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     Abstract 

 

Recent studies have focused their attention on the structure and function of histone 

chaperones involved in different aspects of somatic chromatin assembly and disassembly. 

However, one of the most dramatic chromatin remodeling processes takes place 

immediately after fertilization and is mediated by proteins in metazoan eggs that function 

as histone chaperones and histone storage proteins. These include members of the 

nucleoplasmin (NPM) family and the nuclear autoantigenic sperm protein (NASP) 

families. While it had been know for some time that these proteins function as “histone 

sinks”, new studies are shedding light on their role as histone chaperones. 

 

NASP was first identified in Xenopus laevis eggs where it accumulated in the 

nucleoplasm and was found to bind histones H3 and H4 at which time it believed to act 

simply as a histone storage protein. Interestingly, in addition to binding and providing 

storage to H3-H4 in the egg and in somatic cells, our studies have shown NASP to be the 

first characterized chaperone for histone H1. The members of the histone H1 family 

(linker histones) are essential to maintaining the structure of chromatin with respect to the 

folding of the chromatin fiber, nucleosome spacing, chromatin remodeling, gene 

transcription and progression through the cell cycle. Until recently there has been no 

histone H1 chaperone characterized and no evidence of a storage protein to which linker 



 iv 
histones are bound, when not associated with DNA of NCPs. By using recombinant 

NASP, to incorporate linker histones onto the nucleosome arrays in a chromatin fiber, we 

studied the dynamics and conformation of chromatin in a more biologically relevant and 

precise method than presented in any previous chromatin research. 

 

Like NASP, nucleoplasmin was identified as a factor in X. laevis eggs that binds histones 

and loads them onto DNA. Subsequently, the nucleoplasmin protein family has been to 

be universally represented throughout metazoans where it plays a similar role in 

chromatin metabolism. Members of this family include nucleophosmin (NPM1), 

nucleoplasmin (NPM2, NPM or Np), the newly characterized NPM3 and nucleoplasmin-

like proteins (NPM-like or NLP). We have been able to demonstrate that NPM2 that is 

highly phosphorylated in X. laevis eggs can unfold sperm and somatic chromatin by 

facilitating the removal of linker histones and other chromosomal proteins from linker 

DNA regions between nucleosomes in the absence of any stable interaction with the 

nucleosome core particle (NCP) itself. In addition, our studies reveal that NPM2 is a 

pentameric chaperone, as opposed to a decameric chaperone, that regulates the 

condensation state of sperm and somatic chromatin by removing linker histones and 

specific nuclear basic proteins and depositing histone H2A-H2B dimers on the distal face 

of the NPM2.  
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Chapter 1: Introduction 
 

In 1978, Ron Laskey coined the term ‘molecular chaperone’ to 

describe the ability of nucleoplasmin to assist in the formation 

of nucleosomes by preventing the aggregation of core histones 

with DNA (1). A decade later, R.J. Ellis expanded upon the 

‘molecular chaperone’ concept to include proteins that assist in 

the post-translational assembly of other protein complexes (2).  

Before chaperone functions were understood, it was believed 

that proteins folded and arranged themselves into larger 

macromolecular complexes in a spontaneous, independent way 

that required little additional assistance (3). However, over the 

past four decades, the roles of protein chaperones have been 

clarified and they are now known to play an integral part in the 

formation of manifold cellular complexes. The term ‘chaperone’ 

is now used to describe an immense and varied compendium of 

proteins in both eukaryotes and prokaryotes that assist in the 

post-translational processing of proteins to ensure proper 

folding and protein complex formation. Nowhere is this more 

apparent in the context of a cell, than in the extensive and 
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diverse range of histone chaperones involved in the rapid 

assembly and disassembly of chromatin. 

 

In our studies we have focused our attention on two vertebrate 

histone chaperones, Nucleoplasmin 2 (NPM2, NPM or NP) and 

Nuclear Autoantigenic Sperm Protein (NASP), that are massively 

abundant in the egg and are thus potentially involved in 

chromatin remodeling during early stages of embryogenesis. In 

addition they participate in many other aspects of nuclear 

metabolism. Interestingly, in contrast to most of the histone 

chaperones characterized to date, NASP exhibits a unique ability 

to bind to linker histones of the H1 family in addition to histones 

H3 and H4. Both these proteins have important roles in the 

structure and function of gamete and somatic chromatin.  

 

1.2 Chromatin  
 

Chromatin is a vast, highly dynamic and yet remarkably 

organized assemblage of DNA and proteins found in all 

eukaryotic cells. It allows for the compaction of a large quantity 

of DNA into the small nucleus of a cell where it organizes and 
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protects DNA by the formation of higher order chromatin 

structures. The rearrangement of these higher order chromatin 

structures allows for rapid structural transitions in order to 

adjust to a variety of genomic processes such as DNA 

replication, transcription, recombination and repair.  

 

The principal repeating unit of chromatin is the nucleosome, 

comprised of a histone octamer containing an H3-H4 tetramer 

and two H2A-H2B dimers around which 147 base pairs of DNA 

are wrapped in approximately 1.67 left-handed superhelical 

turns (4) (Figure 1). Nucleosomes form “beads on a string” 

arrays composed of nucleosomes core particles connected by 

varying lengths of linker DNA onto which linker histones 

(Histone H1/H5 family) bind (primarily on or near the dyad axis of 

the nucleosome where the DNA enters and exits) and other non-

histone chromatin-binding proteins are associated to construct 

higher order chromatin structures for compaction and genomic 

regulation (5-7).  With the exception of particular regions of the 

genome undergoing specific genomic processes, such as 

actively transcribing genes or during DNA repair for example, all 
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DNA in a cell is assembled into nucleosomes or similar 

structures. The hierarchy of higher order folding structures from 

the ‘beads on a string” nucleosomal array, that serves as a 

template for transcription factors, to the highly condensed 

chromosomes at mitosis highlights the dynamic nature and 

complexity of chromatin. These higher order structures not only 

protect DNA but also provide organization that is amendable to 

rapid alterations, often requiring the assembly and disassembly 

of nucleosomes. 

 

This assembly and disassembly of nucleosomes must occur in 

a stepwise fashion, as new histones are deposited onto newly 

synthesized DNA or as old histones are replaced by new 

histones and/or histone variants, during the rest of the cell 

cycle. All of this is facilitated through histone transport, 

deposition, eviction and storage that alter nucleosome structure 

and subsequent regulatory processes (8, 9). Such essential 

structural changes are often induced and mediated by a number 

of ATP-dependent chromatin remodeling complexes, non-

histone chromatin-associated proteins, post-translational 
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modification enzymes and histone chaperones (10, 11). The 

latter, are often found interacting with the nucleosomes during 

key cellular processes (12) and the  loss of their chaperone 

function can result in DNA damage, genomic instability, cell 

cycle arrest, or cell death (13-16).  

 

Secondly, nucleosome composition can be altered by 

substituting canonical histones for histone variants that are 

specific to the nucleosome structure required for a particular 

cellular process (17-21). Finally, a wide range of combinatorial 

post-translational modifications (PTMs) can be added/removed 

by enzymatic ‘writers’ of core histones (and variants), linker 

histones and other non-histone chromatin proteins. These PTMs 

include the chemical modification of amino acid residues by 

phosphorylation, methylation, acetylation, ubiquitination, 

SUMOylation, ADP-ribosylation, biotinylation, citrullination, 

proline isomerization and O-GlcNAcylation. These combinatorial 

chemical modifications can be read by enzymatic ‘readers’ and 

can produce direct/indirect alterations in local chromatin 

structure. Thus, chromatin is an intricate complex of histones, 
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RNA and other chromatin-bound proteins built upon a DNA 

template in eukaryotes that can be extensively chemically 

modified and serve as a dynamic signaling platform regulating 

gene function. The basic structure of this platform is facilitated 

by histone chaperones that ensure incorrect, non-specific 

interactions of histones with other charged species in the cell 

does not take place. Due to the highly basic nature of histones, 

they can form energetically favorable, stable intermediates with 

these other charged species resulting in associations that are 

difficult or impossible to disassemble. Histone chaperones 

interacting with other cofactors such as ATP-dependent 

chromatin remodelers can help in dynamic equilibria of 

chromatin assembly and disassembly can help prevent these 

undesirable interactions. 

 

To further underscore the importance of histone chaperones in 

the rapid restructuring of nucleosomes, one has to consider that 

this assembly/disassembly activity has to be accomplished 

accurately and in a timely fashion in the context of intricate 

nucleosome structures. These structures are highly stable 
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complexes composed of over 120 direct protein-DNA 

interactions and several hundred water- and ion-mediated 

interactions (4, 22). Additionally, it should be noted that 

chromatin structure varies across the genome depending upon 

numerous factors such as whether a gene is being actively 

transcribed or repressed, whether the region of chromatin is 

within an exon, intron or another element (i.e. promoter region 

for a gene) and nucleosomal organization for that particular 

region (i.e. what is the composition of histone variants or post-

translational modifications of histones present in each 

nucleosome core particle). The location on the chromosome is 

also important, as chromatin near/on the centromere or telomere 

of a chromosome is substantially different from that on other 

regions of the chromosome. Structural differences are even 

observed across different cell types, as the composition of 

chromatin from germ cells differs significantly from that of 

somatic, transformed and embryonic stem cells. The diversity of 

histones themselves also further complicate the process as 

some histones have a several variants that differ significantly 

between species, i.e. H2A.1, H2A.2, etc.; H2A.X, H2A.Z variants, 
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macroH2A, H2A-Bbd. These different variants can all be found in 

the same cell and have different functional implications 

depending upon the cell cycle and their location within or 

between genes. 

1.3 Histones 
 

Histones are the main structural proteins associated with DNA 

in the nucleus of all eukaryotes with the exception of 

dinoflagellates (23) and in they are present in the Euryarchaeota 

phylum of Archaea (24). There are five major families of 

histones; the core histones families of H2A, H2B, H3 and H4; 

and the linker histone H1/H5 family. The four canonical core 

histone families are amongst the most highly conserved 

proteins in eukaryotes. They are similar in structure, each 

possessing the ‘histone fold’ globular structure composed of a 

‘helix-turn-helix-turn-helix’ motif that that is amenable to 

dimerization. This highly conserved histone fold is flanked by a 

highly charged and unstructured histone ‘tail’ domains. The N-

terminal histone tail is generally the longer of the two tail 

domains and it extends out from the nucleosome structure into 
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the environment where it either participates in intra- or 

internucleosomal interactions acts as a substrate for a wide 

range of histone modifying enzymes. The C-terminal tails are 

generally shorter in length and vary considerably in length 

between different core histone families. The amino acid 

sequence of these histone tails are not as evolutionarily 

conserved and are therefore they are more divergent with 

respect amino acid sequence divergent than the histone fold 

and they form the primary platform upon which the histones are 

post-translationally modified. 

 

In proliferating cells, the synthesis of core histones is tightly 

regulated and couple to DNA synthesis during the S phase 

through by cyclin/cdk2 activity (25). Histone synthesis and DNA 

synthesis are mutually dependent on one another during the S 

phase and this contributes to the rapid and orderly assembly of 

new replicated DNA in chromatin in a replication-dependent 

manner (25). Outside the S phase, there are several histone 

variants that are generally constitutively synthesized at low 

levels throughout the entire cell cycle and during periods of 
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quiescence and differentiation. These replication-independent histone 

variants result in distinct nucleosomal architecture and a critical for the 

regulation of many cellular processes.  

 

Linker histones differ considerably from core histones in their 

structure. H1/H5s have a long, unstructured and highly basic C-

terminal tail domain enriched with lysines, serines and prolines 

and a short, unstructured N-terminal domain that flanks a central 

globular, winged-helix DNA-binding motif. The winged-helix 

DNA-binding motif is a common motif present in DNA-binding 

proteins that provides a cluster of basic residues on one surface 

on the protein that interacts with the negatively charged surface 

of DNA. However, the winged-helix motif of H1 possesses a 

second cluster of positively charged residues on the other side 

of the protein (26). This enables the linker histone to bind to the 

nucleosomal DNA and a portion of linker DNA as it enters and 

exits the nucleosome at the dyad axis (26). Thus H1 has a major 

impact on the conformation of linker DNA and chromatin 

compaction (27). Cellular processes that require accessibility to 

nucleosomes are dependent upon higher order chromatin 
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structure. By increasing or decreasing the compaction of 

chromatin, linker histones modulate the access of regulatory 

proteins have to their nucleosomal substrates (28, 29) and thus 

have a direct effect on gene regulation.  

  

The histone H1/H5 family is the most divergent family of 

histones. While absent in many ‘lower’ eukaryotes (i.e. yeast), in 

higher eukaryotes such as mammals, there can be as many as a 

dozen different H1 subtypes found within the same organism 

and several subtypes within the same cell. Another member of 

this linker histone family is histone H5 that is homologous to 

histone H1 and it is the principal linker histone variant in mature 

chicken erythrocytes, the predominant source of chromatin for 

in vitro studies. Many of the H1 subtypes can be found in 

different of coinciding cell types and developmental stages in 

the same organism and knockdown experiments have 

demonstrated several H1 subtypes can substitute for other 

subtypes without affecting cell viability. The reason for 

numerous subtypes is not known but there is evolutionary 

conservation of particular H1 subtypes throughout eukaryotes 
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and their considerable differences in amino acid sequence 

would indicate that they are not functionally equivalent. 

