLIC_His-GST-TEVPCS-
APLFAD, or APLFAD was cloned with N-terminal SUMO-tag into pET29b to yield the construct
pET29b_SUMO-APLFAD containing a His-tag and TEVPCS N-terminal to SUMO. Mutations
were introduced using site-directed mutagenesis. Correct construction of plasmids and
mutagenesis was verified by DNA sequencing.

APLFAD (or SUMO-APLFAD) was expressed in BL21 Rosetta2 (DE3) cells (Novagen). All
media used contained ampicillin (100 mg/L) (for pLIC_His-GST-TCS-APLFAD constructs) or
kanamycin (30 mg/L) (for pET29b_SUMO-APLFAD constructs), and chloramphenicol (34
mg/L). Colonies from a lysogeny broth (LB) agar plate were first grown in liquid LB at 37 °C.
Cells from the LB culture were transferred to supplemented M9 minimal medium (MM)
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containing 14NH4Cl (15NH4Cl for NMR titration experiments) and glucose as the sources of
nitrogen and carbon, respectively, and left to grow at 37 °C. Expression of recombinant protein
was induced at OD600 0.8 with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and the
culture was transferred to 30 °C. Cells were harvested 5-14.5 h after induction and frozen for
storage. For purification, cells were thawed and resuspended in lysis buffer (50 mM Tris, pH
8.0, 150 mM NaCl, 5 mM β-mercaptoethanol (BME), 20 mM imidazole) supplemented with
0.2 mM phenylmethylsulfonyl fluoride (PMSF) and in-house made protease inhibitor cocktail
(PIC) (100 µM AEBSF, 0.3 µM aprotinin, 1 µM bestatin, 1 µM E-64, 10 µM leupeptin, 1 µM
pepstatin A), then treated with lysozyme (Sigma-Aldrich) and benzonase (Merck Millipore),
frozen, thawed and sonicated. After insoluble cell material was removed by centrifugation, His-
GST-APLFAD (or His-SUMO-APLFAD) was purified using a 5 ml HisTrap FF column (GE
Healthcare Life Sciences), pre-equilibrated in lysis buffer, and, after fusion protein binding,
washed with lysis buffer. Bound fusion protein was eluted with a gradient of 20-500 mM
imidazole in lysis buffer and cleaved with TEVP (in-house made) at room temperature, typically
overnight. Cleavage was monitored using SDS-PAGE analysis and after complete cleavage,
APLFAD (or SUMO-APLFAD) was further purified by anion exchange on a 5 ml HiTrap Q HP
column (GE Healthcare Life Sciences) using ion exchange (IEX) low salt buffer (20 mM Tris,
pH 7.5, 150 mM NaCl, 5 mM BME, 1 mM EDTA) and IEX high salt buffer (20 mM Tris, pH
7.5, 1 M NaCl, 5 mM BME, 1 mM EDTA). Elution fractions containing APLFAD (or SUMO-
APLFAD) were pooled, supplemented with MgCl2 (1.1 mM final concentration), and applied on
a 5 ml HisTrap FF column (GE Healthcare Life Sciences) to remove His-tagged protein.
Fractions with APLFAD (or SUMO-APLFAD) were pooled, buffer-exchanged to assay buffer
(25 mM NaPi, pH 7.0, 300 mM NaCl) using a 3 kDa (or 10 kDa) molecular weight cut-off
(MWCO) Amicon Ultra Centrifugal Filter Unit (Merck Millipore), and used directly or
aliquoted, flash-frozen in liquid nitrogen and stored at -20 °C until further use.

Histone production

Histones were expressed and purified as previously described with some changes
(45). Histones H2A, H2B, H3 and H4 from Drosophila melanogaster were expressed in BL21
Rosetta2 (DE3) cells (Novagen) from pET21b plasmids. All media contained ampicillin (100
mg/L) and chloramphenicol (34 mg/L). Colonies from an LB agar plate were first grown in LB
at 37 °C. The cell culture was transferred to supplemented M9 MM (either unlabeled with
14NH4Cl and 12C6-glucose or containing 13C6D7-glucose, 15NH4Cl, and D2O for stable isotope
labeling) and grown at 37 °C. Expression of recombinant protein was induced at OD600 0.6-1.6
with 0.5 mM IPTG. Cells were harvested after 3-12.5 h by centrifugation and frozen for storage.
Cells were resuspended in histone lysis buffer (50 mM Tris at pH 7.5, 100 mM NaCl, 5 mM
BME, 1 mM EDTA) supplemented with 0.2 mM PMSF and in-house made PIC (as above),
treated with lysozyme, frozen, thawed and sonicated. The first steps of purification - isolation
and solubilization of histone inclusion bodies - were done according to the protocol described
by Luger et al. (65). Solubilized histones were first purified on a gel filtration column HiLoad
Superdex 75 pg (GE Healthcare Life Sciences) pre-equilibrated with histone gel filtration buffer
(HGFB) with low or high salt (50 mM NaPi, pH 7.5, 0.15 (HGFB150) or 1 M NaCl
(HGFB1000), 5 mM BME, 1 mM EDTA, 7 M urea). Histone containing fractions were pooled 
(and, if HGFB1000 was used, diluted with HGFB without salt (HGFB0) to a final NaCl
concentration of 0.15 M) and first purified by anion exchange to remove nucleic acids on a 5
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ml HiTrap Q HP column (GE Healthcare Life Sciences) followed by cation exchange on a 5
ml HiTrap SP HP column (GE Healthcare Life Sciences), both pre-equilibrated with HGFB150.
The same buffer was used to wash the column after loading. Histones were eluted with a linear
gradient of NaCl (0.15 - 1 M) in HGFB. Histone fractions were either dialyzed against water
and lyophilized prior to storage, or supplemented with 1 mM lysine (final concentration) and
stored directly at -20 °C.

601-DNA production

A high-copy number plasmid containing 12 tandem repeats of a 167 base pair strong
positioning DNA sequence (Widom’s 601; (66,67)) was transformed into DH5α cells. The
plasmid was purified using a QIAGEN Plasmid Giga Kit. The 167-bp fragment was released
from the vector by ScaI (Thermo Fisher Scientific) digestion and purified by anion exchange.

PREPARATION OF HISTONE COMPLEXES

Histones were refolded as previously described with some changes (45). Histone
proteins were unfolded (if stored lyophilized) or buffer exchanged (if stored directly after IEX)
using a 3 kDa molecular weight cut-off (MWCO) Amicon Ultra Centrifugal Filter Unit (Merck
Millipore) in unfolding buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 10 mM dithiothreitol (DTT),
6 M guanidine hydrochloride) and mixed (H2A + H2B for histone dimer H2A-H2B, H3 + H4
for histone tetramer (H3-H4)2, and H2A + H2B + H3 + H4 for histone octamer) in equimolar
ratios to a final protein concentration of 1 mg/ml. Refolding by dialysis and gel filtration of
histone complexes were performed as described for histone octamers by Luger et al. (65). The
gel filtration buffer was exchanged to assay buffer (see above) using a 10 kDa MWCO Amicon
Ultra Centrifugal Filter Unit (Merck Millipore). Complexes were aliquoted, flash frozen in liquid
nitrogen and stored at -20 °C.

ANALYTICAL GEL FILTRATIONS

Histone complexes and APLFAD alone or mixtures thereof in assay buffer at the ratios 
indicated in the figures were incubated for 30 min on ice, centrifuged to remove aggregates and
loaded on a Superdex 200 Increase 10/300 GL column (GE Healthcare Life Sciences)
equilibrated in assay buffer and run at room temperature.
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CROSSLINKING MASS-SPECTROMETRY

Samples for crosslinking

1. Histone complexes in assay buffer.
2. APLFAD in assay buffer.
3. Histone Octamer-APLFAD (WT, saturated): histone octamer mix and APLFAD were

mixed in assay buffer at a ratio of 1:2.5 octamer:APLFAD and purified on a Superdex
200 Increase 10/300 GL column (GE Healthcare Life Sciences) equilibrated in assay
buffer and run at room temperature.

4. H2A-H2B-APLFAD: H2A-H2B and APLFAD were mixed in assay buffer at a ratio of
1:2.5 H2A-H2B:APLFAD and purified on a Superdex 200 Increase 10/300 GL column
(GE Healthcare Life Sciences) equilibrated in assay buffer and run at room
temperature.

5. H3-H4-APLFAD (WT, peptide, and mutant), octamer-APLFAD (WT, minimal
complex), octamer-APLFADmut (mutants): histone complexes and APLFAD were
mixed in assay buffer at a ratio of 1:2 for (H3-H4)2:APLFAD (WT, peptide, and
mutant), 1:0.25 for octamer:APLFAD (WT, minimal complex), and 1:2.5 for
octamer:APLFADmut (mutants).

Crosslinking conditions

Each sample (4 µL per reaction of 20 µM samples (concentration of purified complex
or of the histones in mixtures) in assay buffer) was diluted to 10 µM in 50 mM HEPES pH 7.5
and crosslinked for 15 minutes at room temperature with 500 µM disuccinimidyl sulfoxide
(DSSO). The reaction was quenched with 1 M Tris pH 7.5 (50 mM final concentration). The
crosslinking reaction was performed three times per sample.

Proteolytic digestion

Each sample was supplemented with urea to 8 M, reduced by addition of DTT at a
final concentration of 10 mM for 1 hour at room temperature, and alkylated for 0.5 hours at
room temperature in the dark by addition of iodoacetamide at a final concentration of 50 mM.
The samples were digested in two rounds. In the first round, the samples were digested with 
Lys-C at an enzyme-to-protein ratio of 1:50 (w/w) at 30 °C for 3 hours. In the final round the
samples were diluted four times in 50 mM AmBic and further digested with trypsin at an
enzyme-to-protein ratio of 1:100 (w/w) at 37 °C for 16 hours. The digested samples were
desalted using homemade C18 stage tips, dried and stored at -80 °C until further use.
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Mass spectrometry

The samples were analyzed by LC-MS/MS using an Agilent 1290 Infinity System
(Agilent Technologies) in combination with an Orbitrap Fusion Lumos (Thermo Scientific).
Reverse phase chromatography was carried out using a 100-μm inner diameter 2-cm trap 
column (packed in-house with ReproSil-Pur C18-AQ, 3 μm) coupled to a 75-μm inner diameter
50 cm analytical column (packed in-house with Poroshell 120 EC-C18, 2.7 μm) (Agilent
Technologies). Mobile-phase solvent A consisted of 0.1% formic acid in water, and mobile-
phase solvent B consisted of 0.1% formic acid in 80% acetonitrile. A 120 minutes gradient was 
used, and start and end percentage buffer B were adjusted to maximize sample separation.

MS acquisition was performed using the MS2_MS3 strategy: 
- the MS1 scan was recorded in Orbitrap at a resolution of 60,000.
- the selected precursors were fragmented in MS2 with CID and the crosslinker
signature peaks recorded at a resolution of 30,000.
- The fragments displaying the mass difference specific for DSSO were further
fragmented in a MS3 scan in the ion trap (IT) (68).

Data analysis

Proteome Discoverer 2.2 was used for data analysis with the XlinkX nodes integrated. 
The processing workflow was set up with the following nodes. The built-in nodes “Spectrum
Files” and “Spectrum Selector” were used to extract the MS2 scans together with a precise
precursor m/z and charge. To extract precursor intensity information we added the built-in 
node “Minora feature detection”. The following crosslinking workflow consists of the following
nodes. The “XlinkX Detect” node performs diagnostic peak detection specific for the used
labile crosslinker DSSO. For this node the acquisition strategy “MS2_MS3” was specified. The
following “XlinkX Filter” nodes only filters out all MS2 scans for which no diagnostic peak set
was detected. The remaining MS2 scans were identified with the dedicated crosslink peptide
search engine “XlinkX Search” node, for which the following settings were used: database
obtained from bottom up analysis of the samples, protease Trypsin (Full), 2 allowed missed
cleavages, precursor mass tolerance of 10 ppm, fragment mass tolerance of 20 ppm,
carbamidomethyl on C as static modification, oxidation on M as variable modification, where
appropriate acetylation or ubiquitination on K were also set as variable modification. The results 
from the search were FDR corrected to 1% using the “XlinkX Validator” node, which utilizes
a specific set of crosslink peptide spectral features and machine learning to define the cutoff as
developed for peptide spectral matches in Percolator. Finally, in the “Crosslink Consensus”
node the individual crosslink spectral matches were grouped in those cases where they represent
the same peptide sequence and modification state. General workflows were provided with the
Proteome Discoverer installed as common templates.
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NATIVE MASS SPECTROMETRY

Samples for native mass spectrometry

1. Histone complexes in assay buffer.
2. APLFAD in assay buffer.
3. Octamer-APLFAD (WT, saturated): histone octamer mix and APLFAD were mixed in

assay buffer at a ratio of 1:2.5 octamer:APLFAD and purified on a Superdex 200
Increase 10/300 GL column (GE Healthcare Life Sciences) equilibrated in assay
buffer and run at room temperature.

4. Octamer-APLFAD (WT, saturated, ionic strength titration): histone octamer mix and
APLFAD were mixed in assay buffer at a ratio of 1:2.5 octamer:APLFAD and purified
on a HiLoad 16/600 Superdex 200 pg column (GE Healthcare Life Sciences)
equilibrated in assay buffer and run at 4 °C.

5. H2A-H2B-APLFAD: H2A-H2B and APLFAD were mixed in assay buffer at a ratio of
1:2.5 H2A-H2B:APLFAD and purified on a Superdex 200 Increase 10/300 GL column 
(GE Healthcare Life Sciences) equilibrated in assay buffer and run at room
temperature.

6. H3-H4-APLFAD (WT, peptide, and mutant), octamer-APLFAD (WT, titration with
APLFAD), octamer-APLFADmut (mutants): histone complexes and APLFAD were
mixed in assay buffer at a ratio of 1:2 for (H3-H4)2:APLFAD (WT, peptide, and
mutant), 1:0.25 to 1:3 for octamer:APLFAD (WT, titration with APLFAD), and 1:2.5 for
octamer:APLFADmut (mutants)

Native mass spectrometry conditions

20 µL of each sample (20 µM concentration of purified complex or of the histones in 
mixtures with APLFAD in assay buffer) were buffer exchanged into 50-600 mM ammonium 
acetate, pH 7.5 using 3 kDa MWCO Amicon Ultra Centrifugal Filter Units (Merck Millipore).
After buffer exchange the volume of each sample was ~40 µL. The samples were then measured
at the Exactive Plus EMR. 

ISOTHERMAL TITRATION CALORIMETRY

Calorimetric titrations of APLFAD to H2A-H2B were performed in Ref. (45). A
calorimetric titration of APLFAD to (H3-H4)2 or histone octamer mix was performed using a
MicroCal VP-ITC microcalorimeter (Malvern Panalytical) at 25 °C. All proteins were buffer
exchanged exhaustively using Amicon Ultra Centrifugal Filter Units (Merck Millipore) at 4 °C
into assay buffer before use in the titration experiments. All solutions were degassed under
vacuum for 5 minutes with gentle stirring immediately before use. For comparison between 
histone complexes, 5 µM (H3-H4)2 or histone octamer was used in the sample cell and titrated
with 90 µM APLFAD in the injection syringe. For binding comparison between (H3-H4)2 and 
APLFAD WT, Y476A, W485A, or Y476A/W485A, 5 µM (H3-H4)2 in the cell was titrated with

was detected. The remaining MS2 scans were identified with the dedicated crosslink peptide
search engine “XlinkX Search” node, for which the following settings were used: database 
obtained from bottom up analysis of the samples, protease Trypsin (Full), 2 allowed missed 
cleavages, precursor mass tolerance of 10 ppm, fragment mass tolerance of 20 ppm, 
carbamidomethyl on C as static modification, oxidation on M as variable modification, where 
appropriate acetylation or ubiquitination on K were also set as variable modification. The results 
from the search were FDR corrected to 1% using the “XlinkX Validator” node, which utilizes 
a specific set of crosslink peptide spectral features and machine learning to define the cutoff as 
developed for peptide spectral matches in Percolator. Finally, in the “Crosslink Consensus” 
node the individual crosslink spectral matches were grouped in those cases where they represent 
the same peptide sequence and modification state. General workflows were provided with the 
Proteome Discoverer installed as common templates. 

NATIVE MASS SPECTROMETRY 

Samples for native mass spectrometry 

1. Histone complexes in assay buffer. 
2. APLFAD in assay buffer. 
3. Octamer-APLFAD (WT, saturated): histone octamer mix and APLFAD were mixed in 

assay buffer at a ratio of 1:2.5 octamer:APLFAD and purified on a Superdex 200 
Increase 10/300 GL column (GE Healthcare Life Sciences) equilibrated in assay 
buffer and run at room temperature. 

4. Octamer-APLFAD (WT, saturated, ionic strength titration): histone octamer mix and 
APLFAD were mixed in assay buffer at a ratio of 1:2.5 octamer:APLFAD and purified 
on a HiLoad 16/600 Superdex 200 pg column (GE Healthcare Life Sciences) 
equilibrated in assay buffer and run at 4 °C. 

5. H2A-H2B-APLFAD: H2A-H2B and APLFAD were mixed in assay buffer at a ratio of
1:2.5 H2A-H2B:APLFAD and purified on a Superdex 200 Increase 10/300 GL column 
(GE Healthcare Life Sciences) equilibrated in assay buffer and run at room 
temperature. 

6. H3-H4-APLFAD (WT, peptide, and mutant), octamer-APLFAD (WT, titration with
APLFAD), octamer-APLFADmut (mutants): histone complexes and APLFAD were
mixed in assay buffer at a ratio of 1:2 for (H3-H4)2:APLFAD (WT, peptide, and
mutant), 1:0.25 to 1:3 for octamer:APLFAD (WT, titration with APLFAD), and 1:2.5 for 
octamer:APLFADmut (mutants) 

Native mass spectrometry conditions 

20 µL of each sample (20 µM concentration of purified complex or of the histones in 
mixtures with APLFAD in assay buffer) were buffer exchanged into 50-600 mM ammonium 
acetate, pH 7.5 using 3 kDa MWCO Amicon Ultra Centrifugal Filter Units (Merck Millipore). 
After buffer exchange the volume of each sample was ~40 µL. The samples were then measured 
at the Exactive Plus EMR.  
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90 µM APLFAD in the syringe. For all other mutational analyses, 10 µM (H3-H4)2 (5 µM histone
octamer) in the cell was titrated with 180 µM (90 µM) APLFAD (WT or mutant) in the syringe.
Binding isotherms were generated by plotting the heat change of the binding reaction against 
the ratio of total concentration of APLFAD to total concentration of H3-H4 or histone octamer.
The enthalpy of binding (∆H, kcal mol-1) was determined by integration of the injection peaks 
(5 µL) and correction for heats of dilution were determined from identical experiments without
histone complexes. The entropy of binding (ΔS), the stoichiometry of binding (N), and the
dissociation constant (KD) were determined by fitting the resulting corrected binding isotherms
by nonlinear least-squares analysis to a one set of sites binding model using the Origin software
(MicroCal, Inc.). Errors in fit parameters are the standard errors derived from the regression
analyses as reported by the software.

NMR EXPERIMENTS, BACKBONE ASSIGNMENTS AND TITRATION 

ANALYSIS

All NMR experiments were carried out on Bruker Avance III HD spectrometers.
NMR spectra were processed using Bruker TopSpin and analyzed using Sparky (69). NMR
titrations of APLFAD with histone complexes at high salt were done at 900 MHz 1H Larmor
frequency at 298 K using sample containing 20 µM [15N]APLFAD in 25 mM NaPi, pH 7.0, 600
mM NaCl, 5% D2O, 1x cOmplete EDTA-free Protease Inhibitor Cocktail (Roche). 1H-15N
HSQC spectra were measured for the free APLFAD and for its mixtures with unlabeled histone
complexes (14 points from 1:0 to 1:2 for H2A-H2B or (H3-H4)2). NMR titration of APLFAD

with H3-H4 at low salt was done at 900 MHz 1H Larmor frequency at 308 K using sample
containing 100 µM [15N]APLFAD at start in NMR titration buffer (25 mM NaPi, pH 7, 300 mM
NaCl, 5% D2O, 0.02% NaN3, 1x cOmplete EDTA-free Protease Inhibitor Cocktail (Roche)).
1H-15N HSQC spectra were measured for the free APLFAD and after each addition of unlabeled
H3-H4 (5 points from 1:0 to 1:0.8 for H3-H4).
NMR titration of APLFAD with 601-DNA was done at 750 MHz 1H Larmor frequency at 298
K using sample containing 20 µM [15N]APLFAD at start in NMR titration buffer. 1H-15N HSQC 
spectra were measured for the free APLFAD and after each addition of unlabeled 601-DNA (8
points from 1:0 to 1:1 for 601-DNA).
H2A-H2B refolded with [2H/13C/15N]-labeled H2A and unlabeled H2B was used for NMR
titration experiments with unlabeled APLFAD. Both APLFAD and H2A-H2B samples were
buffer exchanged to NMR titration buffer (as above). 1H-15N TROSY spectra were measured
for the free H2A-H2B (200 µM at start) and after each addition of APLFAD at 308 K. The
titration consisted of 12 points in the range of 1∶0 and 4:1 molar ratio APLFAD:H2A-H2B on a 
750 MHz spectrometer.
Reported peak intensity ratios are corrected for differences in protein concentration (due to
dilution) and number of scans. Residue-specific chemical shift perturbations (CSPs) were
quantified from the perturbations in the 1H (∆δH) and 15N (∆δN) dimensions as the weighted
average (composite) CSP in ppm:

��� = �∆��
2 + (∆�� 6.51⁄ )2. 

ISOTHERMAL TITRATION CALORIMETRY 

Calorimetric titrations of APLFAD to H2A-H2B were performed in Ref. (45). A 
calorimetric titration of APLFAD to (H3-H4)2 or histone octamer mix was performed using a 
MicroCal VP-ITC microcalorimeter (Malvern Panalytical) at 25 °C. All proteins were buffer 
exchanged exhaustively using Amicon Ultra Centrifugal Filter Units (Merck Millipore) at 4 °C 
into assay buffer before use in the titration experiments. All solutions were degassed under 
vacuum for 5 minutes with gentle stirring immediately before use. For comparison between 
histone complexes, 5 µM (H3-H4)2 or histone octamer was used in the sample cell and titrated 
with 90 µM APLFAD in the injection syringe. For binding comparison between (H3-H4)2 and 
APLFAD WT, Y476A, W485A, or Y476A/W485A, 5 µM (H3-H4)2 in the cell was titrated with 
90 µM APLFAD in the syringe. For all other mutational analyses, 10 µM (H3-H4)2 (5 µM histone 
octamer) in the cell was titrated with 180 µM (90 µM) APLFAD (WT or mutant) in the syringe. 
Binding isotherms were generated by plotting the heat change of the binding reaction against 
the ratio of total concentration of APLFAD to total concentration of H3-H4 or histone octamer. 
The enthalpy of binding (∆H, kcal mol-1) was determined by integration of the injection peaks 
(5 µL) and correction for heats of dilution were determined from identical experiments without 
histone complexes. The entropy of binding (ΔS), the stoichiometry of binding (N), and the 
dissociation constant (KD) were determined by fitting the resulting corrected binding isotherms 
by nonlinear least-squares analysis to a one set of sites binding model using the Origin software 
(MicroCal, Inc.). Errors in fit parameters are the standard errors derived from the regression
analyses as reported by the software. 
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NMR spectra were processed using Bruker TopSpin and analyzed using Sparky (69). NMR 
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NMR titration of APLFAD with 601-DNA was done at 750 MHz 1H Larmor frequency at 298 
K using sample containing 20 µM [15N]APLFAD at start in NMR titration buffer. 1H-15N HSQC 
spectra were measured for the free APLFAD and after each addition of unlabeled 601-DNA (8 
points from 1:0 to 1:1 for 601-DNA). 
H2A-H2B refolded with [2H/13C/15N]-labeled H2A and unlabeled H2B was used for NMR 
titration experiments with unlabeled APLFAD. Both APLFAD and H2A-H2B samples were 
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Samples for assignment of H3 contained 325 µM [U-2H/13C/15N]H3-H4 in NMR assignment
buffer (290 mM acetic acid, pH 3.8, 1 mM EDTA, 5 mM BME, 5% D2O, 0.02% NaN3, 1x
cOmplete EDTA-free Protease Inhibitor Cocktail (Roche)). Backbone assignments were based
on TROSY-based HNCA, HN(CO)CA, HNCB, and HN(CO)CB spectra, recorded at 900
MHz 1H Larmor frequency at 298 K. Available assignments were tentatively transferred to 
NMR titration conditions (H3-H4 NMR interaction buffer: 50 mM acetic acid, pH 5, 1 mM 
EDTA, 5 mM BME, 5% D2O, 0.02% NaN3, 1x cOmplete EDTA-free Protease Inhibitor
Cocktail (Roche), at 308 K). A peptide corresponding to APLF459-474 (sequence:
PNEYDLNDSFLDDEEE) was ordered from Biomatik as TFA salt with N-terminal 
acetylation, C-terminal amidation and >95% purity. The peptide was dissolved in assay buffer
supplemented with 1 mM EDTA and 5 mM BME. For an NMR interaction study to map the
binding site on H3, 20 µM [U-2H/13C/15N]H3-H4 was incubated with 0, 10, or 20 µM peptide
in assay buffer supplemented with 1 mM EDTA and 5 mM BME for 30 minutes on ice and
subsequently buffer exchanged to H3-H4 NMR interaction buffer using a 10 kDa molecular
weight cut-off (MWCO) Amicon Ultra Centrifugal Filter Unit (Merck Millipore). 1H-15N 
TROSY spectra of these samples were measured on a 900 MHz spectrometer.

CHAPERONE ASSAY

The ratio of histone octamer to DNA that caused almost complete precipitation was 
determined experimentally at a ratio of 2.05 molar equivalents of histone octamer to DNA. For
the assay, histone octamer (final reaction concentration: 2.05 µM) was pre-incubated alone or
with 25, 50 or 100 molar equivalents of APLFAD wildtype (WT) or mutants. Binding of
chaperone to histone was allowed to proceed at room temperature (RT) for 15 min before the
addition of DNA to a final concentration of 1 µM in a total reaction volume of 20 µl.
Precipitation took place at RT for 1 h before the addition of 5 µl native PAGE loading buffer
(10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 0.1 mg/ml BSA, 25%
sucrose, 0.1% bromophenol blue), removal of precipitates by centrifugation, and separation of
the remaining soluble complexes on a pre-equilibrated 5% polyacrylamide gel run in 0.2x TBE
(17.8 mM Tris, 17.8 mM boric acid, 0.4 mM EDTA) buffer at 4 °C. The gel was stained with 
DNA stain G (SERVA) before visualization using a Molecular Imager Gel Doc XR System 
(Bio-Rad).

SMALL-ANGLE X-RAY SCATTERING (SAXS)

Samples for SAXS were prepared as follows in SAXS buffer (25 mM NaPi, pH 7.0, 300 
mM NaCl, 3% v/v glycerol, 1 mM DTT):

1. Histone complexes buffer exchanged into SAXS buffer.
2. APLFAD buffer exchanged into SAXS buffer.
3. Octamer-APLFAD (WT, saturated): histone octamer mix and APLFAD were mixed in

assay buffer at a ratio of 1:2.5 octamer:APLFAD and purified on a HiLoad 16/600
Superdex 200 pg column (GE Healthcare Life Sciences) equilibrated in SAXS buffer
and run at 4 °C.

buffer exchanged to NMR titration buffer (as above). 1H-15N TROSY spectra were measured 
for the free H2A-H2B (200 µM at start) and after each addition of APLFAD at 308 K. The 
titration consisted of 12 points in the range of 1∶0 and 4:1 molar ratio APLFAD:H2A-H2B on a 
750 MHz spectrometer. 
Reported peak intensity ratios are corrected for differences in protein concentration (due to 
dilution) and number of scans. Residue-specific chemical shift perturbations (CSPs) were 
quantified from the perturbations in the 1H (∆δH) and 15N (∆δN) dimensions as the weighted
average (composite) CSP in ppm:
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4. Octamer-APLFAD (WT, minimal complex): histone octamer mix and APLFAD in assay
buffer were mixed at a ratio of 1:0.5 octamer:APLFAD and purified on a HiLoad
16/600 Superdex 200 pg column (GE Healthcare Life Sciences) equilibrated in SAXS
buffer and run at 4 °C and fractions of the elution peak corresponding to the complex
were pooled, concentrated and purified again.

5. Octamer-APLFAD-∆ (KR-motif deletion mutant): histone octamer mix and APLFAD-
∆ were mixed at a ratio of 1:2.5 octamer:APLFAD-∆ and purified on a HiLoad 16/600
Superdex 200 pg column (GE Healthcare Life Sciences) equilibrated in SAXS buffer
and run at 4 °C.

Synchrotron radiation X-ray scattering data from the various complexes in SEC-SAXS and
standard batch mode were collected at the EMBL P12 beamline of the storage ring PETRA III
(DESY, Hamburg, Germany) (70). Images were collected using a photon counting Pilatus-6M 
detector at a sample to detector distance of 3.1 m and a wavelength (λ) of 0.12 nm covering the
range of momentum transfer (s) 0.15 < s < 5 nm-1; with s=4πsinθ/λ, where 2θ is the scattering
angle. A continuous flow cell capillary was used to reduce radiation damage. The latter was
monitored by collecting 20 successive 50 ms exposures, comparing the frames, and discarding
those displaying significant alterations.

The data were normalized to the intensity of the transmitted beam and radially averaged; the
scattering of pure buffer was used for background subtraction and the difference curves were
scaled for solute concentration. The forward scattering I(0), the radius of gyration (Rg) along
with the probability distribution of the particle distances P(r) and the maximal dimension (Dmax)
were computed using the automated SAXS data analysis pipeline SASFLOW (71) and various 
tools as implemented in ATSAS 2.8 package (72).

The molecular masses (MM) were evaluated by comparison of the forward scattering with that
from reference solutions of bovine serum albumin. In addition, various concentration-
independent methods were applied utilizing empirical relationships between MM and several
structural parameters obtained directly from the data (73). 

The ab initio bead modelling was performed using 10 independent runs of DAMMIF (74), from 
this the most probable model was selected for further analysis by DAMAVER (75).

CRYSOL (76) was used to calculate the scattering profile from the atomic model described here
and to compare with the experimental data.

To quantitatively characterize mixtures of different oligomeric species, the program
OLIGOMER (77) was used, which fits the observed experimental data by a weighted
combination of the theoretical scattering curves (form factors) from different quaternary
structures.

The experimental data and models will be deposited in SASBDB (78) with the accession codes:
to be determined.

SMALL-ANGLE X-RAY SCATTERING (SAXS) 

Samples for SAXS were prepared as follows in SAXS buffer (25 mM NaPi, pH 7.0, 300 
mM NaCl, 3% v/v glycerol, 1 mM DTT): 
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buffer and run at 4 °C and fractions of the elution peak corresponding to the complex 
were pooled, concentrated and purified again. 

5. Octamer-APLFAD-∆ (KR-motif deletion mutant): histone octamer mix and APLFAD-
∆ were mixed at a ratio of 1:2.5 octamer:APLFAD-∆ and purified on a HiLoad 16/600 
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(DESY, Hamburg, Germany) (70). Images were collected using a photon counting Pilatus-6M 
detector at a sample to detector distance of 3.1 m and a wavelength (λ) of 0.12 nm covering the 
range of momentum transfer (s) 0.15 < s < 5 nm-1; with s=4πsinθ/λ, where 2θ is the scattering 
angle. A continuous flow cell capillary was used to reduce radiation damage. The latter was 
monitored by collecting 20 successive 50 ms exposures, comparing the frames, and discarding 
those displaying significant alterations.  

The data were normalized to the intensity of the transmitted beam and radially averaged; the 
scattering of pure buffer was used for background subtraction and the difference curves were 
scaled for solute concentration. The forward scattering I(0), the radius of gyration (Rg) along 
with the probability distribution of the particle distances P(r) and the maximal dimension (Dmax) 
were computed using the automated SAXS data analysis pipeline SASFLOW (71) and various 
tools as implemented in ATSAS 2.8 package (72). 
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this the most probable model was selected for further analysis by DAMAVER (75). 