1.4 Histone Chaperones 
 

In somatic cells, extensive networks of histone chaperones 

work synergistically to deposit core and linker histones onto 

DNA, which results in the formation of nucleosomes and higher-

order chromatin structures; or to disassemble nucleosomes into 

its histone subcomponents to store them for later use; or to 

shuttle them to protein degradation machinery (30-38). Thus far, 

research on histone chaperones has primarily focused on the 

characterization of processes involved in the addition of core 

histones during nucleosome formation in somatic cells, while 

less is known about the chaperones involved in the addition of 

linker histones to nucleosomes in somatic cells and in 

chromatin remodeling processes that take place following egg 

fertilization. In the eggs of vertebrate organisms, the chaperone 

responsible for the storage of H3-H4 and possibly H1 is NASP 

(SHNi-TPR family) and for H2A-H2B is nucleoplasmin (NPM 

family). Our studies have focused on these particular groups of 

histone chaperones, with particular emphasis on Xenopus laevis 
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and Homo sapiens NPM2 and on sNASP, the somatic isoform of 

Homo sapiens NASP. 

 

Before newly synthesized histones can be incorporated into chromatin, they must first be 

produced in the cytoplasm and protected from protein degradation and non-specific 

interactions. In addition, appropriate histone levels must be strictly regulated on a 

translational and post-translational level to prevent genomic instability or abnormal 

chromatin structures (39). The highly positive nature of histones can result in free histones 

binding non-specifically to DNA, RNA and negatively charged proteins if they are present 

in excess and has the potential to cause cellular cytotoxicity due to genome instability, DNA 

damage, aberrant protein-protein interactions, delays in cell cycle progression, cell 

senescence or cell death (13-16). In order to prevent these aberrant associations, histone 

chaperones bind to histones as they are produced, abrogating any undesirable interactions 

and poising them for transfer to other chaperones in a DNA Replication-Dependent (RD) or 

DNA Replication-Independent (RI) pathways as required (1, 30, 40-42). A great deal 

remains to be determined about the processes involved after the synthesis of histones, their 

transport into the nucleus and their subsequent association with the chaperones that 

directly interact with Chromatin Assembly Factor 1 (CAF-1) complex (RD pathway) and 

Histone cell cycle Regulation defective homolog A (HIRA) complex and DAXX/DEK 

complexes (RI pathways). Much of what is known about the steps involving H3-H4 

incorporation into the nucleosome has served as a model for how histone chaperone 

networks work (30-35, 43) ( 

Figure 1 and Figure 2). Focus has been primarily on the events 

that follow the binding of H3.1-H4 or H3.3-H4 to Anti-Silencing 

Function protein 1 (ASF1) (43, 44).  

 

The proteins and mechanism involved in the formation of H2A-

H2B dimers and H3-H4 dimers after histone synthesis is 
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currently not known. What is known is that shortly after their 

formation, H2A-H2B dimers and H3-H4 dimers are bound to NPM 

and NASP, respectively. The pathways involved in deposition of 

H2A-H2B dimers (and their variants) on tetramers and DNA are 

still being elucidated, it is known that several different histone 

chaperones are involved in their deposition; including members 

of the NPM family, NAP-1 and FACT. While pathways involved in 

the H3-H4 dimer deposition onto DNA are better understood they 

to require further elucidation. At some point, lysine 4 and 12 of 

H4 (H4K4 and H4K12, respectively) are acetylated by a histone 

acetyltransferase complex, HAT1-RbAP48 in the cytoplasm (45). 

This acetylated H3-H4 dimer is then handed off by some form of 

an uncharacterized NASP-RbAP48-ASF1 chaperone complex, to 

ASF1 by itself. ASF1 controls the replication fork advancement 

and interacts with old histones evicted from nucleosomes and 

newly synthesized histones that are in transit on their way to be 

incorporated into newly formed nucleosomes (46). While still 

bound to ASF1, this acetylated H3-H4 dimer is further acetylated 

on lysine 56 of H3 (H3K56) by the histone acetyltransferase, 

Rtt109 (47). H3.1-H4 dimers that are acetylated at H3K56 are 
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shown to preferentially bind to the CAF-1 complex (48). ASF1 

transfers replication-dependent H3.1-H4 dimers to the CAF-1 

complex, which participates in the assembly of nucleosomes by 

incorporating H3.1-H4 tetramers onto DNA in a process that is 

coupled to DNA synthesis to form a tetrasome (43, 44, 46).  

 

ASF1 also participates in the assembly of nucleosomes in a 

replication-independent manner by the handing off of 

replication-independent variant H3.3-H4 dimers to the HIRA 

complex or the newly characterized DAXX and DEK complexes 

(30) that are incorporated onto to DNA to form a tetrasome. 

Subsequently, two H2A-H2B dimers are either directly or 

indirectly incorporated onto opposing faces of the H3-H4 

tetramer by Facilitates Chromatin Transcription (FACT) (49-51) 

and Nucleosome Assembly Protein 1 (NAP1) (52) to form a 

single nucleosome (mononucleosome). 

 

While the steps following ASF1, NAP1 and to some extent 

FACT’s role in nucleosome assembly have been the primary 

focus of research, it has come to light that the NPM and NASP 
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family of chaperones play important roles in the proceeding 

steps leading from histone synthesis and storage, to the 

formation of nucleosomes. This includes the possibility that 

under the right cellular context or cell types, the NPM and NASP 

family of chaperones can substitute for the aforementioned 

chaperones and directly or indirectly assemble or disassemble 

nucleosomes not only in vitro (53-55) but also in vivo. 

 

1.4.2. ASF1 
 

Anti-silencing function protein 1 (ASF1) is a histone H3-H4 

chaperone present in all eukaryotes that is important in 

nucleosome assembly, DNA damage response and 

transcriptional silencing. This chaperone facilitates H3-H4 

deposition and exchange through nucleosome 

assembly/disassembly in both replication-dependent and 

replication-independent chromatin assembly pathways (Figure 

2). Present in two isoforms ASF1A and ASF1B, it is an important 

member of the histone chaperone network as 

knockdown/deletion experiments result in slowed DNA 
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replication and cell growth, silencing defects and sensitivity to 

DNA-damaging agents (56-59). ASF1 consists of a highly 

variable C-terminal tail and a highly conserved N-terminal 

domain that consists of immunoglobulin-like beta sandwich fold 

topped by three helical linkers (60, 61). ASF1 binds to a H3-H4 

dimer through an interaction of the immunoglobulin-like beta 

sandwich domain and the C-terminal helix of H3, an interaction 

that sterically blocks the H3/H3 interface in the nucleosomal 

four-helix bundle preventing the formation of H3-H4 dimers (62, 

63). It also interacts with C-terminus of H4 and it’s β-structure in 

a region that H4 interacts with H2A in the formation of the 

hexasome and nucleosome (64, 65). ASF1 functions 

synergistically to assemble nucleosomes in a RD manner by 

interacting with the p60 subunit of CAF-1 to transfer the H3.1-H4 

dimer to the CAF-1 complex (57, 66). ASF1 also interacts with 

the HIRA complex assemble nucleosomes in a RI manner by 

transferring the H3.3-H4 dimer to the HIRA complex (67-70) or 

DAXX/DEK complexes (30). The C-terminus of the p60 subunit of 

CAF-1 (71) and the B-domain of HIRA (72) have been shown to 

interact on the opposite face of the β-sheet sandwich structure 



 

 

18 

of ASF1 than that of the H3-H4 dimers and these sites are 

mutually exclusive, providing a way of regulating RD or RI 

nucleosome assembly.  

1.4.3 CAF-1 

 

Chromatin Assembly Factor 1 (CAF-1) is a heterotrimeric 

histone chaperone complex that binds to histones H3 and H4 

and is composed of p150, p60 and Retinoblastoma-Binding 

Protein p48 (RBBP4 or p48) subunits in Homo sapiens (73, 74). 

CAF-1 mediates chromatin assembly during DNA replication in a 

RD manner, DNA repair and may play a role in heterochromatin 

maintenance in proliferating cells due its interaction with 

Heterochromatin Protein 1 (HP1) and subsequent localization to 

heterochromatin (37, 75). Although there are many histone 

chaperones in eukaryotes, the principal histone deposition 

factor in replicating cells is CAF-1 (76). CAF-1 completes the first 

step of the nucleosome assembly process, adding newly 

synthesized histones H3.1 and H4 to a replicating DNA strand in 

the form of two separate H3.1-H4 dimers or H3.1-H4 tetramer to 

form a nucleosome precursor, the tetrasome; two H2A-H2B 
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dimers are then added to opposite faces of this tetrasome 

subsequent to DNA replication to complete the nucleosome (73, 

77) (Figure 2). The p60 and RBBP4 subunits consist of several 

WD40 repeats responsible for this interaction with H3.1-H4. 

However, the most characterized subunit of CAF-1 is the p150 

subunit that contains the motifs that mediate interactions with 

numerous proteins involved in DNA replication. The C-terminal 

region of p150 is responsible for CAF-1 complex formation and 

interacts with p60 (78). The N-terminal domain of p150 interacts 

with the Proliferating Cell Nuclear Antigen (PCNA), a 

homotrimeric DNA polymerase clamp (Figure 2). PCNA is 

involved in the control eukaryotic DNA replication by increasing 

the DNA polymerase's progression during elongation of the 

leading DNA strand. In H. sapiens, this interaction between the 

DNA replication fork and CAF-1 is mediated by PCNA and is 

dependent upon the phosphorylation of p150 by the replicative 

kinase Cdc7-Dbf4, possibly ensuring a tight coordination 

between histone deposition and continuing DNA replication (79). 

The interaction between ASF1 and CAF-1 is directly mediated by 

the WD40 domain and Bromodomain-like motif (B-domain) 
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present on the p60 subunit (66, 80, 81). Loss of CAF-1 function 

leads to defects in DNA replication fork progression, higher 

order chromatin structure, activation of the intra-S phase 

checkpoint, and global defects in chromatin structure (82, 83). 

1.4.4 HIRA 
 

Histone Regulation (HIR) proteins are highly conserved 

eukaryotic histone chaperones that cooperate with ASF1 to 

promote RI assembly. In yeast, the Hir complex contains several 

homologs (84), while in higher eukaryotes there is only one Hir 

homolog, HIRA (85, 86). Hir proteins have been implicated a 

diverse range of functions in the cell from transcriptional 

regulation (84, 86-89), sperm-chromatin decondensation (90, 91), 

cell cycle regulation (92, 93), gene silencing (67, 94-96) and cell 

senescence (97). HIRA coordinates with ASF1 (60, 72, 97) to 

selectively interact with histone H3.3 and to assemble H3.3-H4 

dimers or a H3.3-H4 tetramer onto DNA in a RI manner (43, 90) 

(Figure 2). Structural and functional studies of HIRA and ASF1 

have identified distinct sites of interaction between ASF1 and 

H3.3-H4 dimers (61, 63, 64, 98) and between HIRA and ASF1 (60, 
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97). This suggests the ASF1 and HIRA may simultaneously 

associate with histone H3.3 to coordinate RI nucleosome 

assembly in vivo (72). HIRA’s structure is composed primarily of 

a Hir1-like N-terminal region with a WD40 domain and a B-

domain (99-101), similar to the WD40 domains and B-domains of 

the p60 subunit of CAF-1 (72, 96) and a Hir2-like C-terminal 

region (100, 101). It is through this B-domain that HIRA forms a 

complex with ASF1 forming as antiparallel β-hairpin that 

interacts with a β-strand of ASF1 (72). 

 

1.4.5 FACT 
 

Facilitates Chromatin Transcription (FACT) is a dimeric protein 

complex composed of a SPT16 subunit and a SSRP1 subunit in 

Homo sapiens (102). These two subunits are conserved 

throughout eukaryotes and are essential for DNA transcription, 

replication and repair (103). FACT regulates eukaryotic RNA 

polymerase II (Pol II) transcription elongation both in vitro and in 

vivo by interacting specifically with histones H2A-H2B to 

regulate nucleosome assembly/disassembly and transcription 
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elongation (104) (Figure 2). The SPT16 subunit is responsible for 

the binding of H2A-H2B dimers and mononucleosomes, while 

the SSRP1 subunit binds H3-H4 tetramers (103). 

1.4.6 NAP-1 

 

The Nucleosome Assembly Protein 1 (NAP-1) family of 

histones chaperones found distributed throughout eukaryotes, 

in addition to the several NAP-1-like proteins that can be linked 

to NAP-1 by structural and functional similarities (105-110). NAP-

1 family members have many diverse functions in the cell from 

transcriptional regulation (111, 112), histone variant exchange 

(113-115), nucleosome sliding (113), histone shuttling (116, 117) 

and nucleosome assembly/disassembly (113). In the context of 

chromatin structure, NAP-1 preferentially binds to H2A-H2B 

dimers in vivo (105, 106, 118) where it facilitates H2A-H2B dimer 

deposition and exchange through nucleosome 

assembly/disassembly in both RD and RI chromatin assembly 

pathways (113). NAP-1 family members are highly acidic 

proteins, with ~25 % of its amino acid residues negatively 

charged at physiological pH. These acidic residues are clustered 
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in four regions, two of which are adjacent to highly conserved 

regions of unknown function. NAP-1 consists on a highly 

conserved central domain flanked by variable N- and C-terminal 

regions. The crystal structure of the central domain reveals that 

it has a dome-shaped architecture composed of a long 

dimerization helix and a α-β  domain in each monomer (119). 

This novel structural motif forms an acidic cavity that may form 

the site of interaction between NAP-1 and basic histone tails 

(119). While the central domain is sufficient for histone binding, 

nucleosome assembly and NAP-1 dimerization (119, 120), the 

variable C-terminal region is required for the transient removal 

of H2A-H2B dimers that facilitates histone shuffling (113).  

1.5 SHNi-TPR (N1/N2) family of histone chaperones 
 

  The Sim3-Hif1-NASP interrupted TPR (SHNi-TPR) family of 

proteins are a structurally similar family of histone-binding 

proteins present in all eukaryotes that share several common 

structural elements; several stretches of polyglutamic and/or 

aspartic acid residues, multiple Tetratricopeptide Repeat (TPR) 

or TPR-like structural motifs and highly negatively-charged C-
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terminal domain. TPR motifs are found in a wide range of 

proteins and each one is composed of a degenerate 34 amino 

acid motif forming an antiparallel α-helix (121, 122). TPR motifs 

often act as scaffolds to facilitate protein-protein interactions 

and the assembly of multiprotein complexes (121, 123) and 

therefore these could be possible sites of interaction with 

histones and other binding partners of SHNi-TPR family 

members. Members of this family include Hif1p of 

Saccharomyces cerevisiae, Sim3 of Schizosaccharomyces 

pombe, N1/N2 of X.laevis and NASP of various metazoan 

species. SHNi-TPR proteins are distributed throughout the 

cytoplasm and nucleoplasm where they are found bound to H3 

variants and H1 subtypes (1, 41, 43, 54, 55, 124-130). 

1.5.1 N1/N2 of Xenopus laevis 
 

Initially described in amphibian oocytes as two highly acidic 

proteins, that could not be differentiated by hybridization 

experiments and that bound to histones H3 and H4 in the 

absence of DNA but did not bind H3 and H4 in the presence of 

DNA (129-133), N1/N2 provided a novel mechanism of storage 
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for these histones that had previously not been described (130, 

131, 134-136). Along with NPM2, it was believed to be one of the 

most abundant proteins in amphibian eggs and to function as a 

H3 and H4 storage protein while NPM2 was a H2A and H2B 

storage protein (1, 41).  

1.5.2 NASP 
 

First characterized in rabbit testes as a sperm/testes specific 

protein that was highly autoantigenic, the mammalian NASP was 

found to have a high degree of sequence similarity to a NASP 

homolog in X. laevis, N1/N2 (137, 138), and it is present in most 

vertebrates as a somatic and a testes-specific isoform (Figure 3 

and Figure 4, respectively). NASP is widely distributed 

throughout eukaryotes in a wide range of tissue types, with 

multiple isoforms present in the same species as supported by 

biochemical and phylogenetic analysis (54, 139). Like several 

other histone chaperones, NASP has a myriad of other functions 

in eukaryotes that are either directly or indirectly related to it’s 

chaperone activity and essential, including: DNA replication (15, 

124, 125, 140-146), cell proliferation (144, 147), normal cell cycle 
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progression (15, 124, 125, 140-147), blastocyst development (15, 

124, 125, 140-146), cellular growth (144, 147), histone storage (1, 

30, 40-42), histone transport (54, 55, 127, 128, 140), stem cell 

proliferation (148, 149), neural stem cell differentiation (150) and 

the pluripotency of human embryonic stem cells (hESCs) (149, 

151, 152) (Figure 5).  

 

In mammals, there is commonly two predominant isoforms, 

one significant smaller (Figure 3) than the other (Figure 4), the 

result of alternative splicing of the coding region of the gene. 

The human NASP is a 35.33 kb gene comprising 15 exons 

(Figure 6A) that is alternatively spliced and predicted to have at 

least 26 splice variants with 20 of those variants potentially 

encoding proteins (153), although only two of those variants 

have been characterized in in vivo and in vitro studies, thus far. 

The two predominant human mRNA transcripts differ in their 5’-

untranslated regions (154) and their alternative splicing results 

in two deletions in the coding region of NASP yielding two 

isoforms, a testes-specific NASP (tNASP) and somatic NASP 

(sNASP) (147) (Figure 6B). These two NASP isoforms, sNASP 
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and tNASP, possess histone H3-H4 chaperone activity (30, 40, 

55, 127) and have demonstrated histone H1 chaperone activity 

(54, 127, 143) establishing them as crucial players in the first or 

final stages of the assembly of chromatin after DNA replication 

(155). Expression of sNASP mRNA is regulated during the cell 

cycle and it parallels the histone mRNA expression (138, 147), as 

cell cycle progression is delayed when sNASP is overexpressed 

(125) and delayed along with DNA replication when sNASP 

protein levels are reduced (144).  

1.5.2.1 Remodeling of paternal chromatin after fertilization 
 

In contrast to NPM2, which stores H2A-H2B, NASP stores a 

soluble; non-chromatin bound pool of H3-H4 in X. laevis eggs. 

While NASP also serves as a storage for H3-H4 in somatic cells 

(approximately 1% of the total H3-H4 in the cell)(40), in the 

oocytes of some species this amount can increase up to 100% 

larger than that of chromatin-bound H3-H4 (41, 156, 157).  

 

NASP has been shown to be essential for early mouse 

embryonic development (40) and its expression levels have been 

determined to be elevated in embryonic stem cells (ESCs) and 
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decreased upon cell differentiation (69, 70). This is related to its 

role in H3-H4 storage and is responsible for maintaining a 

soluble H3-H4 pool to assist in the rapid chromatin remodeling 

that occurs after fertilization (1, 40, 41), such as the remodeling 

seen in female development in Caenorhabditis elegans (64).  

 

In addition to its presence in the egg, NASP has also been 

intriguingly found in sperm (15, 143). The occurrence of NASP in 

sperm and its potential involvement in fertilization deserves 

more extensive characterization. In male germ cells, tNASP is 

localized in the same regions as tightly packed chromatin, 

histones and protamines; adjacent to the Golgi apparatus and 

nucleus of primary spermatocytes, in the nucleus acrosome and 

subacrosomal regions of rounds spermatids, and in the 

periacrosomal region of mature spermatozoa (139). In later 

stages of spermatogenesis it is found primarily in the nucleus of 

later spermatids, testicular spermatozoa, and ejaculated 

spermatozoa with traces remaining in the acrosome (139). While 

the full extent of NASP’s role in sperm remains to be elucidated 

and the function associated with sNASP in spermatogenic cells 
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(147) has yet to be defined, it is known that tNASP is responsible 

for the exchange of the mammalian testes-specific H1t in 

spermatogenic cells (140). Hsp90 and tNASP form stable 

complexes in the cytoplasm, whereupon binding of H1t, the 

Hsp90 ATPase activity is stimulated (143). Through a yet to be 

determined mechanism, this ATPase activity induces the release 

of tNASP-H1t from Hsp90 and the tNASP-H1t complex is 

subsequently translocated to the nucleus where the histone is 

released for binding to chromatin (143). 

1.5.2.2 Structural and conformational features 

 

In H. sapiens, the two main NASP isoforms differ considerably 

in size; tNASP is a protein of 788 amino acids compared to 

sNASP, a protein of 449 amino acids. There is a 339 amino acid 

long region present in tNASP that missing in sNASP due to 

alternative splicing of the mRNA transcript. Both isoforms are 

highly acidic with a 24-25% glutamic or aspartic acid content 

concentrated in an acidic stretch in the N-terminal region (Figure 

3A and Figure 4A). Secondary structure analysis of NASP and its 

homologs computationally predicts structures with 
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approximately 50-65% α-helical content and 35-50% intrinsically 

disordered regions (54, 158). NASP and its homologs possess 

several common features including multiple TPR motifs, a 

region of Coiled-Coil Domains (CCD) and a Nuclear Localization 

Signal (NLS) (159). At least 3 TPR motifs are present in human 

tNASP (residues 43-76, 542-575, 584-617) (Figure 4 and Figure 

6B) and sNASP (residues 43-76, 203-236, 245-278) (Figure 3 and 

Figure 6B) and these could be possible sites of interaction sites 

for NASP with core histones, linker histones and other NASP 

binding partners. CCDs are regions of α-helical structure that 

have been implicated in overall tertiary structural stability and as 

regions of protein-protein interactions (160), as characterized by 

the interaction of intermediate filaments and nuclear lamins with 

other molecules (159). Although there is some variation based 

on the sequence prediction algorithm used with regards to the 

exact residues composing the CCD of human sNASP, the 

consensus indicates at least one likely CCD at approximately 

residues 261-315 of sNASP with a 99% probability according to 

MARFOIL 1.0 (161) and Phyre 2 Protein Fold Recognition Server 

(158). Interestingly, Park and Luger have previously shown that 
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the CCD region of NAP-1 was responsible for its dimerization 

(119) and Wang and colleagues have postulated that the CCD 

region of sNASP could also be the region responsible for its 

dimerization (127). Additionally, there is also leucine zipper-like 

domain just to the N-terminal of this region (residues 233-254) 

that could also be a region responsible for the dimerization of 

sNASP (162). Sedimentation velocity and equilibrium 

experiments by analytical ultracentrifugation and size exclusion 

chromatography indicate that sNASP exists as a dimer in 

solution (30, 54) under physiological conditions, supporting the 

possibility that sNASP may form a dimer through one of these 

domains. Putative histone-binding motifs have been 

characterized in previous studies of tNASP (residues 116-127, 

211-244, 469-512) (163) and sNASP (residues 116-127, 138-172, 

280-300) using truncated constructs and immunoblot detection 

(54).  

 

There are numerous experimentally determined and 

computationally predicted sites of phosphorylation on tNASP 

and SNASP (164) (Figure 6B), and while their exact function is 
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not known, experimental high-throughput proteomic evidence 

suggests that at least 35% of these phosphorylation sites are 

phosphorylated during DNA damage by ATM/ATR, DNA-PK and 

other potential kinases (165, 166). Several of these 

phosphorylation sites are predicted to lay within the TPR motifs, 

the putative histone-binding domains and two of the CCD 

domains, shared by the s- and tNASP isoforms (164). 

Phosphorylation of these residues could directly affect 

s/tNASP’s ability to bind histones and other binding partners, 

thereby altering s/tNASP’s chaperone activity. Additionally, 

proteomic identification of sNASP binding partners in HeLa cells 

and yeast (125) include the Ku70/Ku80 protein subunits (XRCC6 

and XRCC5 in Figure 3) involved in the NHEJ-DNA repair (125), 

the presence of the NASP homolog, Hif1p, at yeast DSBs (132, 

167) and NASP’s hyperphosphorylation during DNA damage, 

suggest that sNASP may play a vital role in DNA repair. 

 

1.5.2.3 Histone storage and chaperone activity 
 

Histone production is tightly controlled by the regulation of 

mRNA processing, gene transcription and protein degradation 
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pathways. It was believed that histones were synthesized at 

levels to cover what was required during specific cells stages 

for chromatin assembly (168, 169). However, situations exist 

where histones are rapidly required due to unforeseen events 

and recent evidence suggests that in somatic cells a 

contingency cytoplasmic and nuclear reservoir of soluble H3-H4 

comprising approximately 1% of the total H3-H4 content is 

maintained and that this pool of H3-H4 is dependent upon 

sNASP(40). These H3-H4 levels can be adjusted by altering the 

levels of sNASP produced in the cell (40). Additionally, it has 

been demonstrated that sNASP is capable of compensating for 

altered levels ASF1 and could even compensate for H3-H4 

overproduction by marking excess H3-H4 for protein 

degradation through Chaperone-Mediated Autophagy (CMA) 

through the chaperone’s capacity to control the activity of its co-

chaperone’s Hsp90 and Hsc70 (40). Having precise control of 

H3-H4 levels allows sNASP to compensate for immediate 

deficiencies in H3-H4 and provide stability to the genome under 

conditions of stress that could result in further cell cycle arrest 

or damage (40) and by increasing the reservoir of H3-H4 to allow 
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for continued cell growth (40). It has been shown by Cook and 

colleagues, that by varying the levels of sNASP, somatic cells 

are able to alter the levels of H3-H4 available. The level of the 

sNASP- H3-H4 reservoir can be reduced by as little as 10% of the 

normal levels present or doubled (40). However, the extent to 

which somatic cells are able to modify levels of sNASP on their 

own to compensate for these H3-H4 production alterations is not 

yet known. 

 

Both tNASP and sNASP are present in chromatin remodeling 

complexes associated with the deposition of H3-H4 and their 

ability to bind H3-H4 in vivo has been well documented (30, 40, 

43). While tNASP had initially been described as a linker histone 

chaperone in vivo (15, 132, 143, 144), recent evidence suggests 

it also has a chaperone role for newly synthesized H3-H4 (30). 