CRYSOL (76) was used to calculate the scattering profile from the atomic model described here 
and to compare with the experimental data. 
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STRUCTURAL MODELING

Structural models for APLFAD (residues 460-490 and 460-511) were built by using the
H3-H4 bound state of UBN1 (residues 130-142, PDB ID 4ZBJ (47)) and the H2A-H2B bound
state of APLFAD (residues 471-490, modelled in Ref. (45), based on YL1 residues 39-59, PDB
ID 5CHL (79)) for the model of APLF460-490, and additionally, for APLF460-511, the H2A.Z-H2B 
bound state of Chz1 (residues 16-35, PDB ID 2JSS (57)), as templates in the program
MODELLER (http://salilab.org/modeller/) (80). These structures were used as input for
docking to the histone octamer using the program HADDOCK (54). Structure of the histone
octamer was taken from the Dm. nucleosome, PDB ID 2PYO (81). Docking was driven using
unambiguous distance restraints to impose the anchor interactions of APLF residues Y476 and
W485 with H2A-H2B as described in Ref. (45) and the anchor interactions of APLF residues 
Y462 and F468 with H3. Restraints were defined between ring heavy atoms of Y462 and heavy
atoms of H3 K64, I89, G90, and Q93 as average distances observed for the corresponding
tyrosine-keys in the structures of histone chaperones DAXX, UBN1, and MCM2 bound to H3-
H4 (PDB ID 4HGA, 4ZBJ, and 5BNV (47,48,82)). The F468 restraints were defined between
the center of Y468 and heavy atoms of H3 R72, Q76, L82, R83, and F84 as observed for the
corresponding phenylalanine in the structure of histone chaperone UBN1 bound to H3-H4 
(PDB ID 4ZBJ (47)). For APLF460-511, also distance restraints were used based on crosslinking
data for the minimal octamer-APLFAD complex between APLF lysine residues 505 and 509 and 
H2B lysine residues 122 and 113, respectively. No active or passive residues were defined. The
following semi-flexible segments were chosen for both APLF460-490 and APLF460-511: 460-464,
466-470, 474-478, and 483-487. The following fully-flexible segments were chosen for APLF460-

490: 465-465, 471-473, 479-482, and 488-490. The following fully-flexible segments were chosen
for APLF460-511: 465-465, 471-473, 479-482, and 488-511. In each case, the docking was done
in two steps: a first molecule of either APLF460-490 or APLF460-511 was docked and the resulting
structure was used for docking of a second molecule of either APLF460-490 or APLF460-511 by
using the same restraints for both APLF moieties and by applying non-crystallographic
symmetry restraints between them. Out of the 200 final water-refined structures, all clustered
in a single cluster. The structure with lowest HADDOCK score was used for display. Validation
statistics are reported in Tables S2 and S4.
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SUPPORTING INFORMATION

Table S1. SAXS data summary of histone octamer mix and octamer-APLFAD WT complex. 

Sample Rga [nm] Dmaxb 
[nm] 

MMexpc [kDa] MWthd [kDa] 

Histone octamer mix 3.51 10.5 91.20
(87.00-99.20) 

107.06

Octamer-APLFAD WT 
(@ 1.7 mg/ml) 

3.96 14.6 130.90 
(121.50-151.50) 

122.49 

Octamer-APLFAD WT 
(@ 4.8 mg/ml) 

4.00 13.6 146.80 
(142.00-176.00) 

122.49 

a Radius of gyration. 
b Maximum interatomic distance.
c Experimental molecular mass with range given in brackets.
d Theoretical molecular weight based on protein sequence. 

Table S2. Structural quality of the histone octamer-APLF460-490 modela. 

APLF460-490 Octamer-APLF460-490 
Ramachandran analysisb 100/72/0 99/93/1 

Number of clashesc 2 14d

a Scores are reported for only the APLF460-490 chain and the full model for the lowest energy HADDOCK structure. 
b Percentage Ramachandran allowed/favored/outliers, as reported by MolProbity webserver (3). 
c Number of clashes > 0.4 Å, as reported by MolProbity webserver (3).  
d Intermolecular clashes only. 
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c Experimental molecular mass with range given in brackets.
d Theoretical molecular weight based on protein sequence.

Table S4. Structural quality of the histone octamer-APLF460-511 modela.
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SUPPORTING INFORMATION

Table S1. SAXS data summary of histone octamer mix and octamer-APLFAD WT complex.

Sample Rga [nm] Dmaxb

[nm]
MMexpc [kDa] MWthd [kDa]

Histone octamer mix 3.51 10.5 91.20
(87.00-99.20)

107.06

Octamer-APLFAD WT
(@ 1.7 mg/ml)

3.96 14.6 130.90
(121.50-151.50)

122.49

Octamer-APLFAD WT
(@ 4.8 mg/ml)

4.00 13.6 146.80
(142.00-176.00)

122.49

a Radius of gyration.
b Maximum interatomic distance.
c Experimental molecular mass with range given in brackets.
d Theoretical molecular weight based on protein sequence.

Table S2. Structural quality of the histone octamer-APLF460-490 modela. 

APLF460-490 Octamer-APLF460-490

Ramachandran analysisb 100/72/0 99/93/1

Number of clashesc 2 14d

a Scores are reported for only the APLF460-490 chain and the full model for the lowest energy HADDOCK structure.
b Percentage Ramachandran allowed/favored/outliers, as reported by MolProbity webserver (3). 
c Number of clashes > 0.4 Å, as reported by MolProbity webserver (3). 
d Intermolecular clashes only.
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Table S3. SAXS data summary of histone octamer-APLFAD WT and -APLFAD-∆ complexes. 

Sample Rga [nm] Dmaxb

[nm]
MMexpc [kDa] MWthd [kDa]

Octamer-APLFAD WT 3.96 14.6 130.90
(121.50-151.50)

122.49

Octamer-APLFAD-∆ 3.50 10.5 113.65
(102.90-121.40)

117.05

a Radius of gyration.
b Maximum interatomic distance.
c Experimental molecular mass with range given in brackets.
d Theoretical molecular weight based on protein sequence. 

Table S4. Structural quality of the histone octamer-APLF460-511 modela. 

APLF460-511 Octamer-APLF460-511

Ramachandran analysisb 98/80/2 99/93/1

Number of clashesc 3 15d

a Scores are reported for only the APLF460-511 chain and the full model for the lowest energy HADDOCK structure.
b Percentage Ramachandran allowed/favored/outliers, as reported by MolProbity webserver (3). 
c Number of clashes > 0.4 Å, as reported by MolProbity webserver (3). 
d Intermolecular clashes only.

Figure S1. Analytical gel filtration assay of APLFAD, histone complexes and their mixtures. (A) APLFAD alone at 
different concentrations does not form higher molecular weight species. (B) H2A-H2B alone elutes as dimer and 
forms one specific higher molecular weight complex upon addition of APLFAD. (C) (H3-H4)2 alone elutes in a peak 
broadened towards lower molecular weight species, most likely due to an equilibrium with H3-H4 dimers under the 
experimental conditions, and forms one specific higher molecular weight complex upon addition of APLFAD. (D) The 
histone octamer mix elutes in two peaks corresponding to H2A-H2B and (H3-H4)2 and forms one specific higher 
molecular weight complex upon addition of APLFAD. (E) Overlay of chromatograms taken from A-D for direct 
comparison of the individual components and their complexes. Experiments were performed in 25 mM NaPi, pH 7.0, 
300 mM NaCl, at room temperature.
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Figure S4-1. Analytical gel filtration assay of APLFAD, histone complexes and their mixtures. (A) APLFAD alone
at different concentrations does not form higher molecular weight species. (B) H2A-H2B alone elutes as dimer and
forms one specific higher molecular weight complex upon addition of APLFAD. (C) (H3-H4)2 alone elutes in a peak
broadened towards lower molecular weight species, most likely due to an equilibrium with H3-H4 dimers under the
experimental conditions, and forms one specific higher molecular weight complex upon addition of APLFAD. (D) The
histone octamer mix elutes in two peaks corresponding to H2A-H2B and (H3-H4)2 and forms one specific higher
molecular weight complex upon addition of APLFAD. (E) Overlay of chromatograms taken from A-D for direct
comparison of the individual components and their complexes. Experiments were performed in 25 mM NaPi, pH 7.0,
300 mM NaCl, at room temperature.

Figure S4-2. Native mass spectra of APLFAD, histones and their complexes. APLFAD (A), H2A-H2B (B) and H3-
H4 (D) alone. H3-H4 is a dimer under these conditions. H2A-H2B-APLFAD (C) and (H3-H4)2-(APLFAD)2 (E)
complexes as in Figure 1 upper and middle panel, respectively, with charge states. (F) Histone octamer-APLFAD

preparation containing different complexes. All samples were in 50 mM ammonium acetate, pH 7.5.

Table S3. SAXS data summary of histone octamer-APLFAD WT and -APLFAD-∆ complexes.

Sample Rga [nm] Dmaxb

[nm]
MMexpc [kDa] MWthd [kDa]

Octamer-APLFAD WT 3.96 14.6 130.90
(121.50-151.50)

122.49

Octamer-APLFAD-∆ 3.50 10.5 113.65
(102.90-121.40)

117.05

a Radius of gyration.
b Maximum interatomic distance.
c Experimental molecular mass with range given in brackets.
d Theoretical molecular weight based on protein sequence.

Table S4. Structural quality of the histone octamer-APLF460-511 modela.

APLF460-511 Octamer-APLF460-511

Ramachandran analysisb 98/80/2 99/93/1
Number of clashesc 3 15d

a Scores are reported for only the APLF460-511 chain and the full model for the lowest energy HADDOCK structure.
b Percentage Ramachandran allowed/favored/outliers, as reported by MolProbity webserver (3).
c Number of clashes > 0.4 Å, reported by MolProbity webserver (3).
d Intermolecular clashes only.

Figure S1. Analytical gel filtration assay of APLFAD, histone complexes and their mixtures. (A) APLFAD alone at 
different concentrations does not form higher molecular weight species. (B) H2A-H2B alone elutes as dimer and 
forms one specific higher molecular weight complex upon addition of APLFAD. (C) (H3-H4)2 alone elutes in a peak
broadened towards lower molecular weight species, most likely due to an equilibrium with H3-H4 dimers under the
experimental conditions, and forms one specific higher molecular weight complex upon addition of APLFAD. (D) The
histone octamer mix elutes in two peaks corresponding to H2A-H2B and (H3-H4)2 and forms one specific higher
molecular weight complex upon addition of APLFAD. (E) Overlay of chromatograms taken from A-D for direct
comparison of the individual components and their complexes. Experiments were performed in 25 mM NaPi, pH 7.0,
300 mM NaCl, at room temperature.
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Figure S4-1. Analytical gel filtration assay of APLFAD, histone complexes and their mixtures. (A) APLFAD alone
at different concentrations does not form higher molecular weight species. (B) H2A-H2B alone elutes as dimer and
forms one specific higher molecular weight complex upon addition of APLFAD. (C) (H3-H4)2 alone elutes in a peak
broadened towards lower molecular weight species, most likely due to an equilibrium with H3-H4 dimers under the
experimental conditions, and forms one specific higher molecular weight complex upon addition of APLFAD. (D) The
histone octamer mix elutes in two peaks corresponding to H2A-H2B and (H3-H4)2 and forms one specific higher
molecular weight complex upon addition of APLFAD. (E) Overlay of chromatograms taken from A-D for direct
comparison of the individual components and their complexes. Experiments were performed in 25 mM NaPi, pH 7.0,
300 mM NaCl, at room temperature.

Figure S4-2. Native mass spectra of APLFAD, histones and their complexes. APLFAD (A), H2A-H2B (B) and H3-
H4 (D) alone. H3-H4 is a dimer under these conditions. H2A-H2B-APLFAD (C) and (H3-H4)2-(APLFAD)2 (E)
complexes as in Figure 1 upper and middle panel, respectively, with charge states. (F) Histone octamer-APLFAD

preparation containing different complexes. All samples were in 50 mM ammonium acetate, pH 7.5.

Table S3. SAXS data summary of histone octamer-APLFAD WT and -APLFAD-∆ complexes.

Sample Rga [nm] Dmaxb

[nm]
MMexpc [kDa] MWthd [kDa]

Octamer-APLFAD WT 3.96 14.6 130.90
(121.50-151.50)

122.49

Octamer-APLFAD-∆ 3.50 10.5 113.65
(102.90-121.40)

117.05

a Radius of gyration.
b Maximum interatomic distance.
c Experimental molecular mass with range given in brackets.
d Theoretical molecular weight based on protein sequence.

Table S4. Structural quality of the histone octamer-APLF460-511 modela.

APLF460-511 Octamer-APLF460-511

Ramachandran analysisb 98/80/2 99/93/1
Number of clashesc 3 15d

a Scores are reported for only the APLF460-511 chain and the full model for the lowest energy HADDOCK structure.
b Percentage Ramachandran allowed/favored/outliers, as reported by MolProbity webserver (3).
c Number of clashes > 0.4 Å, reported by MolProbity webserver (3).
d Intermolecular clashes only.

Figure S1. Analytical gel filtration assay of APLFAD, histone complexes and their mixtures. (A) APLFAD alone at 
different concentrations does not form higher molecular weight species. (B) H2A-H2B alone elutes as dimer and 
forms one specific higher molecular weight complex upon addition of APLFAD. (C) (H3-H4)2 alone elutes in a peak
broadened towards lower molecular weight species, most likely due to an equilibrium with H3-H4 dimers under the
experimental conditions, and forms one specific higher molecular weight complex upon addition of APLFAD. (D) The
histone octamer mix elutes in two peaks corresponding to H2A-H2B and (H3-H4)2 and forms one specific higher
molecular weight complex upon addition of APLFAD. (E) Overlay of chromatograms taken from A-D for direct
comparison of the individual components and their complexes. Experiments were performed in 25 mM NaPi, pH 7.0,
300 mM NaCl, at room temperature.
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Figure S4-3. Native mass spectra of histone octamer mixes with different concentrations of APLFAD. At 25-
50% APLFAD (A,B) the minimal complex is the only detectable species. With increasing concentrations (C-F), a 3rd (C-
E) and 4th (F) molecule of APLFAD associate with the octamer. All samples were in 300 mM ammonium acetate, pH
7.5.

Figure S4-4. Native mass spectra of octamer-APLFAD complex at different ionic strengths show stable
association of 3rd and 4th APLFAD molecules. Samples were in the ammonium acetate (AmAc) ionic strengths
indicated for each panel at pH 7.5.

Figure S2. Native mass spectra of APLFAD, histones and their complexes. APLFAD (A), H2A-H2B (B) and H3-H4 
(D) alone. H3-H4 is a dimer under these conditions. H2A-H2B-APLFAD (C) and (H3-H4)2-(APLFAD)2 (E)
complexes as in Figure 1 upper and middle panel, respectively, with charge states. (F) Histone octamer-APLFAD 

preparation containing different complexes. All samples were in 50 mM ammonium acetate, pH 7.5.

Figure S3. Native mass spectra of histone octamer mixes with different concentrations of APLFAD. At 
25-50% APLFAD (A,B) the minimal complex is the only detectable species. With increasing concentrations (C-F), a 3rd 
(C-E) and 4th (F) molecule of APLFAD associate with the octamer. All samples were in 300 mM ammonium acetate, pH 
7.5.
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Figure S4-5. ITC of APLFAD to H3-H4 showing the effect of different histone concentrations on the
determined KD and consistency of preparations and experimental setups. (A) ITC titration curves including raw
data of experiments with different histone concentrations and done at different time points (year in brackets). For the
experiment with 10 µM H3-H4 a longer injection time interval was used (blue upper x-axis). The resulting binding
isotherms were fit to a one-set-of-sites binding mode. (B) ITC derived best-fit values and fitting errors are shown in the
table, the derived thermodynamic parameters in the histogram. Experiments were performed in 25 mM NaPi, pH 7.0,
300 mM NaCl, at 25 °C.

Figure S4-6. Disproportionate enthalpy and entropy loss upon octamer-APLFAD binding. Comparison of
thermodynamics of APLFAD binding individually to H2A-H2B (red) or H3-H4 (blue) and the histone half-octamer
(H2A-H2B-H3-H4) (black). The added enthalpies of binding (lower part of the histogram) of H2A-H2B and H3-H4
are less than 50% of the enthalpy of binding of the half-octamer indicating a synergistic binding effect and the formation
of additional histone-histone contacts in the complex with APLFAD. The added entropies of binding (upper part of the
histogram) of H2A-H2B (dashed to indicate a reversed sign) and H3-H4 are less than 10% of the entropy of binding

Figure S4. Native mass spectra of octamer-APLFAD complex at different ionic strengths show stable 
association of 3rd and 4th APLFAD molecules. Samples were in the ammonium acetate (AmAc) ionic 
strengths indicated for each panel at pH 7.5.