Somatic NASP’s role as a linker histone chaperone has been 

demonstrated in vivo and in vitro (30, 40, 54, 55, 124, 127, 128, 

140, 147). In vitro, sNASP binds to linker histones with high 

affinity (127, 128) and in chromatin assembly assays, we have 

demonstrated its ability to deposit linker histones onto 
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chromatin fractions depleted of H1 and to restore the histone 

H1-dependent folding which is characteristic of native chromatin 

(54).  

 

Somatic NASP was first described as a member of certain 

histone chaperone-containing complexes encompassing ASF1, 

CAF-1, HIRA and histone H3-H4 in somatic cells (30, 40, 43, 125, 

170). It was later revealed to have H3-H4 chaperone activity in 

vitro (55, 127, 128) and in vivo (55, 127) by assisting in the 

assembly of tetrasomes and nucleosomes, a H3-H4 chaperone 

activity also shared by its yeast homologs Sim3 (126) and Hif1p 

(127, 128, 132). Human sNASP has been found to effectively 

promote the assembly of H3-H4 tetrasomes (55) and 

nucleosomes consisting of different H3 variants, including H3.1, 

H3.2, H3.3 and the centromere-specific H3 variant, CENP-A, with 

the exception of testes-specific H3 variant, H3T (55). Mutational 

analyses have shown that the Met-71 residue of H3T is 

responsible for this inefficient assembly of nucleosomes (55). 

The N-terminal region to central region of sNASP (residues 26-

325) has been shown to be essential for sNASP’s interaction 
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with linker and core histones and its function in nucleosome 

assembly (55, 127).  

 

Surface plasmon resonance (SPR) biosensor analysis used to 

measure the binding kinetics and affinities of histones with 

NASP determined the dissociation constant, Kd, of full-length 

sNASP interacting with H1 and with H3-H4 to be 237 nM and 13.8 

nM, respectively (128). These obtained values are within the 

range of Kd values of many histone chaperone-histone 

interactions, contrasting that of NPM2, binding to linker histones 

more tightly than to H2A-H2B (see NPM2 section below). To 

further elucidate the specificity of sNASP’s binding affinity for 

H3, H4 and H1, SPR analysis was conducted on a series of 

deletion constructs. Based on these results, it appears that 

distinct and separate sNASP domains interact with linker 

histones and core histones. In particular, the N-terminal region 

to central region of the protein (residues 26-325) is essential for 

sNASP’s interaction with both linker and core histones and its 

function as a nucleosome assembly factor (55, 127). The acidic 

polyglutamic region in the N-terminus (116-172) of sNASP is 
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required for H1 interaction but not for core histone interaction 

(127). It appears that in this case, the electrostatic interaction 

between the acidic region in the N-terminal portion of sNASP 

and the basic, lysine- and arginine-rich, unstructured N-terminal 

and C-terminal tails of H1 are essential for the interaction of H1 

with sNASP (54) whereas the region around the C-terminal TPR 

motifs (residues 196-281) is essential for H3-H4 interaction (127). 

In situ experiments with size exclusion chromatography and 

immunoblot detection indicate that sNASP forms complexes 

with either H3-H4 or H1 but not with both at the same time (127).  

 

While the sedimentation velocity and equilibrium experiments 

by analytical ultracentrifugation indicate that sNASP exists as a 

dimer in solution (54), the binding stoichiometry of sNASP with 

H3-H4 and histone H1 are more complicated and difficult to 

elucidate. Although there is association between sNASP and H3-

H4, it could not be determined whether sNASP was associating 

with H3-H4 dimers or H3-H4 tetramers (30).  

1.5.2.4 Relationship to Cancer 
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One of the distinctive features of cancer is genome instability 

caused by DNA replication stress (171). The full extent of 

NASP’s relationship in oncogenesis is only now being 

understood, as significant changes in its expression levels have 

been observed in a variety of cancers (141, 146, 172), including 

prostate (142) and ovarian cancer (173). For example, high-

throughput microarray data suggests that NASP may play a 

significant role in the development and progression of various 

cancer cells, signifying its use as a potential biomarker or 

prognosis tool, e.g., NASP is expressed in highly elevated levels 

in ovarian cancer tissues compared to normal ovarian tissue 

and serous cystadenomas (173). The only other statistically 

significant alteration in expression levels concomitant with 

those of NASP is that of MRE11, another protein critical for DNA 

repair, which was expressed at much lower levels (173). In fact, 

only NASP and MRE11 proved statistically significant in 

predicting the development of cancerous cell growth and 

terminal fate in these types of cancer (173). 
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It is possible that a change in NASP levels and therefore a 

subsequent change in the amount in soluble H3-H4 could result 

in reduced genome integrity, chromatin stability, tumorigenesis 

and replication stress (40). Examples of this have been 

demonstrated in fission yeast, where perturbed core histone 

levels resulted in errors in mitosis (174), DNA replication (175) 

and replication fork stalling (176). 

1.5.3 Hif1p and Sim3 
 

There are two members of the SHNi-TPR superfamily in yeast 

where their H3-H4 chaperone activity has been demonstrated 

both in vivo and in vitro. These NASP homologs include a S. 

pombe chaperone, Sim3, (126) that is essential for the 

deposition of CENP-A at the centromeres and yeast without 

functioning Sim3 have chromosome segregation errors, a role 

further supported by sNASP’s ability to chaperone CENP-A in 

vitro (55). The related S. cerevisiae chaperone, Hif1p, is able to 

bind H3-H4 and facilitate the formation of a nucleosome in vitro 

(127, 128, 132). Hif1p is also essential for H3-specific histone 

acetyltransferase (HAT) activity during DNA repair in S. 
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cerevisiae as a consequence of altering chromatin structure by 

its H3 chaperone activity and allowing HAT-B complex members, 

Hat1p-Hat2p, to access their H3 substrate (177). Its ability to 

alter chromatin also explains deletion of Hif1p only resulting in a 

decrease in H3-specific HAT activity (177) and defects in DNA 

double-stranded breaks (DSB) and telomere silencing (132, 167). 

Both sNASP and Hif1p were able to functionally substitute for 

each other in in vitro nucleosome assembly assays (128) and its 

presence in vertebrate HAT complexes suggests that it may 

assist in HAT activity in higher eukaryotes as well (43). 
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Figure 1. Chromatin assembly and disassembly pathways that are dependent upon histone 

chaperones  

The principal repeating unit of chromatin is the nucleosome, 

comprised of a histone octamer containing an H3-H4 tetramer 

and two H2A-H2B dimers around which 147 base pairs of DNA 

are wrapped in approximately 1.67 left-handed superhelical 

turns (4). Adapted from (178), showing the intermediary histone-

DNA structures that have been experimentally verified. Histone 

H2A is depicted in yellow, H2B in red, H3 in blue, H4 in green, 

H1/H5 in magenta and DNA in grey. 
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Figure 2. Putative model of chromatin assembly and the roles of several histone chaperones 

involved.  

 

This model is derived from experimental evidence in literature 

about the roles of several histone chaperones and it is adapted 

from (178). Question marks indicate implied or probable 

pathways and complexes from the literature. Incomplete model 

of chromatin assembly with histone chaperones discussed in 

Chapter 1. Several histone chaperones, multiprotein complex 

binding partners, histone variants, PTMs and pathways left out 

for clarity purposes. NPM2 and NASP are shown at the top as 
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initial histone storage proteins but the roles they play in the later 

stage of chromatin assembly are left out due to uncertainty or 

for clarity.  
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Figure 3. MAFFT alignment of a selection vertebrate species sNASP amino acid sequences 

and a computational model of Homo sapiens sNASP 

 

A. Conserved residues are white over a black background and 

similar residues are white over a grey background.  Horizontal 

bars over amino acids indicate regions of β-strand structure and 

A 

B C 

Fig. 4. Finn et al. 2012 
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dotted lines over amino acids indicate region of α-helical 

structure. H.s., H. sapiens (NP_689511.2); M.m., M. musculus 

(NP_001074944.1); G.g., G. gallus (CAG30998.1); X.l., X. laevis 

(AAH77440.1); D.r., D. rerio (AAH68344.1) The only NASP 

isoform identified thus far for A. carolinesis was larger than the 

sNASP and therefore incorporated with the alignments for 

tNASP isoforms in Figure 2. Red boxes indicate putative 

histone-binding motifs, tetratricopeptide repeats (TPR) are 

indicated by blue boxes and the putative leucine zipper motif is 

indicated by a black box. B. Predicted structure of H. sapiens 

sNASP determined by Phyre 2 server 

(http://www.sbg.bio.ic.ac.uk/~phyre/) displaying 88% of amino 

acid sequence with 90% confidence. C. Illustration of sNASP 

dimer structure based on predicted structure from (B) and 

involving the putative leucine zipper motifs indicated in black. 
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Figure 4. MAFFT alignment of a selection vertebrate species tNASP amino acid sequences 

and a computational model of Homo sapiens tNASP 

 

A. Conserved residues are white over a black background and 

similar residues are white over a grey background.  Horizontal 

bars over amino acids indicate regions of β-strand structure and 

dotted lines over amino acids indicate region of α-helical 

structure. H.s., H. sapiens (NP_002473.2); M.m., M. musculus 

(NP_058057.3); G.g., G. gallus (XP_001235060.2); A.c., A. 

carolinesis (XP_003220306.1); X.l., X. laevis (AAI70018.1); D.r., D. 

rerio (NP_956076.1). For a detailed description, see legend to 

figure 1.A. B. Predicted structure of H. sapiens sNASP 

determined by Phyre 2 server 

(http://www.sbg.bio.ic.ac.uk/~phyre/) displaying 95% of amino 

acid sequence with 37% confidence. 
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Figure 5. Protein Interactome for Homo sapiens NASP 

 

Node network of predicted associations between proteins 

based upon user-generated input of a protein sequence. 

Generated using STRING 9.0 (http://string-db.org) (179) 

displayed in evidence view with a custom required confidence 

Fig. 6. Finn et al. 2012 
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score of 0.5 and a limitation of 50 interactions. Different line 

colors represent the types of evidence for the association: A red 

line connect proteins which are associated by fusion evidence; a 

green line connect proteins which are associated by 

neighborhood evidence; a blue line connect proteins which are 

associated by co-occurrence evidence; a purple line connect 

proteins which are associated by experimental evidence; a 

yellow line connect proteins which are associated by text mining 

evidence; a light blue line connect proteins which are associated 

by database evidence; a black line connect proteins which are 

associated by co-expression evidence (179). To allow for 

functional associations between groups of proteins to be 

visualized, protein nodes were clustered using k-means 

algorithm (with an input parameter of 10) into different node 

clusters according to their distance matrix values from their 

String 9.0 global scores. In order to provide clarity, proteins may 

be categorized under a particular biological function heading, 

however, they may be involved in several other biological 

processes listed and in other processes not listed in the figure. 
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Figure 6. Exon and intron organization of Homo sapiens s/t-NASP and schematic diagram 

of secondary structural elements, including phosphorylation sites, of Homo sapiens s/t-

NASP 

 

A. Schematic representation of the exon and intron 

organization of the H. sapiens NASP gene (NCBI GeneID: 4678). 

Dark blue shaded boxes represent exons coding for translated 

regions and light blue shaded boxes represent exons coding for 

untranslated regions. Solid black lines indicate introns. Size of 

exon in base pairs is indicated above each exon and below each 

intron. B. Schematic diagram H. sapiens NASP (UniProtKB: 

Fig. 7. Finn et al. 2012 

B 

A 
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P49321) displaying the predicted secondary structure, selection 

of functional motifs and residues, and the sites of 

phosphorylation. Blue boxes represent α-helical structure 

predicted by Phyre 2.0 server (158). Outlined in black boxes; 

tetratricopeptide repeats, motifs implicated in protein-protein 

interactions; nuclear localization signal (NLS) which targets 

NASP for nuclear import. The segment of tNASP that is not 

present in sNASP due to alternatively splicing is bordered within 

the dashed lines. Solid oranges lines indicate the location of 

putative histone-binding motifs (HBM), HBM 3 that is labeled (*) 

to indicate that a portion of this motif is only present in the 

tNASP isoform. Regions labeled with a solid red line are 

predicted coiled-coil domain, involved in protein stability and 

protein-protein interactions. The residues that have been 

experimentally determined to be phosphorylated or the 

predicted to be phosphorylated by the NetPhos 2.0 server (180), 

phosphorylated residues are labeled by residue numbers in red 

for serine, blue for threonine and green for tyrosine. Only those 

residues scoring with a high confidence score on NetPhos 2.0 

(above the threshold value of 0.5), and therefore a likely 
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phosphorylation site, are indicated. The residues that have been 

experimentally determined (181) are indicated by large solid red 

circles for phosphorylated serine residues and large solid blue 

circles for phosphorylated threonine residues. Phosphorylation 

sites present only in tNASP are not numbered for clarity. 
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1.6 Nucleoplasmin/nucleophosmin family of histone chaperones 
 

Nucleoplasmin was the first described member of this family of 

proteins and in addition to being the first characterized 

prototypical molecular chaperone (182). The Nucleoplasmin 

family of histone chaperone proteins can be categorized into 

four main subfamilies: nucleophosmin (NPM1), nucleoplasmin 

(NP, NPM or NPM2) and nucleophosmin/nucleoplasmin 3 (NPM3) 

and nucleoplasmin-like proteins (NPM-like). All four subfamilies 

are abundant in somatic and germinal cells and found 

throughout eukaryotes. Within each subfamily, nucleoplasmins 

share similarities both in amino acid sequence and structure, 

e.g. NPM2 and NPM3 in vertebrates (Figure 7). Nucleoplasmins 

have been shown to play a role in a large variety of cellular 

processes from DNA damage response, cell cycle regulation, 

chromatin structure and fertilization (Figure 8). In the context of 

chromatin structure, this family of chaperones are essential for 

both nucleosome reorganization in germinal and somatic cells 

(183) and alterations in chromatin structure following 

fertilization in vivo (184-186).  
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1.6.2 NPM1 
 

Nucleophosmin (NPM1, nucleolar phosphoprotein B23, nucleolar protein NO38 or 

SUMOlyation (through SENP3 and SENP5). NPM1 participates in diverse range of 

cellular processes from its activity as a histone chaperone (187), is critical for 

maintaining genomic stability by influencing DNA repair and replication (184, 188-190), 

transcriptional regulation thorough its interaction with transcription factors, such as c-

Myc, NF-κB, and FOXM1 (191-195), ribosome biogeneisis and transport (196-198), 

endoribonuclease activity, centrosome duplication during cell cycle (188, 189), RNA 

helix destabilizing activity (199), regulation of ARF-p53 tumor suppressor pathway, 

inhibitor of caspase-activated DNase activity and inhibition of apoptosis (Figure 8A). 

Although, primarily located in the nucleolus, it is found in the cytoplasm after treatment 

with anticancer drugs and during serum starvation. NPM1is the focus of research in 

oncogenesis due to its tumour-supressor functions, and it is frequently a tumour marker 

and a putative proto-oncogene (200). NPM1 is commonly overexpressed, mutated, 

rearranged and deleted in cancer (200) and its chromosomal irregularities feature 

prominently have been associated with leukemia, acute promyelocytic, non-Hodgkin 

lymphoma, myelodysplastic syndrome, and acute myelogenous leukemia. In fact, 

cytoplasmic localization of NPM1 is a hallmark of acute myelogenous leukemia. The 

human NPM1 gene is a 23.8 kb gene comprising 10 exons, when spliced, at least 19 

variants result with 13 of these having the potential to encoding proteins (153).  
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1.6.3 NPM3 

 

The newly discovered member of the nucleoplasmin family, 

NPM3, was recently isolated and characterized in M. musculus 

(201). Similar to NPM1, NPM3 is ubiquitously expressed across 

various tissues (202), and although its exact roles are still being 

understood, NPM3 has been implicated in the regulation of 

NPM1 activity during ribosomal RNA genesis (196). NPM3 is also 

expressed within mammalian oocytes, and research suggests 

that this protein may be critical for proper sperm chromatin 

decondensation (186). A study looking at sperm chromatin 

decondensation in mammals targeted two oocyte proteins: NAP-

1 and NPM3 (203). Here, researchers determined that 

microinjection of NPM3 and NAP-1 antisense oligonucleotides 

together, or NPM3 antisense oligonucleotides alone, in mouse 

oocytes abolished proper histone assembly (detected by 

immunohistone presence) and subsequently hindered the ability 

of paternal chromatin to progress beyond the dispersed state. 

This may suggest that NPM3 is also acting as a key histone 

chaperone protein within the mammalian oocyte and highlights 

the need for future experiments in order to determine the exact 
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role of NPM family members present within the egg of these 

organisms. It was demonstrated that NPM3, the least fully 

characterized member of the NPM family, interacts with NPM1 

and subsequently alters pre-rRNA synthesis and processing 

(204), supporting earlier findings that NPM1 actively participates 

in ribosomal biogenesis (205). Through a diverse range of 

biological functions, the NPM chaperone family possesses a 

critical role in DNA replication, histone storage and histone 

chaperone activity (Figure 8). The human NPM3 gene is a 2.1 kb 

gene comprising 10 exons that is alternatively spliced and 

predicted to have at least 5 splice variants with 3 of these 

variants potentially encoding proteins (153).  

1.6.4 NPM-like 
 

NPM-like proteins are similar in structure and function to X. 

laevis nucleoplasmin. To date, these proteins have primarily 

been characterized in Drosophila melanogaster (dNLPs) where 

they carry out may of the fame functions as other NPMs; 

formation of pentamers and decamers, binding H2A-H2B dimers 
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in vitro and assisting in ATP-facilitated chromatin assembly with 

H2A-H2B in vivo (206, 207). 

 

1.6.5 NPM2 

 

NPM2 is a core histone chaperone involved structural changes 

in chromatin architecture particularly during stages of 

fertilization related to the decondensation chromatin and 

deposition of H2A-H2B and subsequent early embryonic 

development. NPM2 (NP or NPM) was initially isolated and found 

to be the most abundant protein in the egg and oocyte of X. 

laevis, where it binds Sperm Nuclear Basic Proteins (SNBPs) to 

facilitates the decondensation and remodeling of chromatin after 

fertilization (208). It also functions as a storage protein for H2A-

H2B (1, 41, 42, 129, 131, 133) that will be deposited onto sperm 

chromatin following fertilization (1, 41, 42, 129, 131, 133). NPM2 

alters the condensation state of chromatin by removing sperm-

specific basic proteins, such as protamines from DNA (209) in 

X.laevis and it has been found to interact with and displace 

chromatin-bound linker histones H1, H5 (erythrocytes specific 
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linker histones), and B4 (X.laevis embryonic linker histones; 

H1oo in H. sapiens) (210, 211). This interaction is similar to other 

histone chaperones belonging to different protein families (NAP-

1 and TAF-I) (37, 212-214) although the detailed molecular 

mechanism of these interactions and what functional roles they 

have, has yet to be determined. 

 

Subsequently to removing linker histones and non-histone 

proteins from DNA, NPM2 deposits H2A-H2B dimers onto the 

DNA, highlighting its important role in chromatin 

decondensation, chromatin assembly through proper 

nucleosome formation (215-217). In addition to histone 

chaperoning and chromatin remodeling, NPM2, like other 

members of the nucleoplasmin family it is involved in numerous 

other cellular processes: oocyte differentiation (185), embryo 

development (185), cell differentiation (185), and the regulation 

of meiosis, DNA replication, transcription, and exit from mitosis 

(Figure 8B). Furthermore, NPM2 displays an ability to 

decondense chromatin of introduced somatic cell nuclei (218, 

219), but is only expressed in mature oocytes and eggs (220), 
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unlike to other nucleoplasmin family members. Acting as a 

reservoir for H2A-H2B dimers within oocytes, NPM2 binds to five 

H2A-H2B dimers in its oligomer form (221, 222). However, the 

exact binding sites of protamines and histones with NPM2 is still 

controversial, as they have been suggested to bind to both the 

distal (221) and lateral (222-224) face of the pentameric protein 

(See Chapter 4 and 5). But a accumulation of data suggest a 

consensus model whereby H2A-H2B binds to the distal surface 

through electrostatic interactions (see Chapter 5). When the 

NPM2 pentamer is bound to H2A-H2B and Hyperphosphorylated 

and comes into contact with condensed sperm chromatin, 

sperm-specific proteins such as protamines and SNBPs 

dissociate from the chromatin and bind to the distal face of the 

NPM2 pentamer through electrostatic interactions (see Chapter 

4). This association is believed to result in a conformational 

change in the structure of the NPM2 pentamer and this results in 

dissociations of H2A-H2B dimers in proximity to the 

decondensed chromatin and H3-H4 tetramers (225). The human 

NPM2 gene is a 1.1 kb gene comprising 10 exons (Figure 9A) 

that is alternatively spliced and predicted to have at least 11 
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splice variants; 9 of these variants potentially encoding proteins 

(153) with the predominant transcript producing a 214 amino 

acid protein (Figure 9B).  

 

1.6.5.1 Remodeling of paternal chromatin after fertilization 
 

During spermiogenesis, paternal chromatin undergoes 

extensive remodeling and condensation resulting in a highly 

compact and transcriptionally silent conformation (203, 226, 

227). As sperm head size affects both sperm motility and 

function (228, 229), proper genome compaction within the sperm 

head is essential for fertilization (230). In some organisms, a key 

component in this process includes the replacement of histones 

by highly specialized SNBPs, a group consisting of protamines 

(231), protamine-like proteins (231) and sperm-specific histone 

variants (232, 233). Replacement of histones by SNBPs is 

thought to occur during final post-meiotic phases of 

spermatogenesis and results in a ten-fold compaction of 

paternal chromatin (234). Shortly following fertilization, sperm 

chromatin must be decondensed and re-organized by proteins 

already present in the egg. This remodeling of paternal 
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chromatin allows for the formation of the male 

pronucleus within the egg and subsequently allows for 

proper zygote fusion and development. Members of the NPM 

and NASP families of chaperone proteins are known to play a 

key role during paternal chromatin remodeling, NPM2 forming a 

complex with H2A-H2B and N1/N2 forming a complex with H3-H4 

(129, 130, 145, 208). While both NPM and NASP family members 

are able to assemble nucleosomes in , this nucleosome 

assembly has been demonstrated to be more efficient both 

chaperones are used together (235).  

 

1.6.5.2 Structural and conformational features 

 

Crystallographic structures of the N-terminal domains have 

been determined for NPM1 in X. laevis (236) and H. sapiens 

(237),  NPM2 in X. laevis (223) and H. sapiens (238) and NLPs in 

D. melanogaster (224). Each of these proteins is comprised of a 

protease resistant N-terminal core and a highly disordered C-

terminal tail (Figure 7). In all instances, the N-terminal core has 

an eight-stranded, beta barrel topology that is believed to be 

vitro 
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responsible for pentamer oligomerization of its monomer 

subunits (223), (224) (Figure 7C and Figure 7D). Interestingly, 

and despite the predicted structural tertiary structure similarity 

of the N-terminal region of all the NPM members [(208) and 

Figure 7C and Figure 7D], mammalian NPM3 appears to lack the 

ability to form homo-pentameric structures of its own and can 

only form heterologous oligomeric structures with NPM1 (183). 

The highly disordered C-terminal tail of NPM family members 

has been suggested to play a key role in ligand binding (221-223, 

238), and each member contains two to three conserved acidic 

tracts consisting mainly of glutamic acid (Figure 7A and Figure 

7B). A short A1 acid tract present within the N-terminal core is 

thought to be responsible for NPM oligomerization and 

chaperone activity (239, 240), however, this prototypical A1 

acidic tract is not present in mammalian NPM2 where the A1 

loop contains only one acidic residue (Figure 7A and Figure 9A). 

What effect this lack of an A1 acidic tract has on the activity of 

mammalian NPM2 as compared to NPM2 from  vertebrates such 

as X .laevis, remains to be elucidated. A nuclear localization 

signal (NLS) is present within the C-terminal region of all NPMs 
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(216), with NPM1 containing an additional nuclear export signal 

(NES) and a nucleolar localization signal (NLS). 

 

Like NASP (SHNi-TPR family), there are many potential sites of 

post-translational modifications (PTM) within the NPM family of 

chaperones including phosphorylation methylation, 

glycosylation, N-myristoylation, ubiquitination, and acetylation. 

However, the most prominent and functionally significant PTM 

determined to date has been phosphorylation. NPM2 activity is 

strongly correlated with its level of phosphorylation (241). 

During oocyte maturation, X. laevis NPM2 becomes 

hyperphosphorylated until the mid-blastula transition stage 

(242). Mass spectrometry analysis of X. laevis egg NPM2 and 

computational prediction analysis has identified phosphorylated 

residues within the N-terminal core and C-terminal tail (243) 

(Figure 9B). The activation of NPM through 

hyperphosphorylation and its subsequent ability to interact with 

H2A-H2B dimers and sperm chromatin has previously been 

mimicked by substituting phosphorylatable residues with 

aspartic acid (243) 
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1.6.5.3 Histone storage and chaperone activity 

 

In mammals, NPM2 has been proposed to play a role in the 

formation of Nucleolus-like Bodies (NLBs) within the egg, a 

process involving the lysine-rich, C-terminal region of NPM 

(244). Although the exact roles of these NLBs are still not well 

understood, they have recently been shown to be essential for 

early embryonic development (245). Mammalian NPM2 is also 

believed to play a role in early embryogenesis shortly following 

fertilization (246). When NPM2 and NLBs were removed from 

mature oocytes, proper chromatin decondensation was 

significantly hindered (185). Interestingly, the same study found 

that H2A-H2B deposition onto paternal chromatin remained 

unaltered by the NPM2 removal process. This is in contrast with 

X. laevis NPM2 where this protein in itself is critical for histone 

H2A-H2B deposition and chromatin remodeling of the male 

chromatin after fertilization (247). This functional disparity 

between mammalian and X. laevis NPM2 invariably highlights a 

possible difference between NPM2’s role amongst various 

species. Other studies have shown that NPM2 alone in mammals 

does not appear to be sufficient for sperm DNA decondensation 
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after fertilization, and may suggests that other NPM family 

members could be compensating in this group of organisms 

during early zygote development (185, 186). 