Figure S5. ITC of APLFAD to H3-H4 showing the effect of different histone concentrations on the 
determined KD and consistency of preparations and experimental setups. (A) ITC titration curves 
including raw data of experiments with different histone concentrations and done at different time points 
(year in brackets). For the experiment with 10 µM H3-H4 a longer injection time interval was used (blue 
upper x-axis). The resulting binding isotherms were fit to a one-set-of-sites binding mode. (B) ITC derived 
best-fit values and fitting errors are shown in the table, the derived thermodynamic parameters in the 
histogram. Experiments were performed in 25 mM NaPi, pH 7.0, 300 mM NaCl, at 25 °C.   
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Figure S4-7. APLFAD interacts strongly with H3-H4 at low salt concentration. (A) Zoomed region of overlaid
1H-15N TROSY spectra of APLFAD with increasing concentrations of H3-H4. The inset shows the region containing
the Y462 backbone resonance. Color coding indicated in the figure. At 80% histone complex added, signal intensities
dropped below the shown contour levels and at even higher histone concentrations signals completely disappeared due
to protein precipitation. Recorded at 900 MHz 1H Larmor frequency at 35 °C in 25 mM NaPi buffer, pH 7.0 with 300
mM NaCl, 100 µM APLFAD at start. (B) Analysis of APLFAD 1H-15N peak intensity ratios (upper panel) and weighted
average CSPs (lower panel) after adding 40% H3-H4. Resonances with intensity ratios less than 2 (1) standard deviation
(SD) (orange (yellow) line) from the 10% trimmed mean (green dashed line) are highlighted in orange (yellow), indicated
with black arrows and labeled. Resonances that disappeared during the titration are indicated by red arrows and labels.
Resonances with CSPs more than 2 (1) standard deviation (SD) (orange (yellow) line) from the 10% trimmed mean
(green dashed line) are highlighted in orange (yellow) and labeled. Position of the HBD and KR-motif are indicated
above the plots, white stripes denote the helical region. Residues without titration data due to overlap or missing
resonances are indicated with gray bars.

Figure S6. Disproportionate enthalpy and entropy loss upon octamer-APLFAD binding. Comparison of
thermodynamics of APLFAD binding individually to H2A-H2B (red) or H3-H4 (blue) and the histone half-
octamer (H2A-H2B-H3-H4) (black). The added enthalpies of binding (lower part of the histogram) of H2A-
H2B and H3-H4 are less than 50% of the enthalpy of binding of the half-octamer indicating a synergistic 
binding effect and the formation of additional histone-histone contacts in the complex with APLFAD. The 
added entropies of binding (upper part of the histogram) of H2A-H2B (dashed to indicate a reversed sign) 
and H3-H4 are less than 10% of the entropy of binding of the half-octamer indicating complex formation.

Figure S7. APLFAD interacts strongly with H3-H4 at low salt concentration. (A) Zoomed region of overlaid 
1H-15N TROSY spectra of APLF A D with increasing concentrations of H3-H4. The inset shows the region containing 
the Y462 backbone resonance. Color coding indicated in th  e figure. At 80% histone complex added, signal intensities 
dropped below the shown contour levels and at even higher histone concentrations signals completely disappeared due 
to protein precipitation. Recorded at 900 MHz 1H Larmor frequency at 35 °  C in 25 mM NaPi buffer, pH 7.0 with 300 
mM NaCl, 100 µM APLF A D at start. (B) Analysis of APLF A D 1H-15N peak intensity ratios (upper panel) and weighted 
average CSPs (lower panel) after adding 40% H3-H4. Resonances with intensity ratios less than 2 (1) standard deviation 
(SD) (orange (yellow) line) from the 10% trimmed mean (green dashed line) are highlighted in orange (yellow), indicated 
with black arrows and labeled. Resonances that disappeared during the titration are indicated by red arrows and labels. 
Resonances with CSPs more than 2 (1) standard deviation (SD) (orange (yellow) line) from the 10% trimmed mean 
(green dashed line) are highlighted in orange (yellow) and labeled. Position of the HBD and KR-motif are indicated 
above the plots, white stripes denote the helical region. Residues without titration data due to overlap or missing 
resonances are indicated with gray bars.
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Figure S4-8. APLFAD interacts with H2A-H2B and H3-H4 through different binding sites. (A,B) APLFAD

interacts with H2A-H2B through its HBD also at high salt. (A) Zoomed region of overlaid 1H-15N HSQC spectra of
APLFAD with increasing concentrations of H2A-H2B. The inset shows the region containing the Y476 and W485
backbone resonances. Color coding indicated on top. Direction of peak shifts for disappearing resonances is indicated
with arrows. Recorded at 900 MHz 1H Larmor frequency at 25 °C in 25 mM NaPi buffer, pH 7.0 with 600 mM NaCl,
20 µM APLFAD. (B) Analysis of APLFAD 1H-15N peak intensity ratios (upper panel) and weighted average CSPs (lower
panel) between H2A-H2B bound (2:1 molar ratio of H2A-H2B:APLFAD) and free APLFAD. Resonances that disappear
during the titration are indicated by arrows and labeled. Resonances with CSPs more than 2 (1) standard deviation (SD)
(orange (yellow) line) from the 10% trimmed mean (green dashed line) are highlighted in orange (yellow). Position of
the HBD and KR-motif indicated above the plot, white stripes denote the helical region. Residues without titration data
due to overlap or missing resonances are indicated with gray bars. (C) Overlaid 1H-15N HSQC spectra of APLFAD (red),
and APLFAD in complex with H2A-H2B (orange) or H3-H4 (blue) with selected resonances labeled. The aromatic
anchor residues are labeled magenta. Rectangles with labels indicate side chain amine resonances (note: peaks are
aliased). (D) As (C), zoomed region of the W485 side chain amine group. (E) As (C), zoomed region of the Asn/Gln
side chain amine groups.
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Figure S8. APLFA D interacts with H2A-H2B and H3-H4 through different binding sites. (A,B) APLFA D

interacts with H2A-H2B through its HBD also at high salt. (A) Zoomed region of overlaid 1H-15N HSQC spectra of 
APLFA D with increasing concentrations of H2A-H2B. The inset shows the region containing the Y476 and W485 
backbone resonances. Color coding indicated on top. Direction of peak shifts for disappearing resonances is indicated 
with arrows. Recorded at 900 MHz 1H Larmor frequency at 25 °C in 25 mM NaPi buffer, pH 7.0 with 600 mM NaCl, 
20 µM APLFAD. (B) Analysis of APLFA D 1H-15N peak intensity ratios (upper panel) and weighted average CSPs (lower 
panel) between H2A-H2B bound (2:1 molar ratio of H2A-H2B:APLFAD) and free APLFAD. Resonances that disappear 
during the titration are indicated by arrows and labeled. Resonances with CSPs more than 2 (1) standard deviation (SD) 
(orange (yellow) line) from the 10% trimmed mean (green dashed line) are highlighted in orange (yellow). Position of 
the HBD and KR-motif indicated above the plot, white stripes denote the helical region. Residues without titration data 
due to overlap or missing resonances are indicated with gray bars. (C ) Overlaid 1H-15N HSQC spectra of APLFA D (red), 
and APLFA D in complex with H2A-H2B (orange) or H3-H4 (blue) with selected resonances labeled. The aromatic 
anchor residues are labeled magenta. Rectangles with labels indicate side chain amine resonances (note: peaks are 
aliased). (D) As (C), zoomed region of the W485 side chain amine group. (E) As (C), zoomed region of the Asn/Gln 
side chain amine groups.
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Figure S4-9. APLFAD interacts with H3-H4 mainly through its Y462/F468 double-aromatic anchor. (A) ITC of
APLFAD WT or double-aromatic anchor mutants to H3-H4. The resulting binding isotherms were fit to a one-set-of-
sites binding mode. (B) ITC best-fit values and fitting errors together with the derived thermodynamic parameters. All
data were obtained in 25 mM NaPi, pH 7.0, 300 mM NaCl, at 25 °C.

Figure S4-10. Native mass spectrum of a mixture of H3-H4 with the synthetic peptide APLF459-474 shows
complex formation. The expected (H3-H4)2-(APLF459-474)2 is formed as the most abundant complex (based on RSI).
Sample was in 300 mM ammonium acetate, pH 7.5.

Figure S9. APLFAD interacts with H3-H4 mainly through its Y462/F468 double-aromatic anchor. (A) ITC of 
APLFAD WT or double-aromatic anchor mutants to H3-H4. The resulting binding isotherms were fit to a one-set-of-
sites binding mode. (B) ITC best-fit values and fitting errors together with the derived thermodynamic parameters. 
All data were obtained in 25 mM NaPi, pH 7.0, 300 mM NaCl, at 25 °C.

Figure S10. Native mass spectrum of a mixture of H3-H4 with the synthetic peptide APLF459-474 shows 
complex formation. The expected (H3-H4)2-(APLF459-474)2 is formed as the most abundant complex (based on RSI). 
Sample was in 300 mM ammonium acetate, pH 7.5.
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Figure S12. ITC of APLFAD showing similar binding with and without SUMO fusion. (A) ITC titration curves 
including raw data of experiments with different APLFAD constructs. The resulting binding isotherms were fit to a one-
set-of-sites binding mode. (B) ITC derived best-fit values and fitting errors are shown in the table, the derived 
thermodynamic parameters in the histogram. Experiments were performed in 25 mM NaPi, pH 7.0, 300 mM NaCl, at 
25 °C.

Figure S11. Batch mode SAXS data for histone octamer-APLF AD WT. A slight tendency for oligomerization at 
higher concentrations (4.8 mg/ml, red) is indicated by higher intensity at low  s values compared to a lower concentration 
(1.7 mg/ml, green).

A chaperone that assembles the histone octamer to promote its deposition onto DNA 

C
ha

pt
er

 4

111

Figure S4-11. Batch mode SAXS data for histone octamer-APLFAD WT. A slight tendency for oligomerization at
higher concentrations (4.8 mg/ml, red) is indicated by higher intensity at low s values compared to a lower concentration
(1.7 mg/ml, green).

Figure S4-12. ITC of APLFAD showing similar binding with and without SUMO fusion. (A) ITC titration curves
including raw data of experiments with different APLFAD constructs. The resulting binding isotherms were fit to a one-
set-of-sites binding mode. (B) ITC derived best-fit values and fitting errors are shown in the table, the derived
thermodynamic parameters in the histogram. Experiments were performed in 25 mM NaPi, pH 7.0, 300 mM NaCl, at
25 °C.

Figure S11. Batch mode SAXS data for histone octamer-APLFAD WT. A slight tendency for oligomerization at
higher concentrations (4.8 mg/ml, red) is indicated by higher intensity at low s values compared to a lower concentration
(1.7 mg/ml, green).

Figure S12. ITC of APLFAD showing similar binding with and without SUMO fusion. (A) ITC titration curves
including raw data of experiments with different APLFAD constructs. The resulting binding isotherms were fit to a one-
set-of-sites binding mode. (B) ITC derived best-fit values and fitting errors are shown in the table, the derived
thermodynamic parameters in the histogram. Experiments were performed in 25 mM NaPi, pH 7.0, 300 mM 
NaCl, at 25 °C. 
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Figure S4-11. Batch mode SAXS data for histone octamer-APLFAD WT. A slight tendency for oligomerization at
higher concentrations (4.8 mg/ml, red) is indicated by higher intensity at low s values compared to a lower concentration
(1.7 mg/ml, green).

Figure S4-12. ITC of APLFAD showing similar binding with and without SUMO fusion. (A) ITC titration curves
including raw data of experiments with different APLFAD constructs. The resulting binding isotherms were fit to a one-
set-of-sites binding mode. (B) ITC derived best-fit values and fitting errors are shown in the table, the derived
thermodynamic parameters in the histogram. Experiments were performed in 25 mM NaPi, pH 7.0, 300 mM NaCl, at
25 °C.

Figure S11. Batch mode SAXS data for histone octamer-APLFAD WT. A slight tendency for oligomerization at
higher concentrations (4.8 mg/ml, red) is indicated by higher intensity at low s values compared to a lower concentration
(1.7 mg/ml, green).

Figure S12. ITC of APLFAD showing similar binding with and without SUMO fusion. (A) ITC titration curves
including raw data of experiments with different APLFAD constructs. The resulting binding isotherms were fit to a one-
set-of-sites binding mode. (B) ITC derived best-fit values and fitting errors are shown in the table, the derived
thermodynamic parameters in the histogram. Experiments were performed in 25 mM NaPi, pH 7.0, 300 mM 
NaCl, at 25 °C. 
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Figure S4-13. The APLFAD KR-motif is not strongly involved in H3-H4 binding. (A) Calorimetric titration of
APLFAD WT or mutants to histone octamer via ITC. The resulting binding isotherms were fit to a one-set-of-sites
binding mode. All data were obtained in 25 mM NaPi, pH 7.0, 300 mM NaCl, at 25 °C. (B) ITC best-fit values and
fitting errors together with the derived thermodynamic parameters. When combining the alanine mutations of the
double-aromatic anchor residues in the tyrosine-key motif of APLFAD that binds H3-H4 with the KR-motif deletion
(DA1mut∆), only small changes occurred in the thermodynamic parameters of binding compared to the double-
aromatic anchor mutant alone (DA1mut). (C) Calorimetric titration of APLFAD WT or mutants to H3-H4 via ITC. The
resulting binding isotherms were fit to a one-set-of-sites binding mode. All data were obtained in 25 mM NaPi, pH 7.0,
300 mM NaCl, at 25 °C. (D) ITC best-fit values and fitting errors together with the derived thermodynamic parameters.
(E) Native mass spectrum of a mixture of H3-H4 with APLFAD-∆ shows complex formation. Sample was in 300 mM
ammonium acetate, pH 7.5. Interestingly, up to three molecules of APLFAD-∆ can associate with the H3-H4 tetramer
in contrast to APLFAD WT which forms (H3-H4)2-(APLFAD)2.

Figure S13. The APLFAD KR-motif is not strongly involved in H3-H4 binding. (A) Calorimetric titration of 
APLFAD WT or mutants to histone octamer via ITC. The resulting binding isotherms were fit to a one-set-of-sites 
binding mode. All data were obtained in 25 mM NaPi, pH 7.0, 300 mM NaCl, at 25 °C. (B) ITC best-fit values and 
fitting errors together with the derived thermodynamic parameters. When combining the alanine mutations of the 
double-aromatic anchor residues in the tyrosine-key motif of APLFAD that binds H3-H4 with the KR-motif 
deletion (DA1mut∆), only small changes occurred in the thermodynamic parameters of binding compared to the 
double-aromatic anchor mutant alone (DA1mut). (C) Calorimetric titration of APLFAD WT or mutants to H3-H4 
via ITC. The  resulting binding isotherms were fit to a one-set-of-sites binding mode. All data were obtained in 25 
mM NaPi, pH 7.0, 300 mM NaCl, at 25 °C. (D) ITC best-fit values and fitting errors together with the derived 
thermodynamic parameters. (E) Native mass spectrum of a mixture of H3-H4 with APLFAD-∆ shows complex 
formation. Sample was in 300 mM ammonium acetate, pH 7.5. Interestingly, up to three molecules of APLFAD-∆ 
can associate with the H3-H4 tetramer in contrast to APLFAD WT which forms (H3-H4)2-(APLFAD)2.     
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Figure S4-14. Native mass spectra of mixtures of histone octamer and APLFAD aromatic anchor mutants with
KR-motif deletions. Same type of complexes are formed as with WT APLFAD with up to 4 APLFAD bound. Other
than histone octamer, also histone hexamers missing one H2A-H2B dimer are found in complex with APLFAD-
QAmut∆. APLFAD-QAmut∆ was with N-terminally fused SUMO for the purpose of concentration determination by
absorbance at 280 nm. The relative signal intensity (RSI) is plotted against the mass-to-charge ratio (m/z). Charge states
are given for each signal. Experimental (theoretical in brackets) molecular weights of the identified species are listed.
Samples were in 300 mM ammonium acetate, pH 7.5.

Figure S14. Native mass spectra of mixtures of histone octamer and APLFAD aromatic anchor mutants with 
KR-motif deletions. Same type of complexes are formed as with WT APLFAD with up to 4 APLFAD bound. Other 
than histone octamer, also histone hexamers missing one H2A-H2B dimer are found in complex with APLFAD-
QAmut∆. APLFAD-QAmut∆ was with N-terminally fused SUMO for the purpose of concentration determination by 
absorbance at 280 nm. The relative signal intensity (RSI) is plotted against the mass-to-charge ratio (m/z). Charge 
states are given for each signal. Experimental (theoretical in brackets) molecular weights of the identified species ar
listed. Samples were in 300 mM ammonium acetate, pH 7.5.
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Figure S15. Histone-APLFAD crosslinks identified in complexes. Secondary structure (SS) and binding motifs 
indicated for histones and APLFAD, respectively, from N = N-terminus to C = C-terminus. SS-elements of histones as 
in the nucleosome (PDB ID 2PYO) (1) (line = loop, rectangle = α-helix, triangle = β-strand) with naming as in Ref. 
(2). APLFAD motifs: lightblue = histone binding domain, lightred = KR-motif. Lines of different colors connect 
crosslinked residues: red = histone-APLFAD crosslinks in H2A-H2B-APLFAD, red dashed = histone-APLFAD crosslinks 
in H2A-H2B-APLFAD also present in histone octamer-APLFAD, orange = histone-APLFAD crosslinks in the minimal 
histone octamer-(APLFAD)2 complex, blue = histone-APLFAD crosslinks in H3-H4-APLFAD, blue dashed = histone-
APLFAD crosslinks in H3-H4-APLFAD also present in histone octamer-APLFAD, green = histone-APLFAD crosslinks in 
histone octamer-APLFAD. Black annotations: crosslinks in histone octamer-APLFAD with sequence numbering of the 
histone lysine involved followed by the APLFAD mutation and residue number of the APLFAD lysine involved. In 
agreement with our structural model, the crosslinks indicate spatial proximity between the KR-motif and the H2B αC-
helix. One crosslink to H4 is common to H3-H4 alone and the histone octamer. In contrast, all H2B-APLFAD crosslinks 
present in histone octamer-APLFAD are also present in H2A-H2B-APLFAD. Some of the crosslinks between APLFAD

and the histone octamer are also present in the double-anchor mutants indicating that the KR-motif can interact with 
the histone octamer independently from the aromatic anchors that are important for the chaperone function. 
Furthermore, there are also crosslinks present between APLFAD mutants and the histone octamer that are not present 
in APLFAD WT. In the crosslinking MS analysis of the histone octamer structure we showed that the aromatic anchors 
are important to stabilize the histone octamer. Hence, when the anchors are mutated, the histone octamer structure is 
perturbed and other sets of crosslinks between APLFAD and the histone octamer can occur.
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Figure S4-15. Histone-APLFAD crosslinks identified in complexes. Secondary structure (SS) and binding motifs
indicated for histones and APLFAD, respectively, from N = N-terminus to C = C-terminus. SS-elements of histones as
in the nucleosome (PDB ID 2PYO) (1) (line = loop, rectangle = α-helix, triangle = β-strand) with naming as in Ref.
(2). APLFAD motifs: lightblue = histone binding domain, lightred = KR-motif. Lines of different colors connect
crosslinked residues: red = histone-APLFAD crosslinks in H2A-H2B-APLFAD, red dashed = histone-APLFAD crosslinks
in H2A-H2B-APLFAD also present in histone octamer-APLFAD, orange = histone-APLFAD crosslinks in the minimal
histone octamer-(APLFAD)2 complex, blue = histone-APLFAD crosslinks in H3-H4-APLFAD, blue dashed = histone-
APLFAD crosslinks in H3-H4-APLFAD also present in histone octamer-APLFAD, green = histone-APLFAD crosslinks in
histone octamer-APLFAD. Black annotations: crosslinks in histone octamer-APLFAD with sequence numbering of the
histone lysine involved followed by the APLFAD mutation and residue number of the APLFAD lysine involved. In
agreement with our structural model, the crosslinks indicate spatial proximity between the KR-motif and the H2B αC-
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crosslinks present in histone octamer-APLFAD are also present in H2A-H2B-APLFAD. Some of the crosslinks between 
APLFAD and the histone octamer are also present in the double-anchor mutants indicating that the KR-motif can 
interact with the histone octamer independently from the aromatic anchors that are important for the chaperone
function. Furthermore, there are also crosslinks present between APLFAD mutants and the histone octamer that are 
not present in APLFAD WT. In the crosslinking MS analysis of the histone octamer structure we showed that the
aromatic anchors are important to stabilize the histone octamer. Hence, when the anchors are mutated, the histone
octamer structure is perturbed and other sets of crosslinks between APLFAD and the histone octamer can occur.
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Figure S4-16. APLFAD binds to the α1-α2-patch of H2A. (A) Zoomed region of overlaid 1H-15N TROSY spectra
of [15N]H2A-H2B with increasing concentrations of APLFAD. Color coding of spectra is indicated in the figure. Data
recorded at 750 MHz 1H Larmor frequency in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl, at 35 °C. Peak shifts of
selected resonances are indicated with arrows. (B) Analysis of H2A 1H-15N peak intensity ratios (upper panel) and
weighted average CSPs (lower panel) between APLFAD bound (4:1 molar ratio of APLFAD:H2A-H2B) and free H2A-
H2B. Resonances with intensity ratios less than 2 (1) standard deviation (SD) (orange (yellow) line) from the 10%
trimmed mean (green dashed line) are highlighted in orange (yellow). Resonances with CSPs more than 2 (1) SD (orange
(yellow) line) from the 10% trimmed mean (green dashed line) are highlighted in orange (yellow) and labeled. Residues
without titration data due to overlap or missing resonances are indicated with gray bars. Secondary structure (SS) of
H2A as in the nucleosome (PDB ID 2PYO) (1)) indicated below the plot (line = loop, rectangle = α-helix, triangle =
β-strand) with naming of SS-elements as in Ref. (2). Residues that interact with nucleosomal DNA (PDB ID 2PYO)
(1)) are indicated by red arrows. (C) Zoomed H2A G21 region of overlaid 1H-15N TROSY spectra as in (A). Direction
and curvature of the peak shift is indicated with a green arrow. Inset: Plot showing the peak displacement of H2A G21;
black bars – standard deviation. (D) Analysis of H2A 1H-15N peak intensity ratios (upper panel) and weighted average
CSPs (lower panel) between one and four molar equivalents of APLFAD added to H2A-H2B. Color coding, labeling of
residues, and secondary structure plot as in (A). (E) CSPs color coded on the surface representation of H2A-H2B
between the unbound and bound state after addition of four molar equivalents of APLFAD. Surface residues with
significant CSPs (more than 2 SD from the 10% trimmed mean) are labelled in yellow (red) for H2A (H2B). (F) CSPs
color coded on the cartoon representation of H2A-H2B between one and four molar equivalents of APLFAD added.
Gray – residues without titration data; green – DNA; with labeling of relevant secondary structure elements.

Figure S16. APLFAD binds to the α1-α2-patch of H2A. (A) Zoomed region of overlaid 1H-15N TROSY spectra of 
[15N]H2A-H2B with increasing concentrations of APLFAD. Color coding of spectra is indicated in the figure. Data 
recorded at 750 MHz 1H Larmor frequency in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl, at 35 °C. Peak shifts of 
selected resonances are indicated with arrows. (B) Analysis of H2A 1H-15N peak intensity ratios (upper panel) and 
weighted average CSPs (lower panel) between APLFAD bound (4:1 molar ratio of APLFAD:H2A-H2B) and free H2A-
H2B. Resonances with intensity ratios less than 2 (1) standard deviation (SD) (orange (yellow) line) from the 10% 
trimmed mean (green dashed line) are highlighted in orange (yellow). Resonances with CSPs more than 2 (1) SD 
(orange (yellow) line) from the 10% trimmed mean (green dashed line) are highlighted in orange (yellow) and labeled. 
Residues without titration data due to overlap or missing resonances are indicated with gray bars. Secondary structure 
(SS) of H2A as in the nucleosome (PDB ID 2PYO) (1)) indicated below the plot (line = loop, rectangle = α-helix, 
triangle = β-strand) with naming of SS-elements as in Ref. (2). Residues that interact with nucleosomal DNA (PDB 
ID 2PYO) (1)) are indicated by red arrows. (C) Zoomed H2A G21 region of overlaid 1H-15N TROSY spectra as in 
(A). Direction and curvature of the peak shift is indicated with a green arrow. Inset: Plot showing the peak 
displacement of H2A G21; black bars – standard deviation. (D) Analysis of H2A 1H-15N peak intensity ratios (upper 
panel) and weighted average CSPs (lower panel) between one and four molar equivalents of APLFAD added to H2A-
H2B. Color coding, labeling of residues, and secondary structure plot as in (A). (E) CSPs color coded on the surface 
representation of H2A-H2B between the unbound and bound state after addition of four molar equivalents of 
APLFAD. Surface residues with significant CSPs (more than 2 SD from the 10% trimmed mean) are labelled in 
yellow (red) for H2A (H2B). (F) CSPs color coded on the cartoon representation of H2A-H2B between one and 
four molar equivalents of APLFAD added. Gray – residues without titration data; green – DNA; with labeling of 
relevant secondary structure elements.



Figure S17. The KR-motif of APLFAD contributes to stabilizing the histone octamer arrangement. Plotted 
number of crosslinks of the three SASD categories for the different histone octamer mix preparations without and with 
APLFAD WT or mutants.

Figure S18. APLFAD interacts only weakly with DNA. (A) 1H-15N HSQC spectra of APLFAD with increasing 
concentrations of 167 bp 601-DNA. Color coding indicated in the figure. Recorded at 750 MHz 1H Larmor frequency 
at 25 °C in 25 mM NaPi buffer, pH 7.0 with 300 mM NaCl. Assignments of the main-chain amide resonances are 
indicated by the single-letter amino acid code and residue number, asparagine/glutamine side chain amine resonances 
and side chain indole resonance of W485 are indicated. (B) Analysis of APLFAD 1H-15N peak intensity ratios (upper 
panel) and weighted average CSPs (lower panel) between DNA bound (1:1 molar ratio of DNA:APLFAD) and free 
APLFAD. Resonances with intensity ratios less than 2 (1) standard deviation (SD) (orange (yellow) line) from the 10% 
trimmed mean (green dashed line) are highlighted in orange (yellow), indicated with black arrows and labeled. 
Resonances with CSPs more than 2 (1) standard deviation (SD) (orange (yellow) line) from the 10% trimmed mean 
(green dashed line) are highlighted in orange (yellow) and labeled. Position of the HBD and KR-motifs are indicated 
above the plot, white stripes denote the helical region. Residues without titration data due to overlap or missing 
resonances are indicated with gray bars.
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Chapter 5

In this thesis, I describe in detail the characterization of the histone chaperone 
function of Aprataxin and Polynucleotide kinase Like Factor (APLF) which is a DNA repair 
factor involved in DNA double-strand break (DSB) repair by non-homologous end joining 
(NHEJ). In particular, the investigations were conducted using the intrinsically disordered C-
terminal acidic domain of APLF (APLFAD) which harbors the chaperone activity. My key 
finding is a detailed model of the complex of APLFAD with the histone octamer that explains 
the histone chaperone function of APLF. In this complex, two copies of APLFAD bind to and 
stabilize the histone octamer, partially replacing the DNA from the nucleosome to form a 
complex that we term the “chaperonosome”. That is achieved through the interaction of well-
positioned aromatic residues in APLFAD that anchor to specific sites on the surface of the 
histone octamer. These interactions are key for the chaperone function of APLF and its 
nucleosome assembly mechanism. 

Below, I detail the implications of the chaperonosome model I developed. 

HYDROPHOBIC OVER ELECTROSTATIC INTERACTIONS 

As highly charged proteins, abundant electrostatic interactions between histone 
chaperones and histones are commonplace. Also in APLFAD electrostatic interactions 
contribute to binding affinity. However, I showed in Chapters 3 and 4 that for APLFAD, 
aromatic residues are the key determinants of specific and functional interactions with histones. 
Others have also found that for a different histone chaperone, nucleoplasmin, with completely 
different structural properties and function than APLFAD, the non-electrostatic contribution to 
its binding affinity for histones is larger than the electrostatic one (1). The aromatic anchor 
interactions help to place the negative charges of APLFAD in a position where they can 
neutralize most of the positive charges of the histone fold domains. This allows the histones to 
assemble as histone octamer, to which two molecules of APLFAD are bound to compete with 
nucleosomal DNA interactions during the nucleosome assembly process. 

THE ROLE OF INTRINSIC DISORDER IN THE 

CHAPERONOSOME  

In Chapter 3 we characterized APLFAD as a highly negatively charged, intrinsically 
disordered protein (IDP) domain. Yet, the defining feature of the chaperonosome model is that 
APLFAD wraps around the histone octamer and interacts specifically with both the H2A-H2B 
and H3-H4 subunits, as described in Chapter 4. Crucially, these specific interactions between 
aromatic residues in APLFAD and the histones are required for a functional binding mode. Such 
a dominant role for specific interactions may at first glance be surprising for an IDP. However, 
the IDP nature of APLFAD may make it ideally suited for its histone chaperone function. IDPs 
have been suggested to help cells to increase complexity (2), and may carry distinct advantages 
for protein function (3), which we recapitulate here and see how they apply to APLFAD: 
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(i) Reduction of protein size with same binding interface area: IDPs can form interface areas
that would require a structured protein two to three times the size (4). APLFAD consists of 62
residues of which only 20 (residues 471-490) are needed to cover the DNA binding surface of
H2A-H2B as shown in our structural model in Chapter 3. In contrast, histone chaperone Nap1
covers the same surface of H2A-H2B and requires for this a dimer of 284 residues each (5).

(ii) Overcoming steric restrictions of binding: as a flexible IDP, APLFAD can wrap around the
histone octamer and form a complementary binding interface in a way that would be difficult
for a well-structured protein.

(iii) Allowing transient, high-enthalpy interactions: the entropic cost of IDP binding can help to
enable transient binding while still allowing for many enthalpic interactions to ensure specificity.
APLFAD has to bind the histone octamer specifically, yet, be able to transfer it to DNA or other
chaperones, necessitating a dynamic interaction.

(iv) Increased binding rate: IDPs often have low complexity sequences that, when charged, can
accelerate the on-rate for complex formation. The on-rate for APLFAD binding to H2A-H2B is
~108 M-1 s-1 based on our NMR titration analysis in Chapter 3, similar to the rate that has also
been found for chaperone Chz1 binding to H2A.Z-H2B (6), and faster than diffusion limit for
neutral molecules of this size (~105-106 M-1 s-1) (7,8), showing the additional effect of attractive
electrostatic interactions for association.

(v) Preventing aggregation: the low-complexity sequence in APLFAD has low hydrophobicity
and high (negative) net charge which prevents its own aggregation and makes it an effective
chaperone for histones to prevent their aggregation with DNA.

(vi) Facilitating post-translational modifications (PTMs): the overall accessibility of residues in
an IDP can increase installation of PTMs which may well allow regulation of APLF function.
No PTMs are known for APLFAD but APLF can be phosphorylated in its middle domain, which
is also disordered, on serine residue 116 in response to DNA damage (9,10).

(vii) Enable flexible linking between rigid structures: the N-terminal structured FHA and mostly
disordered middle domain of APLF have been shown to link the components of NHEJ in an
extended and flexible complex (11), to which a histone binding and chaperone function is linked 
in APLFAD.

(viii) Resistance to denaturation: as APLFAD is unstructured it cannot lose its function due to
unfolding.

(ix) Sequence diversity: the primary sequence space available for structured proteins is smaller
than that for IDPs (12). Remarkably, in APLFAD, two similarly unstructured regions of different
sequence have specificity for H2A-H2B and H3-H4, respectively (Chapter 4).

A potential disadvantage of IDPs in biomolecular recognition is that they are prone to engage 
in promiscuous molecular interactions which could drive pathological changes upon 
overexpression and lead to various diseases (13). To suppress the harmful effects of IDPs, their 
availability is tightly regulated (14). It was shown that enhanced expression of APLF is 
associated with breast cancer (15). Hence, it can be assumed that the availability of (active) 
APLF is most likely tightly regulated for its involvement in NHEJ DNA repair of DSBs (16,17) 
on one or more levels of protein regulation which spans gene transcription, processing and 
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degradation of mRNA, and protein synthesis, localization, modification and degradation (18). 
In particular, APLF undergoes hyperphosphorylation of serine residue 116 upon DNA damage 
and this modification facilitates efficient DSB repair (9,10). Furthermore, since APLF contains 
intrinsically disordered regions, one could imagine that intramolecular interactions are possible 
between the different parts or domains of APLF to mask functional sites which could be set 
free by binding of the other repair factors or the histones upon DNA damage. Such functionally 
important intramolecular interactions have been described for nucleoplasmin as a control 
mechanism for histone binding and release (19). 