 

At the molecular level, information available on the binding of 

histones to nucleoplasmin has been mainly obtained with X. 

laevis NPM2. Despite the acidic nature of this molecule and the 

basic charge of its interacting histone partners, it has been 

shown that hydrophobic interactions play a critical role more so 

than that of the electrostatic component (240, 248). Interestingly, 

functional phosphorylation activation of NPM2 (see Figure 9B) 

enhances the binding affinity for histones. However, such 

increase appears to be related to changes in the quaternary 

pentameric rearrangement of the molecule rather than in the 

negative charge increase associated with phosphorylation (249). 

In its pentameric form, X. laevis NPM2 can bind up to 5 

molecules of H2A-H2B and linker histones with decreasing 

affinity as the number of histones bound increase (0.1 to 200 nM 

Kd for H5 and 65nm to 1 µM for H2A-H2B) (248). The differential 

affinity of nucleoplasmin for histone H5 (linker histones) and 
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H2A-H2B may facilitate its dual functional role as a storage 

histone chaperone and as a chromatin remodeler (248). 

 

1.6.5.4 Relationship to Cancer 

 

As cell growth, proliferation and differentiation are critical to 

cancer cells and their ability to spread, it is not surprising that 

like NASP, NPMs play key roles in oncogenesis. NPM1 it is the 

most comprehensively characterized member of the NPM family, 

and has been directly implicated in cancer pathogenesis largely 

due to its role in as a putative proto-oncogene and it role in 

regulating tumour suppressors (250) and haematological 

disorders (251) where the NPM1 gene is found mutated or 

rearranged (251-254).  

 
 NPM functions and cell proliferation are directly correlated to its subcellular 

localization. Its central acidic domains are heavy phosphorylated by a range of kinases 

and this phosphorylation appears to be involved in regulating its functions in ribosome 

biogenesis, transport and centrosome duplication (255). Other studies have shown that 

NPM1 can regulate tumour suppressors by direct binding (192) and this direct binding 

can be regulated by other proteins. For example, SUMOlyation of NPM1 by ARF 



 

 

67 
regulates its interaction with the p53 tumour suppressor and subsequent gene 

transcription (256). 
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Figure 7. MAFFT alignment of a selection vertebrate species NPM2 and NPM3 amino acid 

sequences and a computational model of Homo sapiens NPM2 and NPM3 

 

A. MAFFT alignment of NPM2 amino acid sequences. B. 

MAFFT alignment of NPM3 amino acid sequences. Conserved 

residues are white over a black background and similar residues 

A 

B

 C  '

Fig. 1. Finn et al. 2012 
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are white over a grey background.  Horizontal bars over amino 

acids indicate regions of β-strand structure and dotted lines 

over amino acids indicate region of α-helical structure. H.s., 

Homo sapiens (NPM2:NP_877724.1, NPM3:NP_008924.1); M.m., 

Mus musculus (NP_851990.2, NPM3:  NP_032749.1); G.g., Gallus 

gallus (XP_001233986.1, NPM3:XP_001233764.2); A.c., Anolis 

carolinesis (XP_003225756.1, NPM3:XP_003224272.1); X.l., 

Xenopus laevis (NP_001081027.1, NPM3:NP_001087275.1); D.r., 

Danio rerio (NP_001116479.2, NPM3:NP_001013502.1). Red 

boxes indicate acidic tracts A1, A2, and A3.  Predicted structure 

of H. sapiens NPM2 (C) and of NPM3 (D) determined by Phyre 2 

server (http://www.sbg.bio.ic.ac.uk/~phyre/) displaying 50% of 

amino acid sequence with 90% confidence. The NPM2 prediction 

was based on the recently determined partial crystallographic 

structure (N-terminal domain) of human NPM2 (238). The colors 

in the 3D structure (C, D) correspond to those highlighted in the 

sequences shown in (A, B). 
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Figure 8. Protein Interactome for Homo sapiens NPM1, NPM2 and NPM3 

 

Protein interactome of H. sapiens NPM1 (A), NPM2 (B) and 

NPM3 (C) generated using STRING 9.0 (http://string-db.org) (179) 

displayed in evidence view with a custom required confidence 

Fig. 2. Finn et al. 2012 

A B 

C 
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score of 0.5 and a limitation of 50 interactions. Different line 

colors represent the types of evidence for the association: A red 

line connect proteins which are associated by fusion evidence; a 

green line connect proteins which are associated by 

neighborhood evidence; a blue line connect proteins which are 

associated by co-occurrence evidence; a purple line connect 

proteins which are associated by experimental evidence; a 

yellow line connect proteins which are associated by text mining 

evidence; a light blue line connect proteins which are associated 

by database evidence; a black line connect proteins which are 

associated by co-expression evidence (179). To allow for 

functional associations between groups of proteins to be 

visualized, protein nodes were clustered using k-means 

algorithm (with an input parameter of 10) into different node 

clusters according to their distance matrix values from their 

String 9.0 global scores. In order to provide clarity, proteins may 

be categorized under a particular biological function heading, 

however, they may be involved in several other biological 

processes listed and in other processes not listed in the figure. 
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Figure 9. Exon and intron organization of Homos sapiens NPM2 and schematic diagram of 

secondary structural elements, including phosphorylation sites, of Homo sapiens NPM2 

 

A. Schematic representation of the exon and intron 

organization of the H. sapiens NPM2 gene (NCBI GeneID: 10361). 

Dark green shaded boxes represent exons coding for translated 

regions and light green shaded boxes represent exons coding 

for untranslated regions. Solid black lines indicate introns. Size 

of exon in base pairs is indicated above each exon and below 

each intron. B. Schematic diagram of H. sapiens NPM2 

(UniProtKB: Q86SE8) displaying the predicted secondary 

! Fig. 3. Finn et al. 2012 

A 

B 
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structure, selection of functional motifs and residues, and 

phosphorylation sites. Green boxes represent secondary β-

strand structure and the yellow box represents a secondary 

‘turn’ structure.  Outlined in black boxes; nucleoplasmin core 

domain, conserved in all NPMs; acidic A2 and A3 tracts that 

contain numerous glutamic and aspartic acid residues; Acidic 

tract A1 present in X. laevis NPM2 is absent in H. sapiens NPM2, 

alternatively this region is referred to as the A1 Loop, as per 

(257). Also indicated, the bipartite nuclear localization signal 

(NLS), which targets NPM2 for nuclear import and the 

polyarginine and polylysine C-terminal tract. Along the top half 

of the schematic, the two residues involved in pentamer 

interaction (257) are indicated, E57 and Q84. Also shown are 

residues that have been experimentally determined to be 

phosphorylated or the predicted to be phosphorylated by the 

NetPhos 2.0 server (180), phosphorylated residues are labeled 

by residue numbers in red for serine, blue for threonine and 

green for tyrosine. Only those residues scoring with a high 

confidence score on NetPhos 2.0 (above the threshold value of 

0.5), and therefore a likely phosphorylation site, are indicated. 
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The approximate location of the experimentally determined sites 

in X. laevis NPM2 are indicated by large solid red circles for 

phosphorylated serine residues and large solid blue circles for 

phosphorylated threonine residues (241). 
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Chapter 2. Molecular Evolution of Histone Chaperones 
 

Material from this chapter was published in; Finn, R.M., Ellard, 

K., Eirín-López, J.M., Ausió, J. (2012) Vertebrate nucleoplasmin 

and NASP: egg histone storage proteins with multiple 

chaperone activities. FASEB Journal. [Epub]. For this first 

author publication, performed the phylogenetic analysis, 

collected and analyzed all the data and wrote the first draft of the 

paper with the help of Dr. Dr. Jose María Eirín-López and under 

the supervision of Dr. Juan Ausio. 

2.1 Introduction to Molecular Evolution and Phylogenetics 

2.1.1 What is molecular evolution?  

 

Evolution is the change in the heritable characteristics of 

organisms over successive generations. Molecular evolution is 

the change in hereditary sequences of DNA, over successive 

‘generations’. Phylogenetics is the study of the evolutionary 

relationships between organisms most often reconstructed from 

morphological or molecular data. Evolutionary relationships are 

primarily presented, graphically, in the form of a tree. While all 

biological macromolecules can undergo evolution, we were 
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more interested in the evolution of two particular histone 

chaperones, NASP and NPM2. The different mechanisms 

underlying the molecular evolution of genes and proteins over 

time can be classified in three generic categories. 

2.1.1.1 Mutation 

 

A mutation is a change in the DNA sequence. Among these 

changes, those that are inheritable and passed along to the 

following generations are the most important in an evolutionary 

context. These germline mutations can be caused by errors 

during DNA replication, result of mutagenic agents or by DNA 

damage (e.g., UV radiation, chemical agents, etc.). A mutation in 

the DNA sequence along the coding region of a gene (i.e. within 

a codon for an amino acid) can either result in no amino acid 

change, called a synonymous substitution, while a mutation that 

leads to a change in an amino acid residue is called a non-

synonymous substitution. These non-synonymous substitutions 

include nonsense mutations, which occurs when a stop codon 

is introduced, resulting in a truncated and probably non-

functioning protein. Alternatively, a non-synonymous 
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substitution can change an amino acid, resulting in alteration in 

the structure and function of the protein product. This is a 

missense mutation and it either has a positive or negative effect 

on its activity and biological function. 

2.1.1.2 Selection 

 

Selection constitutes a primary force in driving the evolution of 

genes and their protein products. Negative (or purifying) 

selection will remove those mutations that reduce fitness, most 

notably those mutations resulting in aberrant gene function. An 

example of this would be a mutation leading to the truncation or 

inactivation of the protein product that could result in cell 

lethality and therefore not be able to further pass on its 

mutation. Selection predicts the rate of amino acid change will 

be slower in regions that serve an important function in the 

protein. Functional domains that are essential for function would 

likely result in death or a reduced fitness and therefore they 

would less likely to be tolerated (258). Those proteins that result 

from gene duplication will evolve at different rates (258). For 

example, the long-term evolution of histone gene families 
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showing extraordinary functional and structural diversity that is 

probably the result of ‘birth and death’ genetic diversity leading 

to replication-dependent histones and the replication-

independent histone lineages. 

 

 The birth and death of genes is a common theme in gene 

evolution and once duplicated genes become fixed in a 

population their long-term evolutionary fate depends upon the 

function of the gene (i.e. essential for reproduction, 

immunology, neural or sensory systems, etc.)(259, 260). While 

detrimental non-synonymous substitutions can be removed by 

negative selection, those amino acid replacements 

encompassing a higher fitness value compared with the wild-

type protein are amenable to be maintained in the population by 

means of positive (also known as adaptive or Darwinian) 

selection. Neutral changes can also occur that do not result in 

an amino acid change and as long as these mutations do not 

have a regulatory effect, they will not affect fitness. An example 

is a mutation in the DNA codon of an amino acid, a synonymous 

substitution, that will not result in a amino acid change (261).  
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2.1.1.3 Genetic Drift 

 

Selection operates on the molecular variation generated 

through mutation based on how good or bad those variants 

work under different environments (fitness). Consequently, 

selection shapes the molecular diversity over the generations 

based on fitness. However, molecular diversity is also subject to 

random changes due to genetic drift, in other words, as a 

consequence of the random sampling of gene variants from one 

generation to the next. Within random genetic drift, those 

changes affecting noncoding regions are of special interest 

(neutral drift), given their relevance for genotyping studies in 

population genetics, genetic profiling, etc. Which outcome a new 

allele faces is not always down to how much better or worse is 

compared to those alleles already present in the population. 

Instead, it may simply be down to chance. For example, some 

alleles may reside in individuals who leave no offspring and 

even if an individual does produce offspring, only a random 

sample of their genes, those present in the successful egg or 

sperm, will be inherited. I other words, alleles are randomly 

sampled in every generation, and this random sampling can 
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change allele frequencies. This process, which is called genetic 

drift, is largely affected by the population size (i.e., smallest 

populations are more sensitive to the effect of genetic drift) as 

well as by the effect of mutations on the phenotype (i.e., 

mutations encompassing a substantial benefit or deleterious 

effect will escape from drift, being governed by selection). On 

the other hand, mutations free from the rigorous natural 

selection are called neutral mutations, and their long-term 

evolution in the population is entirely dependent on genetic drift. 