LIMITATIONS IN THE CHAPERONOSOME STRUCTURE 

The chaperonosome model is based on the histone octamer structure as it occurs free 
in solution in 2 M KCl (20), or equivalently, when wrapped by DNA in the form of the 
nucleosome (21). Individual histone subunits, the H2A-H2B dimers and (H3-H4)2 tetramer, 
have structural elements that fold in the context of the histone octamer. In particular, the H2A 
docking domain folds upon interaction with H3-H4 and locks the H3 αN-helix in position 
between the entry/exit and dyad DNA turns which is stabilized by the DNA in the nucleosome 
(21). The H3 αN-helix is otherwise structurally heterogeneous in H3-H4 (21-23). Our data do 
not allow to experimentally verify that the H2A docking domain and the H3 αN-helix interact 
in the chaperonosome in the same way as in the histone octamer or the nucleosome. The ITC 
data clearly show a disproportional enthalpy of binding upon chaperonosome formation 
compared to the individual interactions of APLFAD with H2A-H2B or H3-H4. This is 
compelling evidence for the formation of histone-histone contacts in the chaperonosome. The 
crosslinking mass spectrometry analyses of the histone octamer complexes with APLFAD WT 
and its mutants indicate that the histone-histone contacts formed are as in the histone octamer 
in the nucleosome. Therefore, at this moment, I can conclude that APLFAD -mediated histone 
octamer assembly is a prerequisite for deposition of the histone octamer onto DNA. 

Our data in Chapter 3 have indicated a propensity of APLFAD to engage in an additional, 
secondary binding mode with H2A-H2B, which involves the H2B αC-helix. This interaction 
may be crucial for the function of the chaperonosome, but as of yet, no unambiguous 
interpretation of this interaction can be made. The NMR titrations of H2A-H2B showed 
significant CSPs upon addition of molar excess of APLFAD for resonances of H2A E60 and 
H2B E102 which are part of the nearby H2A-H2B acidic patch (Chapter 4, supplementary 
data). Since the H2A-H2B acidic patch is a target site for several binding factors of the 
nucleosome through a double-arginine anchor motif (24-32), it is especially interesting to note 
that APLFAD also contains two arginines (R506/R510) in its KR-motif and that the resonance 
of APLFAD R506 disappears in the NMR titration of APLFAD with H2A-H2B (Chapter 3). In 
addition, at molar excess of APLFAD to histone octamer, crosslinks between the APLFAD KR-
motif and the chaperonosome occur in this region (Chapter 4, supplementary data). These data 
suggest the possibility of a secondary interaction between the KR-motif and the H2A-H2B 
acidic patch. Alternatively, the nearby H2B-H4 cleft, formed by the H2B-H4 four-helix bundle, 
another known interaction site for nucleosome binding factors (31,33), may be the secondary 
binding site of APLFAD. Independent of the exact location, this additional interaction provides 
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a mechanism in which one APLFAD molecule may bind to both H2A-H2B dimers of the histone 
octamer and thus may be key for the stabilization of the histone octamer organization. 

Finally, the histone tails are a functional part of the histones (34) and have recently been linked 
to histone chaperone function (35,36). In particular, the so-called H2B repression (HBR) 
domain in the H2B tail was shown to be important for nucleosome assembly by histone 
chaperone FACT (37,38). Interestingly, in the NMR titration of H2A-[15N]H2B with APLFAD, 
peak intensities of resonances of H2B tail residues, including the corresponding HBR domain, 
increase upon addition of APLFAD (Chapter 3, supplementary data). It could be that there is an 
interaction between the H2B tail and the histone fold domain which is competed off by binding 
of APLFAD. Hence, next to the assembly of the histone octamer, one other possible 
contribution of APLFAD binding could be the change in conformation or flexibility of the H2B 
tail to prime H2A-H2B for deposition onto DNA. 

THE CHAPERONOSOME MECHANISM 

Nucleosome assembly is generally thought to involve deposition of (H3-H4)2 to form 
a tetrasome followed by the deposition of two H2A-H2B dimers to form the nucleosome (39). 
Furthermore, histone chaperones are thought to promote nucleosome assembly not by 
delivering histones, but through disfavoring nonnucleosomal interactions (40). Our results 
yielded persuasive evidence to indicate that APLFAD may act in a very different manner. In 
particular: 

(i) Histone octamer binding suggests its complete deposition onto DNA, rather than a stepwise
deposition. This represents a new paradigm since histones are found as H2A-H2B and H3-H4
pairs and histone chaperones usually bind and have preferential affinity to one of these pairs.

(ii) The chaperonosome model shows that the DNA binding sites of H2A-H2B are covered by
APLFAD while the DNA binding site of H3-H4 that interacts with DNA close to the
nucleosomal dyad is exposed (Chapter 4). In this way, H3-H4 can contact the DNA first to
form a complex that can be seen as a tetrasome to which (H2A-H2B-APLFAD)2 is bound. Upon
formation of this intermediate, the DNA can wrap around the histone octamer while competing
off APLFAD.

(iii) The slightly different “affinity windows“ for H2A-H2B (KD ~250 nM, higher affinity) and
H3-H4 (KD ~550 nM, lower affinity) (Chapter 4) may translate to higher off-rates for the H3-
H4 binding site in APLFAD compared to the H2A-H2B binding site, under the assumption that
the on-rates are the same. This may then favor sequential invasion by the DNA to replace
APLFAD. Since the DNA will be bound to the central, exposed dyad region first, such sequential
wrapping is also favored from simple steric considerations. To further elucidate the mechanism,
one could investigate the rate of DNA wrapping around the histone octamer once the first
contact with the chaperonosome is established. Furthermore, one could investigate whether the
DNA actively displaces APLFAD or wrapping occurs after dissociation of APLFAD from the
histones.
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(iv) APLFAD-DA1mut, with a weakened binding to H3-H4, is the most active mutant in the
native PAGE chaperone assay (Chapter 4). This can be explained by the fact that this mutant
can bind H2A-H2B and thereby keep H3-H4 associated with it to deposit the histone octamer
in a controlled manner, albeit with slightly lower efficiency than APLFAD WT. But APLFAD-
DA2mut and -QAmut, which are deficient in binding and chaperoning H2A-H2B alone, have
a much lower activity, indicating that chaperoning of H2A-H2B is a crucial last step to “seal”
the histone octamer during the nucleosome assembly process and prevent non-native
interactions with H2A-H2B that would lead to precipitation. With APLFAD-DA2mut and -
QAmut, no tetrasomes were detected, probably because the excess H2A-H2B makes them
unstable or interacts with them unspecifically which leads to precipitation. Also for histone
chaperone Nap1 it was suggested that nucleosome assembly is promoted by disfavoring
nonnucleosomal interactions between H2A-H2B dimers and DNA (40).

(v) Furthermore, a thermodynamic nucleosome assembly mechanism has been proposed based
on studies of Nap1 function (40-42) (Figure 1). It is proposed that Nap1 binds the histones and
lowers their free energy below that of nonspecific histone-DNA complexes thereby promoting
nucleosome assembly which lowers the free energy even further (43). But APLFAD does not
have a high enough affinity for the histones to lower their energy below that of nonspecific
histone-DNA complexes (Chapter 4). Furthermore, the APLFAD aromatic anchor mutants
bind the histones with similar affinities as APLFAD WT which means that their lower chaperone
activity cannot be explained due to a change in thermodynamics of binding. Hence, in our model 
in Chapter 4 we show that APLFAD guides nucleosome assembly in a more directed fashion by
presenting the histones in their octameric nucleosomal configuration in the form of the
chaperonosome which is involved in a transient chaperone-histone-DNA complex that is
resolved by DNA wrapping and displacement of APLFAD. Additionally, APLFAD also prevents
nonspecific histone-DNA interactions in the chaperonosome and skews the reaction kinetics
towards nucleosome assembly by increasing the likelihood of specific interactions between the
histone octamer and DNA. Hence, the formation of a transient ternary complex causes an
apparent decrease in activation energy towards nucleosome assembly, favoring it over
nonspecific histone-DNA interactions with a high activation energy barrier.
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Figure 1. Thermodynamic model of histone chaperone function illustrated as free-energy reaction diagram 
(43). The change in free-energy is plotted along the reaction coordinate of histones and DNA (middle) towards 
precipitate (left) or nucleosome (right). The black route shows that in the absence of a histone chaperone, nonspecific 
interactions of histones with DNA are favored (solid black line) because of irreversible precipitation over nucleosome 
formation which requires histones and DNA to encounter in a non-random orientation (dashed black line). The dark 
red route shows that APLFAD binding of histones lowers the free-energy only little and nonspecific histone interactions 
with DNA (dotted dark red line) are almost equally favorable as nucleosome formation (solid dark red line). The light 
red route shows that histone chaperone Nap1 binds histones with a free-energy similar to the nucleosome so that 
nonspecific histone interactions with DNA would lead to an increase in free-energy (dotted light red line), thus favoring 
nucleosome formation (solid light red line). In conclusion, such a thermodynamic model can explain the histone 
chaperone function of Nap1 but not of APLFAD. Note that stable intermediates and additional energy levels that could 
form on the reaction path are omitted for simplicity.
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The nucleosome disassembly reaction most likely goes via the same steps in the reverse direction 
of the nucleosome assembly reaction. However, in the case of APLFAD with its lower affinity 
for histones in comparison to DNA (40), nucleosome disassembly would be a thermodynamic 
uphill reaction and hence more difficult. Any changes that weaken the nucleosome structure 
can be a target for a histone chaperone to aid in nucleosome disassembly (32,44-49). APLFAD 
would most likely need the assistance of other factors like chromatin remodelers, other 
chaperones or DNA repair factors to weaken histone-DNA interactions at the break site. One 
such factor could be the histone chaperone nucleolin which can promote nucleosome 
remodeling (50). It also promotes histone eviction during NHEJ and leads to recruitment of 
the NHEJ factor XRCC4 (51). This could be a direct link to the NHEJ complex in which 
XRCC4 is involved with APLF as scaffold (11).

IMPORTANCE OF ENTHALPY-ENTROPY COMPENSATION 

The ITC study with the different aromatic anchor mutants of APLFAD showed 
decreased enthalpy of binding, because of the missing interactions of the aromatic anchors, but 
overall highly similar affinities compared to APLFAD WT (Chapter 4). This indicates that 
complex formation of APLFAD with the histone octamer is accompanied by strong enthalpy-
entropy compensation (EEC) (52). In the complex of the histone octamer with APLFAD WT, 
entropy is greatly reduced, while in the histone octamer complexes with the APLFAD aromatic 
anchor mutants, more of the entropy is retained. Such EEC of macromolecular interactions 
means that for tighter contacts leading to higher specificity and more negative enthalpy, the 
increased reduction in conformational entropy allows to maintain a reasonable dissociation rate 
of the complex. In a comparative study it was found that EEC was more complete for 
disordered than for ordered protein complexes (53). By enabling many routes to the same 
change in free energy, EEC could also give IDPs broad binding specificities (52). For APLFAD, 
EEC may thus be the essential thermodynamic basis of its function as histone chaperone, 
simultaneously acting in storage of the histone octamer, histone exchange, and controlled 
nucleosome assembly. 

Another explanation is that a large proportion of the EEC comes from changes in solvation 
which give the same effect as conformational changes because of a link between the amount of 
bound water and protein flexibility (54,55). From the analysis and interpretation of two NMR 
studies that derived binding entropy changes as conformational entropy changes (56,57), it was 
concluded that the more rigid the complex, the more water is immobilized and increasing 
flexibility results in immobilization of less water (54). The high-resolution nucleosome 
structures have revealed that solvent molecules and ions contribute to the NCP structure by 
mediating about half of all histone-DNA contacts (58,59). This could also have important 
implications for chromatin remodeling and nucleosome assembly by histone chaperones with 
an accompanying effect of EEC through changes in flexibility and solvation of the components. 
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FUNCTION AND MODULARITY OF THE CHAPERONOSOME 

The chaperonosome is a modular protein assembly of the histone octamer bound by 
APLFAD that could fulfill the following functions: 

(i) maintain the right stoichiometry between histone pairs at the DNA damage site,

(ii) shield functional histone surfaces from nonspecific association with DNA during the DNA
repair process,

(iii) exchange histone pairs,

(iv) assembly of the histones in their nucleosomal octameric organization, and finally,

(v) deposition of the histones back onto the DNA to seal the repaired site and signal for repair
completion.

As a modular unit, I hypothesize that one of the two APLFAD molecules in the chaperonosome 
could be replaced by another chaperone, for instance one that is specific for a histone variant. 
Furthermore, the APLFAD-chaperonosome could be complemented by a chaperone that binds 
to the periphery of H3-H4 close to the nucleosomal dyad to shield also this free histone DNA 
binding surface. 

In the same way as the nucleosome is a modular protein-DNA and the histone octamer is a 
modular protein assembly, the intrinsically disordered APLFAD can be seen as a modular histone 
binding and chaperone platform. In the histone octamer, a modular assembly of histone dimers 
is linked in a stable yet flexible manner to form a basic protein core with evenly spaced DNA-
binding sites which bind to ~30 bp of DNA each (60). APLFAD is a modular assembly of 
aromatic anchors and flexible binding motifs that bind to roughly one functional histone site 
each and are linked in a stable yet flexible manner to another binding module. This modularity 
allows APLFAD to bind either type of histone complex, dimers, tetramers, hexamers, and 
octamers by using one, two, three, or all four aromatic anchors with or without the KR-motif 
or the KR-motif alone. In this way, APLFAD can be the modular histone chaperone match for 
the modular histone octamer protein assembly.  

THE FOLDING CHAPERONE LINK 

Molecular chaperones are proteins that prevent unspecific interactions of their clients. 
This is the case for histone chaperones as it is for folding chaperones. Histone chaperones are 
a class of proteins responsible for: (i) binding of the basic histones, (ii) shielding them from 
nonspecific interactions with DNA and other factors, (iii) their nuclear import, and (iv) 
facilitating their deposition onto DNA either by directly transferring them to DNA or by 
handing them over to other chaperones (61-64). A folding chaperone is a protein that associates 
with a target protein and prevents its misfolding, thereby avoiding the production of inactive or 
aggregated forms. For folding chaperones this translates to a class of proteins responsible for: 
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(i) binding of (partially) unfolded proteins, (ii) shielding them from nonspecific intra- and
intermolecular interactions, (iii) insertion of proteins into the membrane or import into cellular
compartments, and (iv) facilitating protein folding.

Folding chaperones can be divided into three categories: (i) ATP-dependent chaperones, which 
use ATP hydrolysis to induce conformational changes in the chaperone and promote correct 
protein folding, (ii) ATP-independent chaperones, which bind to (partially) unfolded proteins 
to prevent aggregation and pass them on to ATP-dependent chaperones for folding (65), and 
(iii) chaperones that help to fold proteins while bound to them without ATP hydrolysis. In this
last scenario, the client protein folds while the chaperone continuously but passively interacts
with it (66-69). It was proposed that such a simple mechanism could be evolutionarily ancient
and serve a primitive folding function under situations of cellular stress under which the cell
can be depleted of energy (66). This mechanism fits very well with the proposed nucleosome
assembly mechanism mediated by APLFAD (Chapter 4). Similar to the latter category of folding
chaperones, APLFAD utilizes favorable electrostatic surfaces to allow flexible binding to
intermediates, and hydrophobic surfaces to specifically recognize the histone substrates. The
mechanism for folding chaperone assisted protein folding can thus be drawn in the same way
as APLFAD assisted nucleosome assembly (Figure 2). In this Figure 2, I show how a hypothetical 
folding chaperone binds an unfolded protein substrate thereby preventing its misfolding and
aggregation. Instead, chaperone binding stabilizes the folding transition state from which the
protein can fold while bound to the chaperone.
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Figure 2. Schematic diagram of a protein folding while bound to a chaperone. Simplified two-stage folding 
from an unfolded state (U, middle) to a native state (N, bottom right). The unfolded state is an ensemble of unfolded 
conformations. These can form nonspecific contacts which can lead to aggregation in the absence of a chaperone (left). 
A chaperone can prevent nonspecific interactions by binding to reactive sites of the unfolded protein (right). 
Interactions with the chaperone stabilize the folding transition state from which the protein can fold through forming 
native contacts until the different protein components (single residues or secondary structure elements represented by 
different colors) displace themselves through intramolecular interactions from the chaperone. Note that stable 
intermediates and additional transition states that could form on the folding path are omitted for simplicity.
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HISTONE TRANSFER IN OTHER CHAPERONES 

Historically, histone chaperone activity is measured by the ability to mediate the 
formation of the nucleosome (or of an intermediate thereof) in vitro, whereas in vivo chaperones 
can be restricted to handling histones at earlier stages in the chaperone network and only a few 
histone chaperones are recognized as actual deposition factors (70). The general activity of the 
chaperone is thus the guided transfer of histones. We postulate that APLFAD mediates transfer 
of the histone octamer to the DNA according to the mechanism outlined above. What general 
functional properties are required to mediate histone transfer remains unclear. Especially, in the 
case of structured histone chaperones the question arises how they can release the histones in a 
specific manner to hand them over to other chaperones or deposit them onto DNA. There are 
several possibilities: 

(i) Through kinetics: Depending on the binding kinetics, the histones will be released at some
point and captured by another chaperone or DNA. This is thought to be the mechanism of
action for the assembly chaperones Nap1 and CAF-1 that bind to DNA binding surfaces of the
histones (5,71). In the case of CAF-1, deposition onto DNA is facilitated by direct DNA binding 
through its winged helix domain. Similarly, histone transfer to another chaperone could be
assisted by an interaction between the chaperones.

(ii) Through distinct histone binding interfaces and co-chaperone binding: Histone chaperones
generally shield functional surfaces of histones without fully encasing the histone fold. The
combination of multiple histone chaperones therefore has the potential to form a more
complete shield around the histones as part of a co-chaperone complex. While one chaperone
shields one histone binding site, another chaperone can bind to another and by release of the
one chaperone the histones are transferred to the other. Thus, which histone surface is
protected by a chaperone gives a strong clue for the step in the assembly it is involved in (72).
This is clearly illustrated in the case of Asf1 that shields the tetramerization interface of H3-H4,
leaving the DNA binding surface exposed (73,74). Thereby, Asf1 can mediate histone transfer
to chaperones MCM2, UBN1, and CAF-1, which shield the DNA and/or H2A-H2B binding
interfaces of H3-H4 (23,71,75,76).

(iii) Through conformational changes: A conformational change that is encoded in the protein
sequence of the chaperone can set free a certain binding interface of the histone for binding by
another chaperone or DNA. A candidate for this could be DAXX which is almost completely
disordered in its free state but folds upon binding H3.3-H4 (77).

(iv) Through PTMs of the histone or chaperone that could weaken their interaction and
promote histone release: At the same time a modification of the histone or another chaperone
could promote binding by that other chaperone or to DNA. Asf1 phosphorylation promotes
histone binding and interaction with downstream chaperones to ensure efficient histone supply
during DNA replication (78,79). Hyperphosphorylation of H2A-H2B-loaded nucleoplasmin
induces dissociation of linker histones from nearby chromatin to replace the bound H2A-H2B
on nucleoplasmin for deposition onto DNA (1). This scenario can also be turned around: a
modification of the histone could lead to altered interaction with the chaperone, dissociation
and binding of another histone. This is probably just the tip of the iceberg, and histone
chaperone PTMs are likely to emerge as an important means to regulate histone eviction,
handover, and deposition.
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(v) Through IDRs: A structured histone binding domain of a chaperone could hand over the
histones through intra- or intermolecular transfer to an IDR from which the mechanism of
histone exchange can go about as in the proposed nucleosome assembly mechanism for
APLFAD (Chapter 4). Candidates for this are Nap1 and nucleoplasmin which contain
intrinsically disordered acidic domains (19,80).

ROLE OF THE CHAPERONOSOME IN DNA REPAIR 

Since APLF forms a scaffold for the NHEJ repair complex, its histone chaperone 
activity is likely to be functionally relevant for the repair process (Figure 3). In this Figure 3, I 
show how APLFAD could capture the histone octamer after its eviction from the DNA to form 
the chaperonosome. This could have the function to prevent the histone octamer from 
unspecific binding to DNA, exchange of histones, and, after repair completion, promotion of 
nucleosome assembly to seal the site as signal for repair completion and chromatin compaction. 

The fate of both parental and newly deposited histones is critical for the chromatin state. 
Mobilizing parental histones away from the damage site and depositing them back onto the 
repaired DNA could thus contribute to restoring the initial chromatin organization. In addition 
to histone recycling, re-establishing the original chromatin landscape would require active 
removal of DNA damage-induced histone PTMs and transmission of parental marks to newly 
synthesized histones. The APLF-chaperonosome could serve as a template for enzymes that 
can recognize the modification on the parental histones and copy it to new histones and thereby 
establish the pre-damage chromatin state for epigenome maintenance.  
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Figure 3. The architecture of DSB repair by NHEJ with the chaperonosome. APLF links through its N-
terminal FHA and mostly intrinsically disordered middle domain the DNA repair factors in an extended and flexible 
NHEJ complex while its C-terminal APLFAD keeps the histones as histone octamer away from the break site during 
the repair process. After the DNA is repaired, the histone octamer can be deposited onto the DNA in a nucleosome 
assembly reaction through the proposed chaperonosome mechanism to seal the break site.
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Since APLFAD also recognizes generic elements of H2A-H2B and H3-H4, it could also 
chaperone histone variants thereof. In NHEJ, H3 variant H3.3 displays increased incorporation 
at sites of DNA damage which is assisted by the chromatin remodeler CHD2 (81). This 
remodeler could be assisted by APLF. While the histone chaperone function of APLF has been 
linked to H2A variant macroH2A1.1, it is of yet unclear what the functional relevance of this 
interaction is (82). APLF has been shown to recruit the macrodomain of macroH2A1.1 to DNA 
damage sites. However, while macroH2A1.1 associates with damaged chromatin in a 
Poly(ADP-ribose) (PAR)-dependent manner, proper incorporation into nucleosomes has not 
been shown (82-84). Thus, this variant does not behave like a bona-fide histone protein but 
rather like a chromatin associated factor. 

FUTURE PERSPECTIVES 

The full complexity of the histone chaperone story has not been elucidated, yet. While 
histones represent some of the most conserved proteins in eukaryotes, histone chaperones have 
so far emerged as a large and diverse family of proteins in terms of sequence, fold and interaction 
mode. Even for individual chaperones there may be functional differences between species, 
such as for APLFAD. In particular, the H3-H4 binding region in APLFAD which is present in 
human and bovine, is missing for example in mouse, which could mean the chaperonosome is 
species-specific or the H3-H4 chaperone function of APLF is complemented by another 
chaperone in mouse. 

A key question emerging from this thesis is whether other histone chaperones could also 
functionally bind the histone octamer. FACT has been shown to be capable of binding all four 
histones simultaneously, but functionally interacts with histone hexamers rather than octamers 
(49). Nucleoplasmin, which can form a decamer of a single histone chaperone subunit, has been 
hypothesized to bind five histone octamers docked around its core, in which the same H3-H4 
binding site as in the APLFAD-chaperonosome is exposed for a possible first contact point with 
DNA in nucleosome assembly (85). Interestingly, the histone binding motif of nucleoplasmin’s 
disordered domain contains aromatic residues that could function as anchors in histone binding 
and chaperoning (19). However, there are different and partially contradicting models for the 
nucleoplasmin interaction with histones and future studies will have to shed more light on this 
to determine if it can really bind histone octamers (1,85-89). 

The histone chaperone family likely holds more surprises other than the chaperonosome in the 
form of chaperones with unique capabilities. For instance, it would be interesting to find out 
whether there are specific linker histone chaperones that can remove or deposit the linker 
histones, either in DNA repair where it forms a barrier to the damage site, or in other processes. 
Likewise, one could imagine the existence of histone chaperones that control the interactions 
of the histone tails as part of nucleosome assembly. The large number of possible PTMs on the 
histone tails could function as switches to specifically turn their interactions with chaperones 
on or off. Another exciting class of histone chaperones could depend on RNA for their 
function, as was shown for yeast chaperone Hif1p (90). How such histone chaperones make 
use of RNA as cofactor in the chaperone mechanism and how broadly RNA impacts 
chaperone function are intriguing open questions. 
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The emphasis in the chaperone field is very much on their impact in the nucleosome assembly 
pathway. Yet, just like there is a chromatin assembly factor one could imagine there to be also 
a chromatin disassembly factor. It would be interesting to find such factors and further 
investigate the process of nucleosome disassembly. 

Interaction of DNA with the histone octamer surface is relatively stable (91,92). But the stability 
varies depending on the distance of the histone-DNA interaction from the DNA entry/exit site 
along the DNA axis (93). The time constant of local nucleosomal DNA unwrapping varies from 
minutes near the nucleosome (pseudo)dyad axis to milliseconds near the nucleosomal DNA 
entry/exit site, reflecting a probability of histone site exposure that varies over several orders of 
magnitude along the DNA (94,95). Chromatin remodelers may exploit the intrinsic instability 
of nucleosomal DNA to dramatically enhance the rate of histone site exposure (96-99). Opening 
of the nucleosome at its edge would free histone binding sites for histone chaperones which 
have been implicated in histone eviction and deposition during enzyme passage through 
nucleosomal DNA (100-102). Hence, it is an intriguing idea that histone chaperones work 
together with chromatin remodelers in nucleosome (dis)assembly and histone exchange 
(103,104). It would be interesting to investigate their relationships and the mechanisms 
involved. 

Finally, the chaperonesome that I identified and characterized in this thesis, is a modular and 
dynamic complex in which the DNA from the nucleosome is (partially) replaced by histone 
chaperones. In this complex the histone octamer can contain canonical histones and histone 
variants. Furthermore, several chaperone molecules can be bound to the histone octamer, which 
represents the possibility of specific recognition of the chaperonosome, its binding, 
modification, and processing. Future challenges will be to incorporate the chaperonosome in 
the picture of chromatin biology, find interaction partners that specifically recognize it and 
function on it just like the writers, readers, erasers, and remodelers of the nucleosome. But I 
would like to add a “c” here as a branding for the chaperonosome (Figure 4). cWriters: enzymes 
that specifically recognize and bind the chaperonosome, which occurs only at a very specific 
portion of the time in the life of a cell, and modify it for signaling a certain chromatin state. 
cReaders: proteins that recognize and specifically bind the (un)modified chaperonosome and 
catalyze a downstream reaction. cErasers: enzymes that come into action once the 
chaperonosome has fulfilled its function, remove the modification that was added to it and 
signal for the end of the reaction. cRemodelers: proteins that specifically recognize the 
chaperonosome and remodel it by catalyzing the exchange of one of the components for 
another, for instance a canonical histone for a histone variant to form a hybrid octamer that can 
then be deposited onto DNA to form a hybrid nucleosome. 
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Figure 4. A future perspective for chaperonosome research. (A) cWriters: enzymes that recognize and bind the 
chaperonosome and modify it through, for example, post-translationally modifying a histone. (B) cReaders: proteins 
that recognize and bind an (un)modified chaperonosome to induce for example a downstream signaling reaction. (C) 
cErasers: enzymes that recognize and bind a modified chaperonosome to remove the modification to, for example, 
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for example, exchanging canonical for variant histones.
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Summary

Summary 

At any time in the nucleus of a eukaryotic cell, chromatin, the protein-DNA 
supercomplex that harbors the genome, undergoes various processes to meet the needs of the 
cell during its life cycle. These processes serve to regulate the replication, transcription, or repair 
of the DNA and are as such dependent on the dynamics of the nucleosome, the fundamental 
repeating unit of chromatin. A nucleosome is assembled from a protein core of histone proteins 
around which DNA is wrapped. However, for nuclear processes in which the DNA serves as 
template for proteins, DNA has to be (partially) unwrapped in a process called nucleosome 
disassembly. Nucleosome assembly and disassembly are dependent on a family of proteins 
called histone chaperones. These chaperones bind and manage the histone proteins for all 
chromatin processes. One of these processes is repair of DNA double-strand breaks (DSBs), a 
common type of DNA damage in eukaryotic cells. The major pathway for DSB repair in human 
cells is non-homologous end joining (NHEJ). The NHEJ DNA repair factor Aprataxin and 
Polynucleotide kinase Like Factor (APLF) was shown to harbor histone chaperone function in 
its C-terminal acidic domain (APLFAD). 

The topic of this dissertation is the characterization of the histone chaperone function of 
APLFAD. A multidisciplinary approach is used to better understand how this histone chaperone 
functions, from histone binding to nucleosome assembly. The aim is to provide a better 
understanding of NHEJ DNA repair and the mechanism of nucleosome assembly. 

Chapter 1 provides a general introduction to the basic terms and principles that are key to this 
thesis, starting with a structural description of the histone proteins. The four core histones H2A, 
H2B, H3, and H4 are small highly basic proteins that form the dimers and tetramers H2A-H2B 
and (H3-H4)2, respectively. Two H2A-H2B and one (H3-H4)2 assemble into a histone octamer 
to form the protein core of the nucleosome, the fundamental repeating unit of chromatin. After 
a brief account of nucleosome structure, an overview of the structure and function of histone 
chaperone proteins is given. These proteins bind to histones, prevent unintended interactions 
with DNA or other factors, help to control histone supply and, crucially, facilitate the ordered 
and stepwise assembly of nucleosomes. The chaperone that is central to this thesis is the DNA 
repair factor APLF. Its function as a scaffold protein for the NHEJ complex is described, 
ending with a discussion on the possible role of its histone chaperone activity in the 
unstructured C-terminal tail (APLFAD).  

Chapter 2 describes a detailed protocol for the use of microscale thermophoresis (MST) to 
study histone-protein interactions, with special emphasis on the interaction of APLFAD with 
core histones H2A-H2B and H3-H4. Motivated by the small material consumption, sensitivity, 
speed and ease of the MST experiment, we focus on obtaining reproducible, high-quality 
binding data. Key steps in the design, strategies to detect and overcome assay issues, the step-
by-step optimization of experimental conditions, as well as the execution and analysis of the 
experiments are discussed and illustrated on the experimental data. The MST derived binding 
curves show that APLFAD binds with high and comparable affinities to both H2A-H2B and 
(H3-H4)2, suggesting APLFAD is a generic histone chaperone domain. Two transitions are 
observed in each case, suggesting the presence of two separate binding events, which may be 
relevant for the chaperoning mechanism of APLFAD. 
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In Chapter 3, we investigated the molecular basis of the histone chaperone function of APLFAD 
for H2A-H2B based on MST, nuclear magnetic resonance (NMR) spectroscopy, crosslinking, 
isothermal titration calorimetry (ITC), and a functional chaperone assay. We show that APLFAD 
is intrinsically disordered and binds specifically and with high affinity to both H2A-H2B and 
H3-H4. APLFAD binds H2A-H2B through an acidic histone binding domain (HBD) containing 
two aromatic residues that contact two patches on H2A-H2B. Based on our data, we propose 
a structural model in which APLFAD binds H2A-H2B through electrostatic interactions and 
uses the aromatic side chains to anchor specifically to the DNA-interaction surface of the 
histones. In a chaperone assay, APLFAD is shown to prevent unspecific complex formation 
between H2A-H2B and DNA in a manner that depends on the aromatic anchors. Furthermore, 
we found evidence for a secondary binding mode involving the H2B αC-helix, an exposed 
feature on the nucleosome surface. This additional binding mode could represent a key step in 
the transfer of histone complexes from and to DNA and other chaperones. Our results suggest 
that APLF has the capability to temporarily store histone complexes at the DNA damage site 
for later nucleosome reassembly. 

The presence of a distinct binding site for H3-H4 within APLFAD is reported in Chapter 4. As 
for the H2A-H2B binding domain, this region contains two aromatic residues that, in this case, 
bind to the α1-α2-patch of H3. We show using a variety of techniques that two APLFAD 
molecules can bind simultaneously to H2A-H2B and H3-H4 to form stable complexes with 
histone octamers. Through data-driven docking, we show that the four aromatic residues are 
appropiately spaced to engage simultaneously to the α1-α2-patches of H2A, H2B, and H3, 
holding the histones in their native nucleosomal configuration while at the same time allowing 
for extensive electrostatic interactions with the DNA binding surface of the histone octamer. 
We call this APLFAD-bound histone octamer complex the “chaperonosome”. As shown in a 
chaperone assay, APLFAD promotes deposition of the histone octamer onto DNA through a 
mechanism that is dependent on the aromatic anchors. The structural model of the APLFAD-
histone complex and mutational analysis strongly suggests a logical mechanism for this 
chaperone activity: the DNA first contacts a free DNA binding site on H4 within the 
chaperonosome followed by wrapping of the DNA around the histone octamer as it displaces 
the two APLFAD molecules. APLF may thus endow the NHEJ DNA repair complex with the 
capability to both temporarily store the histone octamer and subsequently promote nucleosome 
assembly to seal the repaired DNA. These findings highlight that histone deposition can depend 
on a controlled pre-assembly and transfer of the complete histone octamer rather than a 
stepwise transfer of histone sub-complexes.  