As a consequence, the frequency of neutral mutations will 

oscillate randomly throughout the generations, getting 

eventually lost (usually) or fixed (very occasionally) in the 

populations. To neutralists, most mutations are both deleterious 

and selectively removed, or neutral. In fact, the Neutral Theory of 

Molecular Evolution gives predominance to the processes of 

mutation and genetic drift over selection at the molecular level, 

being responsible for the eventual fixation of mutants in the 

population. The following predictions of the Neutral Theory have 

been widely confirmed with the genomic data now available: a) 

in protein sequences, conservative changes occur much more 
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frequently than radical changes; b) synonymous base 

substitutions (i.e., those that do not cause amino acid changes) 

occur almost always at a much higher rate than nonsynonymous 

substitutions); c) noncoding sequences, such as introns, evolve 

at a high rate similar to that of synonymous sites; d) 

pseudogenes, or dead genes, evolve at a high rate, and this rate 

is about the same in three-codon positions. Histones and 

histone chaperones do not constitute exceptions to this, 

displaying few amino acid replacements, high levels of 

synonymous variation in coding regions and fast evolutionary 

rates in pseudogenes (262, 263). 

2.1.2 Why Study Molecular Evolution? 
 

Why study molecular evolution phylogenetics and what is its 

benefit towards the laboratory study of histone chaperones? 

Molecular phylogenetics allows us to study the history of genes 

and provides us with insight into the evolution of a gene (or any 

sequence of DNA, RNA and proteins) or gene family and 

understanding of the relationships between organisms. Through 

studying the molecular evolution of the histone chaperones 
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NASP and NPM2 we may gain a further understanding of why 

these two chaperones are conserved in eukaryotes. Their 

phylogenies can also tell us about what common ancestral 

protein they may have descended from and also give us an idea 

of the functional constraints driving the evolution of these two 

chaperones . 

 

2.1.3 Basic Concepts in Molecular Evolutionary Analyses 
 

 

Within a molecular evolutionary context, the term homology is 

referred to the acquisition of a state in two sequences (i.e., a 

given nucleotide or amino acid at a specific position) directly 

from their common ancestor. However, homology must not be 

confused with homoplasy. Homoplasy is the result of 

convergent evolution, leading to similarity in species of different 

ancestry. For instance, wings in bats and birds are 

homoplasious, not homologous, since the common ancestor of 

bats and birds could no fly. Consequently, deciding whether a 

similar nucleotide or amino acid in two sequences constitutes a 
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homology or a homoplasy requires knowledge of the 

evolutionary relationships among the sequences being 

compared. Furthermore, when using the term 'homologous' we 

need to be careful about what kind of homology we are talking 

about; does it relate to genes, their sequences or their function?  

2.1.4 Gene/Protein Phylogenies vs. Species Phylogenies 
 

Phylogenetic (evolutionary) trees are diagrams that display the 

inferred relationships between species, genes or proteins. The 

trees are typically represented as bifurcating branches, 

indicative of implied relationships; and nodes, representing 

species, genes or proteins; diverging outwards from a 

theoretical common ancestral species, gene or protein. The 

phylogeny of a given gene or protein in a species might not 

reflect the phylogeny of that organism. The phylogeny of the 

species could be approximated by combining as many gene 

trees as possible in that species and then trying to construct a 

kind of consensus tree. 
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While you can study the phylogeny of a gene or its protein, 

changes in a gene sequence can show you underlying mutation 

that won’t appear in the protein sequence due to synonymous 

substitutions. Although, a counter argument can be made that 

these silent mutations do not reflect the true rate of evolution, as 

they are not under selective pressure like the amino acid 

residues. Using the amino acid sequences, however, we can get 

a better understanding of the selective evolution pressures the 

protein is undergoing. Though, you may be discarding 

molecular evolutionary information by not using DNA 

sequences, as you will not be able to see all the significant 

mutational events taking place on the genetic level. 

 

2.1.5 Data Mining and Sequence Alignments 
 

With the exponential increase in computing power available 

since the early 1990’s and dropping sequencing costs, 

molecular phylogenetics has been provided with an ever-

increasing pool of DNA and protein sequence data. Due to this 

massive inflow in temporary and stored biological data, many 
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institutions, organizations and private individuals have provided 

large repositories for biological information that is being freely 

data-mined for valuable biological information. In computational 

biology, data mining is a set of techniques that allows us to 

extract information in large complex collections of DNA, RNA 

and amino acid sequences and structural/functional data. With 

this knowledge we can discover patterns, associations and a 

large quantities of interesting information about the gene or 

protein that may be elusive to traditional analysis. This 

information can be obscured by the large amount of features in 

the data itself, the complexity of the patterns or the intricacy in 

preforming the analysis. One of the most informative analyses of 

biological data that has been obtained through data mining is 

the use of information obtained through the mining of sequence 

databases, followed by the use of sequence alignment 

algorithms, the comparison of multiple sequence alignments 

and subsequent phylogenetic analyses.  

 

Sequence alignments are methods of arranging DNA, RNA and 

protein sequences in order to identify homologous regions 
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(originating from a common ancestor) that may be a 

consequence of evolutionary, structural or functional 

relationships between groups of sequences (264). Amino acid 

residues and nucleotides sequences are typically displayed as 

rows with a matrix with gaps inserted between residues so that 

identical or similar characters are aligned in successive 

columns. When comparing two sequences that share a common 

ancestor, gaps in the sequences can be viewed as insertion or 

deletion mutations (indels) that were introduced at some point 

after the members of their lineage diverged from their common 

ancestor; and mismatches can be interpreted as point mutations 

(264). 

 

Where comparing the sequence alignment of a group of related 

proteins, the degree of similarity between the amino acid 

residues along a particular region of the protein can be 

interpreted as a approximate measure of how conserved the 

region or motif is amongst the protein’s lineage. Conservative 

substitutions in a particular region or motif (e.g., from a lysine 

residue to a physicochemical equivalent residue like an 
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arginine) is indicated of that particular region /motif having 

functional or structural importance for the protein. 

 

2.1.6 Models of Protein Evolution 

 

The study of protein evolution and the subsequent 

phylogenetic inference this evolution requires that you have a 

suitable underlying model of protein evolution that can describe 

the probabilities of replacing one amino with another over time, 

this holds true for nucleotides, although we will not be focusing 

on nucleotides here (265-267). The reconstruction of protein 

phylogenies is dependent upon model built upon the Bayesian 

methods, maximum likelihood, parsimony and distance matrices 

chosen (265). The burden is on choosing the appropriate 

evolutionary model and failure to do so, can alter the outcome of 

phylogenetic analysis. To assist with this challenge, software 

packages that are freely available (268) that can assist in 

choosing the most suitable model by using the Akaike 

Information Criterion (AIC) tests (269) and the hierarchical 

likelihood ratio tests (270). These programs identify the most 
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appropriate model for a set of protein sequences by iterating 

through a hierarchical set of evolutionary models (269). 

2.1.7 Phylogenetic Trees as Representation of the Evolutionary Process 

 

Sequence alignments (i.e., the identification of homologous 

characters; amino acid positions) are important to phylogenetic 

analysis as a method for interpreting DNA, RNA or protein 

sequence relationships. Phylogenetics makes broad use of 

sequence alignments in the assembly and interpretation of 

phylogenetic trees, which are used to classify the evolutionary 

relationships between homologs or proteins and genes from 

divergent species. The extent to which these sequences differ is 

directly related to the sequences' evolutionary distance from 

one another (i.e., high degree of sequence identity implies that 

the sequences have a more recent common ancestor, while a 

low level of sequence identity implies that the common ancestor 

is significantly farther in the past). 

 

This theory that the evolutionary rate of change is constant 

and can be used to extrapolate the amount of time that has 
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passed since the two genes/protein have diverged is called the 

Molecular Clock Hypothesis. One drawback of this hypothesis is 

that it assumes the rates of mutation; selection and drift are 

constant across gene/protein sequence lineages and therefore, 

it does not take into account several factors. These factors 

include the structural and functional conservation across 

specific regions of a sequences, the difference in rates between 

synonymous and non-synonymous substitutions in a DNA 

sequences, and the rates of DNA repair and recombination.  

 

While phylogenetic trees can provide vital information on the 

relatedness of sequences that cannot be easily determined 

through other methods, it is important to keep in mind some of 

the limitations of this type of analysis. The data used by these 

phylogenetic trees is error-prone or incomplete due to the 

limited number of sequences available for analysis; the analysis 

can be misrepresented by convergent evolution, the acquisition 

of the same functional sequence by two unrelated species; 

highly conserved motifs are selected and as such not subject to 

the same rate of evolution (change) as other parts of the 
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sequence; and by horizontal gene transfer or hybridization 

between unrelated species. 

 

2.2 Molecular evolution of histone chaperones 
 

2.2.1 NASP and NPM2 genome data mining 
 

There has been some discussion as to why several genome 

projects are still sequencing the genomes of so many different 

organisms and subspecies, when there is already abundant 

sequence information available. While there is a tremendous 

amount of biological and molecular data available in public 

databases of ‘model’ or fiscally significant organisms, there are 

gaps the annotation and in the sampling of sequences from 

different species and even within the same species there is the 

possibility of variation in DNA and protein sequence of 

individual organisms. Continuing to deposit this information into 

databases would assist in evolutionary analysis of genes and 

proteins and provide us with a greater understanding of how 
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genes and proteins have evolved and came to have the structure 

and function, they now possess.  

 

The first step in on our analysis of NASP and NPM2 was to 

retrieve sequences from NCBI (ncbi.nlm.nih.gov). Using the 

protein sequences for the NASP and NPM of Homo sapiens in 

FASTA format (271), we queried the NCBI protein database 

(ncbi.nlm.nih.gov/protein) for protein sequences and GenBank 

(ncbi.nlm.nih.gov/genbank) for DNA sequences or using the 

Basic Local Alignment Search Tool (BLAST) algorithm to 

retrieve sequences that the user has defined as functionally 

related orthologs in vertebrate organisms; sequences from 

different species sharing a common evolutionary origin. BLAST 

is a powerful algorithm for determining sequence similarity and 

a measure of this similarity is in the bit-score of the alignment 

between two sequences. A bit score (S) is a measure of the 

similarity between the hit and the query for each alignment. The 

E-value (Expectation Value) of a hit is the number of alignments 

with bit score ≥  S that you expect to find by chance (i.e., with no 

evolutionary explanation). The E-values are calculated based on 
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three factors; the bit-score, length of the query and the size of 

the database. Biologically significant hits will tend to have E-

values much less than 1.0. While these low E-values are 

statistically significant, they may also be biologically relevant 

(see Section 2.1) and therefore further analysis of the paired 

sequences was required. An E-value near 1.0, or even 

substantially larger than 1.0, does not necessarily mean that the 

corresponding hit is biologically irrelevant; however, the lower 

the E-value, the greater the statistical significance of the 

alignment. E-values greater than 1.0 may still be biologically 

relevant but there is a greater chance that the similarity between 

the hit and the query is due to mere coincidence. 

 

A total of 96 NPM protein sequences belonging to 19 different 

species were retrieved from the GenBank database (Table 1), 

including 53 NPM1, 28 NPM2, and 15 Npm3. The nuclear 

autoantigenic sperm protein (NASP1) from human was used as 

an outgroup to root the phylogeny. Similarly, a total of 38 NASP 

protein sequences belonging to 25 different species were 

retrieved from the GenBank database (Table 2). The 
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nucleoplasmin protein (NPM2) from human was used as an 

outgroup to root the phylogeny (see section 2.2.3). In addition, 

extensive data mining experiments in the complete genome 

databases were performed to update the set of NPM and NASP 

sequences on which this work is based.  

 

Multiple sequence alignments were conducted on the basis of 

the translated amino acid sequences and edited for potential 

errors using the BIOEDIT v7.1.3 (272) and CLUSTALW (273) 

programs. The alignments were checked for errors by visual 

inspection. The sequences were organized and manipulated 

using BioEdit (272), a free sequence analysis program that 

includes accessory programs such as CLUSTAL W (273) to 

perform sequence alignments. CLUSTAL W is a general 

multipurpose program for sequence alignment of divergent 

nucleotide or amino acid sequences. CLUSTAL W attempts to 

compute the best match for the alignment of a set of sequences. 

It then lines up the sequences in such a way that the differences, 

identities, and similarities can be seen (274). 
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2.2.2 Modes of evolution in NASP and NPM protein lineages 

 

Molecular evolutionary analyses were performed using the 

computer program MEGA v5.05 (275) using Maximum Likelihood 

(ML) analyses for inferring an evolutionary relationship between 

the set of sequences for NASP and NPM. The model of protein 

evolution that best fits the set of NASP and NPM sequences 

analysed in the present work was selected by using the ProtTest 

ver. 3 program (276) using the Akaike Information Criterion 

(AIC), defining the WAG model (277) as the most fitted to the 

data. Before undertaking the ML analyses with MEGA 5 we 

evaluated which model of protein sequence evolution fits best 

our data. This is accomplished by evaluating our data with 

different best-fit substitution models, statistical probable 

common ancestor sequences and estimations of the 

evolutionary rate of every position in the sequence. With the 

best model chosen, we then used that model in our ML 

phylogenetic analysis. This is done because the ML 

phylogenetic trees are produced by simulating the evolution of 

the protein sequences that in turn infers how your sequences 

were evolving with time, from an implied single common 
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ancestor, to give rise to the actual sequences. This ML 

phylogenetic tree might be different depending on what model 

you choose, therefore, it was critical that the right model was 

chosen initially.  