Chapter 5 gives a general discussion based on the major result of this thesis which is the 
formation of the histone octamer complex by APLFAD, the “chaperonosome” structural model, 
as well as an “octamer preassembly”-based model for nucleosome assembly. We underscore the 
functional importance of the aromatic anchors in imposing a functional binding mode and 
contrast this to the nonspecific electrostatic interaction. We discuss the advantages of protein 
disorder for formation of the chaperonosome. The limitations of the structural model are 
discussed with particular focus on a possible role for the KR-motif in APLFAD to mediate the 
secondary binding interaction to the histones. This motif may bind to the H2A-H2B acidic 
patch or the H2B-H4 cleft, thereby contributing to the stabilization of the histone octamer. We 
detail the chaperonosome based assembly mechanism and stress the role of enthalpy-entropy 
compensation in allowing ordered nucleosome assembly. After pointing out the shared modular 
nature of the chaperonosome, nucleosome, and histone octamer, histone transfer and 
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nucleosome assembly mechanisms of other histone chaperones are discussed. Following 
drawing parallels to protein folding, we incorporate the chaperonosome in a model of the NHEJ 
DNA repair complex for the binding, storing, and deposition of the histone octamer onto DNA 
in the process. Finally, we make propositions for implementing the chaperonosome for future 
studies on chromatin. 

In summary, this thesis presents a detailed characterization of the histone chaperone function 
of APLFAD resulting in a model of a histone chaperone-bound histone octamer complex that 
we call “chaperonosome”, and that explains the mechanism of nucleosome assembly by APLF. 
With a multidisciplinary approach we developed a sophisticated nucleosome assembly 
mechanism centered around pre-assembly of the histone octamer and its transfer onto DNA. 
These findings open up a number of possibilities for future research on histone chaperone 
function in health and disease. Therefore, I conclude that for histone chaperone research  

“… this is not the end. It is not even the 
beginning of the end. But it is, perhaps, the 
end of the beginning.“  

(Winston Churchill in his speech The Bright Gleam of Victory on November 10, 1942, in the 
Mansion House, London, United Kingdom)*. 

* Winston S. Churchill, The End of the Beginning, Cassell and Company Ltd, London, 1943.
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In de eukaryote celkern is chromatine, het eiwit-DNA-supercomplex dat het genoom 
herbergt, voortdurend bezig de cel te ondersteunen tijdens zijn deling, groei en instandhouding 
van de genetische informatie. De processen die verantwoordelijk zijn voor DNA-replicatie, 
transcriptie en reparatie zijn direct afhankelijk van de dynamiek van het nucleosoom, de 
fundamentele repeterende eenheid van chromatine. Een nucleosoom bestaat uit een kern van 
histoneiwitten waar DNA zich omheen wikkelt. Echter tijdens transcriptie, waarbij de 
genetische code afgelezen wordt, moet DNA (gedeeltelijk) ontwonden worden in een proces 
dat nucleosoom-demontage wordt genoemd. Verantwoordelijk voor de nucleosoom-
assemblage en -demontage is een familie van eiwitten die histon-chaperonnes worden genoemd. 
Deze chaperonnes binden en begeleiden de histoneiwitten tijdens alle chromatineprocessen. 
Een cruciaal proces voor behoud van de integriteit van het genoom is de reparatie van DNA-
dubbelstrengsbreuken (DSB). De belangrijkste route voor DSB-reparatie in menselijke cellen is 
non-homologous end joining (NHEJ). Voor de nucleosoom assemblage nabij de DNA beschadiging 
moeten de histonen worden samengebracht. Aprataxin and Polynucleotide-kinase Like Factor 
(APLF) is de NHEJ-DNA-reparatiefactor die hiervoor de histonchaperonnefunctie in zijn C-
terminale zure domein (APLFAD) herbergt. 

Het onderwerp van dit proefschrift is de karakterisatie van de histonchaperonnefunctie van 
APLFAD. Om beter te begrijpen hoe deze histonchaperonne, van histonbinding tot 
nucleosoom-assemblage, functioneert, wordt een multidisciplinaire benadering gebruikt. Doel 
van het onderzoek is een beter begrip van NHEJ-DNA-herstel en het mechanisme van 
nucleosoom-assemblage. 

Hoofdstuk 1 geeft een algemene inleiding tot de basisbegrippen en -beginselen die centraal 
staan in dit proefschrift en begint met een structurele beschrijving van de histoneiwitten. De 
vier kernhistonen H2A, H2B, H3 en H4 zijn kleine, zeer basische eiwitten die dimeren en 
tetrameren, respectievelijk H2A-H2B en (H3-H4)2, vormen. Twee H2A-H2B dimeren en één 
(H3-H4)2 tetrameer vormen een histon-octameer, de eiwitkern van het nucleosoom, de 
fundamentele repeterende eenheid van chromatine. Na een korte bespreking van de 
nucleosoom-structuur, volgt een overzicht van de structuur en functie van histonchaperonne-
eiwitten. Histonchaperonnes binden histonen, blokkeren ongewenste interacties met DNA en 
andere factoren, assisteren bij de aanvoer van histonen, en faciliteren een stapsgewijze opbouw 
van nucleosomen. 

Hoofdstuk 2 geeft een gedetailleerd protocol voor het gebruik van microscale thermophoresis 
(MST) voor bestudering van histon-eiwit interacties, met name de interactie van APLFAD met 
de kernhistonen H2A-H2B en H3-H4. Met nadruk op de geringe behoefte aan materiaal, de 
gevoeligheid, snelheid en eenvoud van het MST experiment, focusseren we op het nauwkeurig 
en goed reproduceerbaar meten van bindingsaffiniteiten. We bespreken de belangrijkste stappen 
in ontwerp van het experiment, strategieën voor het detecteren en oplossen van testproblemen, 
de stapsgewijze optimalisatie van experimentele condities, evenals de uitvoering en analyse van 
de experimenten. De MST-resultaten laten zien dat APLFAD met hoge en vergelijkbare affiniteit 
aan zowel H2A-H2B als (H3-H4)2 bindt, hetgeen suggereert dat APLFAD een generiek 
histonchaperonnedomein is. In beide gevallen laten de bindingscurves twee overgangen zien, 
wat twee afzonderlijke bindingsstappen suggereert, één met hoge affiniteit (in het nanomolaire 
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bereik) en één met lage (micromolaire bereik), hetgeen mogelijk van belang is voor het 
chaperonnemechanisme van APLFAD.  

In Hoofdstuk 3 onderzochten we de moleculaire basis van de histonchaperonnefunctie van 
APLFAD, in het bijzonder voor H2A-H2B. Behalve MST gebruikten we hiervoor een 
combinatie van kernspinresonantie (NMR, van nuclear magnetic resonance) spectroscopie, 
crosslinking, isotherme titratiecalorimetrie (ITC) en een functionele chaperonne-test. We laten 
zien dat APLFAD intrinsiek ongestructureerd is en met hoge affiniteit zowel aan H2A-H2B als 
H3-H4 bindt. APLFAD bindt H2A-H2B via een zuur histon-bindend domein (HBD) dat twee 
aromatische zijketens bevat die binden aan de twee α1-α2-patches op H2A-H2B. Op basis van 
onze resultaten, stellen we een structuurmodel voor waarin APLFAD H2A-H2B bindt door 
middel van elektrostatische interacties en de aromatische zijketens het DNA-
interactieoppervlak van de histonen afdekken. In een chaperonne-assay toonden we aan dat 
APLFAD niet-specifieke complexvorming tussen H2A-H2B en DNA voorkomt, waarbij de 
aromatische zijketens een belangrijke rol spelen. Verder vonden we op het 
nucleosoomoppervlak in de αC-helix van H2B een tweede bindingsplaats voor APLFAD. Deze 
extra bindingsmodus speelt mogelijk een belangrijke rol in de overdracht van histoncomplexen 
van en naar DNA en andere chaperonnes. Onze resultaten suggereren dat APLF de 
mogelijkheid heeft om histoncomplexen tijdelijk op te slaan bij een DNA-beschadiging zodat 
deze later weer gebruikt kunnen worden om een nieuw nucleosoom op te bouwen. 

In Hoofdstuk 4 laten we zien dat APLFAD een extra bindingsplaats heeft die specifiek is voor 
H3-H4. Analoog aan het bindingsdomein voor H2A-H2B, bevat dit gebied twee aromatische 
aminozuurresiduen die in dit geval binden aan de α1-α2-patch van H3. Met behulp van 
verschillende technieken laten we zien dat twee APLFAD-moleculen gelijktijdig binden aan 
H2A-H2B en H3-H4 om stabiele complexen te vormen met histon-octameren. Met behulp van 
data-gedreven docking, laten we zien dat de vier aromatische residuen zo gerangschikt zijn dat 
ze tegelijk binden aan de α1-α2-patches van H2A, H2B en H3 en de histonen in hun 
uiteindelijke nucleosoom configuratie brengen en op hetzelfde moment een reeks van 
elektrostatische interacties met het DNA-bindings-oppervlak van de histon octamer mogelijk 
maken. We noemen dit APLFAD-gebonden histon-octameercomplex het “chaperonosoom”. 
Met behulp van een functionele chaperonne-assay laten we zien dat APLFAD de histone-
octameer op het DNA positioneert via een mechanisme waarin de aromatische residuen van 
APLFAD een grote rol spelen. Het structuurmodel van het APLFAD-histon-complex en een 
mutatie-analyse geeft goede onderbouwing van het mechanisme van de chaperonne-activiteit: 
allereerst bindt het DNA aan een vrije DNA-bindingsplaats op H4 in het chaperonosoom, 
waarna het DNA zich rond de histon-octameer wikkelt en het de twee APLFAD-moleculen 
verwijdert. Daarmee breidt APLF het NHEJ DNA-reparatie-complex uit met de mogelijkheid 
om de histon-octameer tijdelijk op te slaan dichtbij een DNA-beschadiging om vervolgens de 
nucleosoom-assemblage te initiëren en bij te dragen aan het DNA-herstel. Dit laat zien dat de 
histonen in een gecontroleerde pre-assemblage op het DNA geplaatst kunnen worden waarbij 
het histon-octameer in zijn geheel en niet stapsgewijs wordt overgedragen. 

Hoofdstuk 5 geeft een algemene discussie gebaseerd op het belangrijkste resultaat van dit 
proefschrift, namelijk de vorming van het histon-octameer-complex door APLFAD, het 
“chaperonosoom”-structuurmodel, met daarnaast een model voor nucleosoom-assemblage 
door middel van “octameer preassemblage”. We wijzen op het belang van de aromatische 
ankers voor een functionele binding en stellen dit tegenover de niet-specifieke elektrostatische 
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interactie. We bespreken de voordelen van intrinsiek ongeordende eiwitten voor de vorming 
van het chaperonosoom. De beperkingen van het structuurmodel worden bediscussieerd aan 
de hand van een mogelijke rol voor het KR-motief van APLFAD in een additionele interactie 
met de histonen. Dit motief bindt mogelijk aan de zure patch op H2A-H2B en in de gleuf bij 
H2B-H4, hetgeen bijdraagt aan de stabilisatie van het histon-octameer. Verder bespreken we 
het chaperonosoom-assemblage-mechanisme en wijzen op de rol van enthalpie-entropie-
compensatie voor een geordende nucleosoom-assemblage. Na te wijzen op het 
gemeenschappelijke modulaire karakter van het chaperonosoom, het nucleosoom en de histon-
octameer, bespreken we histonoverdracht en nucleosoom-assemblage-mechanismen van 
andere histonchaperonnes. We leggen een link naar chaperonnes in eiwitvouwing en nemen het 
chaperonosoom op in een model van het NHEJ DNA-reparatiecomplex voor de binding, 
opslag en depositie van het histon-octameer op DNA. Ten slotte doen we voorstellen voor 
mogelijke rollen van het chaperonosoom in toekomstige studies aan chromatine.

Samenvattend, in dit proefschrift geven we een gedetailleerde karakterisatie van de 
histonchaperonnefunctie van APLFAD, dat uitmondt in een model van een histonchaperonne-
gebonden histon-octameer-complex dat we het “chaperonosoom” hebben genoemd en dat het 
mechanisme van nucleosoom-assemblage door APLF kan verklaren. Met een multidisciplinaire 
aanpak hebben we een nucleosoom-assemblagemechanisme ontwikkeld dat gebruik maakt van 
pre-assemblage en overdracht van een volledig histon-octameer. Deze bevindingen geven tal 
van mogelijkheden voor toekomstig onderzoek naar de histonchaperonnefunctie in gezondheid 
en ziekte. Daarom concludeer ik dat voor histonchaperonne-onderzoek

“... dit niet het einde is. Het is zelfs niet het
begin van het einde. Maar het is misschien
wel het einde van het begin.”

(Winston Churchill in zijn toespraak The Bright Gleam of Victory op 10 november 1942, in het 
Mansion House, Londen, Verenigd Koninkrijk)*.

* Winston S. Churchill, The End of the Beginning, Cassell and Company Ltd, London, 1943.
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reminded me of Macedonian food, again showing how closely different parts of the world can 
be connected. Thank you for inviting many of us to your Moroccan wedding, that was a very 
nice experience. Your strength, life experience, love for life, people and especially cats are 
an inspiration. Of course also thanks to your husband Roman Dingjan for being so kind, 
inviting and talking to me outside at your Moroccan wedding, and for being so accepting 
of my friendship with Schatzi. 
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Finally, it is time to thank my family, all my grandparents, aunts, uncles, cousins, their spouses 
and children. And most importantly my parents and brother without which my life would not 
have been possible in the first place (Picture 4). 
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Picture 4. My family, the best chaperones. (A) Thanks to my brother Dejan, 5 years older than me, who has always 
been there to take care of me, support me and stand up for me. He helped me grow up strong and clever. 
Until today, I see him as one of the most intelligent people I have ever known. (B) and (C) My humble 
parents who made a good life possible for their children and who have helped many people in their lives. They taught 
me to be a good person and hard worker. They showed me that one can achieve everything with dedication and hard 
work. (B) My mother Kadifka grew up in a small village in central North Macedonia. As a child, she had to 
work very hard. Among other things, she had to get up in the middle of the night to work in the fields before going 
to school. She is the strongest woman I have ever known. (C) My father Boriz who grew up in a small village in the 
south of North Macedonia. As a child, he grew up with a big family of farmers, all living under the same roof. He 
is a humble man, always willing to put extra effort to help people in their most difficult times while setting his own 
life aside. 
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In the end, I would like to thank you, the reader of this book. I hope you enjoyed it. I see science 
as a public service for the good and wellbeing of the world and the people. But it has to be 
brought closer to them. A closer connection has to be made between science and people and 
between people themselves. Because we are all one world and dependent on each other. 
My chaperone story is aimed at making such a connection. To explain to the people out 
there, parents, caretakers, teachers etc. who are chaperones themselves, why we scientists 
call these molecules that we study “chaperones”, too. My colorful story is aimed at bringing 
peace. I see the world different which allowed me to have many twists in my perspective which 
in turn made it possible for me to determine the mechanism of the chaperonosome and 
to make the connection to human chaperones and the ones involved in protein folding 
(Picture 5). So, how can you remember the chaperonosome mechanism? You just have to 
think about the roller coaster: The chaperone hugs the children and releases them properly 
and safely, one after the other and onto the roller coaster of life. 



Picture 5. All chaperones function in the same way. The chaperonosome mechanism (A) works just like human 
chaperoning (B) and protein folding (C): The chaperone hugs the children and puts them, one after the other, properly 
and safely onto the roller coaster of life.
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The final picture

In the end, I would like to leave you with the final picture of “chaperone” that I have from 
finding the chaperonosome because I think we can learn a lot from it. 

Do you remember I told you in Chapter 1 that the histones form dimers and 
tetramers through a so-called handshake motif? And, whereas separated alone, I showed you in 
Chapter 4 that they are brought together by the chaperone (The final picture A). I would 
suggest that we should follow this example and put all of our hands together (The final picture 
B) to bring all of the divided parts of the world together (The final picture C) and make it a
better place for us all to live. Because we are all chaperones of this planet. We form its
“chaperonosphere” to protect it.
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The final picture

The final picture. We are one. The chaperone brings the histones together (A), so let us put our hands together (B) 
to bring all the divided parts of the world together (C) and make it a better place for us all to live.
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The final picture

 

“C haperone”. Are you now familiar with this term? This is almost the end of 
this book. And, after all that you have read and seen, I would like to ask 
you to figure out one more time what you associate with, or the picture 
that you have of “chaperone”. In order to do so, I would like to ask you to 
do the following. 

Take a pen or pencils and draw or paint for yourself in the empty picture frame you see on the 
next page your own personal final picture that describes what you associate with the term 
“chaperone”. You can also brainstorm and the picture can contain bullet points, whole 
sentences, diagrams or anything that comes to your mind about “chaperone”. And once you 
have that picture and you are satisfied with it, you can continue with reading on the next page. 
Are you ready? Then, please, draw your own personal final picture of “chaperone”. 
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Now that you have your final picture of “chaperone”, I would like to ask you to answer for 
yourself one question: 

When you compare your final picture to the one that you drew at the beginning of this thesis: 

Are they the same? 



The final picture
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Thank you! 



The final picture
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Can you finally see? 
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