 

2.2.3 Reconstruction of chaperone phylogenies 
 

NASP and NPM protein phylogenies were independently 

inferred using the maximum-likelihood method (Figures 10 and 

11, respectively). Trees were reconstructed with the PhyML 

program (278) (Figure 12, 11, 12A). To this end, the proportion of 

invariable sites and the shape of the gamma parameter were 

estimated. The reliability of the optimized topology obtained was 

assessed using the approximate likelihood ratio test (279) and 

non-parametric bootstrap analysis (1000 replicates) in order to 

assign confidence levels in the nodes in the tree topology. In 

order to assess that our results are not dependent on the 

phylogeny reconstruction method, phylogenetic trees were 

additionally reconstructed using the neighbour-joining tree-

building algorithm (280). This method is different from ML. In 
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this case, sequences are compared and the differences 

(evolutionary distance) among them are estimated. The most 

similar are assumed to be "neighbours" arising from a common 

ancestor (this will be represented graphically, as two branches 

joined by a common node). Evolutionary distances among 

sequences (extent of amino acid sequence divergence) was 

estimated by means of the uncorrected differences (p-distances) 

using the complete deletion option, as this approach is known to 

give better results specially for distantly related taxa owing to its 

smaller variance (281). Standard errors of the estimations were 

calculated using the bootstrap method (1000 replicates). The 

reliability of the resulting topologies was tested by the bootstrap 

method (282) and by the interior-branch test (283), producing the 

bootstrap probability (BP) and confidence probability (CP) 

values for each interior branch in the tree, respectively and 

assuming BP > 80% and CP ≥  95% as statistically significant 

(284).  

 

The phylogenetic trees represent the evolutionary history of 

the studied sequences. However, it is necessary to assign a 
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direction to the evolutionary process. For instance, in a real tree 

in the forest we can assess that ‘thicker’ branches are older than 

the thinner ones, and thus we can determine the direction of 

time (thicker oldest, thinner newest). However, we have not such 

information in the case of phylogenetic trees. In this case, it is 

necessary to "force" (include) an old branch in the phylogenetic 

tree. In our case, we know that (for instance) if we look back far 

enough in time, all NPMs will merge into a single ancestor and 

the same for all NASP1. If we keep looking back, NPM and 

NASP1 ancestors will merge themselves into a common 

ancestor. Consequently, you can see how NASP1 is outside 

NPM tree and vice versa. Thus, if we include a NASP1 sequence 

in the NPM tree, we know for sure that the NASP1 sequence has 

to be in the basis (root) of the tree (and vice-versa). 

Consequently, the NASP1 protein from human was used to root 

the phylogeny of NPMs, while human NPM2 was used to root the 

NASP1 phylogeny. By including this root, the topology of the 

tree reorganizes around it in a time-dependent way from root 

(oldest) to tips (newest branches). 
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Since interactions between histones and chaperones relies on the balance between the 

electrostatic charges of both proteins, variations in chaperone amino acid sequence could 

affect the overall chaperone charge, modifying its affinity for histones (and thus altering 

or modifying their function). By comparing the way in which different chaperones are 

related based on their amino acid sequence (phylogeny), with the relationships among 

these chaperones based on the electrostatic potentials, we can evaluate if the amino acid 

changes involved in the evolution of these proteins are in some way also modifying their 

functional ability to bind histones. Overall, this could give us an insight into the selective 

pressure driving chaperone evolution. In this case we see that different lineages within 

each chaperone family (NPM1, 2 and 3) constitute independent clusters into the heat 

maps, colour-coded matrices representing the electrostatic distances calculated from the 

similarity indices for the electrostatic potentials of NASP and NPM2 (Figure 12B). This 

suggests that evolutionary changes leading to the different types of chaperones are also 

mirrored in their electrostatic potentials. This could be used as evidence for selection 

determining different electrostatic properties in chaperones (encompassing functional 

implications) as one of the major forces driving the evolution of this protein. In other 

words, acidic residues determine electrostatic charge; these residues must be maintained 

by selection in order to keep with chaperone's function.  

2.3 Functional Constraints in Histone Chaperone Evolution 
 

Protein homology modeling plays a critical role in evolutionary 

studies. This is because the crystal structure for a given protein 

is usually only determined in a few model organisms due 
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constraints on time, cost and reduced impact of publications 

showing similar crystal structures. Therefore, we cannot 

incorporate this small number of crystal structures into a wider 

evolutionary context because we lack information about the 

structure of these proteins in a majority of species, even though 

we possess the protein sequence for the protein for those 

species. However, because we have protein sequences from a 

wide selection of organisms, we can use the coordinates of the 

crystal structures from the model organism as a template for 

modelling computational three-dimensional structures. This 

allows us to infer electrostatic potentials and make comparisons 

between the same proteins of different organisms  

 

The tertiary structures of the NPM chaperone proteins were 

modeled using the coordinates determined for the crystal 

structures of: Xenopus laevis NO38 (NPM1, NPM3) core 

monomer (PDB accession 1xe0) (285); and Xenopus laevis NPM2 

core monomer (PDB accession 1k5j) (286). NASP1 tertiary 

structures were modeled using a computational model 

generated by Phyre 2 (http://www.sbg.bio.ic.ac.uk/~phyre/) 
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displaying 88% of amino acid sequence with 90% confidence 

(Figure 3B).  Homology modeling experiments were carried out 

by using the SWISS-MODEL workspace (287). The obtained 

structures were rendered using the MacPyMOL program (288). 

Calculation and comparisons between protein electrostatic 

properties were conducted in the webPIPSA pipeline (289). 

Electrostatic potentials were determined using the University of 

Houston Brownian Dynamics program (290), and the absolute 

distances calculated from the similarity indices for the 

electrostatic potentials were represented in a colorized matrix 

and in an epogram (tree representation of the relationships 

among potentials). The representation of the electrostatic 

potentials in the modeled structures was implemented with the 

VMD program (291). 

 

2.4 Conclusions 
 

The similarities in chromatin remodelling by NASP and NPM2 

during early fertilization (binding to histones and protamines) 

are not mirrored by their protein primary structures beyond the 
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common occurrence of sections of acidic amino acids, which 

may potentially be involved in electrostatic interactions. 

Molecular evolutionary analyses indicate that NASP and NPM 

constitute different protein lineages (263). This is supported by 

the basal position occupied by NPM in the phylogeny of NASP 

as well as by the root position of NASP in the phylogeny of the 

NPM family (Figure 10 and Figure 11). 

 

Nevertheless, the long-term evolution of NASP seems to have 

shared some common features with those displayed by 

members of the NPM family, most notably the differentiation of 

somatic and germinal NASP isoforms. While this holds true in 

terms of functional diversification, the evolutionary pathways 

followed by each chaperone seem to be quite different. For one, 

our phylogenetic analyses suggest that NASP isoforms have 

almost certainly arisen polyphyletically across different 

vertebrate lineages (mostly eutherian mammals), leading to a 

closer relationship among the different NASP isoforms within 

taxa (Figure 1A). This process resembles that followed by other 

chromatin-associated proteins such as H2A.X and non-
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centromeric H3 variants (292). In addition, it has already been 

reported that NPM family members (263), unlike NASP, display a 

clustering pattern based on their type (instead on the species to 

which they belong) in the phylogenies (Figure 1A). Such 

differentiation pattern reveals a course of functional evolution, 

which results from well-defined and strong selective constraints 

operating across different family members (263). 

 

Given the nature of the interactions between NASP or NPM and 

histones, it seems reasonable to assume that both chaperones 

are subject to strong selective constraints in order to preserve 

an appropriate (acidic) charge, necessary to correctly bind 

histones. The analysis of the electrostatic properties shown in 

Figure 1B suggests that this is indeed the case. The agreement 

between the protein functional specialization depicted by the 

epograms, tree representations of the relationships amongst 

proteins electrostatic potentials (i.e., assembly of the proteins 

into groups with similar electrostatic potentials) (Figure 1B) and 

the phylogenetic relationships among NASP and NPM types 

(Figure 1A) suggests that electrostatic potentials constitute 
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critical targets for selection during the evolution of these 

chaperones. It thus appears that modifications in key residues 

affecting the overall electrostatic potential could constitute the 

mechanistic basis for the functional differentiation of NASP and 

NPM types, as it has been previously reported for the case of 

histones (293). 
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Table 1. Nucleoplasmin Sequences of Vertebrates Retrieved from Genbank 

 
Taxa 

Nucleoplasmin 
Type 

Nucleotide 
Accession 

  DEUTEROSTOMES 
 Birds 
1.  Gallus gallus Npm1 X17200 
2.  Gallus gallus Npm1 NM_205267 
3.  Taeniopygia guttata Npm1 DQ215058 
 Mammals 
4.  Bos taurus Npm1 NM_ 

001035441 
5.  Bos taurus Npm1.1 XM_864889 
6.  Bos taurus Npm1.2 XM_874587 
7.  Bos taurus Npm1.5 XM_583781 
8.  Bos taurus Npm1.6 XM_871514 
9.  Bos taurus Npm1.7 XM_871689 
10.  Bos taurus Npm2 XM_607310 
11.  Bos taurus Npm2 XM_590985 
12.  Bos taurus Npm2 XM_607310 
13.  Bos taurus Npm2 XM_590985 
14.  Bos taurus Npm3.1 XM_581148 
15.  Bos taurus Npm3.3 XM_871703 
16.  Bos taurus Npm3.4 XM_871801 
17.  Canis familiaris Npm1 XM_861632 
18.  Canis familiaris Npm1.1 XM_853930 
19.  Canis familiaris Npm1.1 XM_853930 
20.  Canis familiaris Npm1.1 XM_536432 
21.  Canis familiaris Npm1.1 XM_844853 
22.  Canis familiaris Npm1.1 XM_532930 
23.  Canis familiaris Npm1.10 XM_861662 
24.  Canis familiaris Npm1.11 XM_861675 
25.  Canis familiaris Npm1.12 XM_861688 
26.  Canis familiaris Npm1.13 XM_861701 
27.  Canis familiaris Npm1.2 XM_857874 
28.  Canis familiaris Npm1.3 XM_855222 
29.  Canis familiaris Npm1.3 XM_857895 
30.  Canis familiaris Npm1.4 XM_857920 
31.  Canis familiaris Npm1.5 XM_857946 
32.  Canis familiaris Npm1.6 XM_857972 
33.  Canis familiaris Npm1.7 XM_857998 
34.  Canis familiaris Npm1.8 XM_858024 
35.  Canis familiaris Npm1.9 XM_858045 
36.  Canis familiaris Npm2 XM_848840 
37.  Canis familiaris Npm2 XM_848840 
38.  Canis familiaris Npm2.1 XM_534579 
39.  Canis familiaris Npm2.1 XM_534579 
40.  Canis familiaris Npm2.2 XM_844509 
41.  Canis familiaris Npm3 XM_534995 
42.  Homo sapiens Nuclear NM_002482 
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autoantigenic 
sperm protein 
NASP 

43.  Homo sapiens Npm1 XM_497378 
44.  Homo sapiens Npm1 XM_496355 
45.  Homo sapiens Npm1 NM_002520 
46.  Homo sapiens Npm1 NM_199185 
47.  Homo sapiens Npm2 BC068078 
48.  Homo sapiens Npm2 BC068078 
49.  Homo sapiens Npm2 NM_182795 
50.  Homo sapiens Npm2.1 AY262113 
51.  Homo sapiens Npm2.1 AY262113 
52.  Homo sapiens Npm2.2 AY262114 
53.  Homo sapiens Npm3 AF079325 
54.  Homo sapiens Npm3 NM_006993 
55.  Macaca mulatta Npm1† DV769759 
56.  Mus musculus Npm1 M33212 
57.  Mus musculus Npm1 NM_008722 
58.  Mus musculus Npm1 XM_486188 
59.  Mus musculus Npm1 XM_620845 
60.  Mus musculus Npm1 XM_618761 
61.  Mus musculus Npm2 AY262112 
62.  Mus musculus Npm2 BC104059 
63.  Mus musculus Npm2 AY262112 
64.  Mus musculus Npm2 NM_181345 
65.  Mus musculus Npm3 NM_008723 
66.  Pan troglodytes Npm1 XM_511003 
67.  Pan troglodytes Npm1 XM_518096 
68.  Pan troglodytes Npm1.1 XM_520731 
69.  Pan troglodytes Npm2 XM_519642 
70.  Pongo pygmaeus Npm1 CR857959 
71.  Pongo pygmaeus Npm3 CR858444 
72.  Rattus norvegicus Npm1 NM_012992 
73.  Rattus norvegicus Npm1 XM_213108 
74.  Rattus norvegicus Npm1 XM_573899 
75.  Rattus norvegicus Npm1 XM_574838 
76.  Rattus norvegicus Npm2 BK001252 
77.  Rattus norvegicus Npm2 NM_203340 
78.  Rattus norvegicus Npm3 XM_577868 
79.  Sus scrofa Npm3 AF267714 
  Fishes  
80.  Danio rerio Npm1 NM_199428 
81.  Danio rerio Npm1 XM_678276 
82.  Danio rerio Npm3 NM_00101348

4 
83.  Oncorhynchus mykiss Npm2 BX076441 
84.  Tetraodon nigroviridis Npm1 CAAE0101465

0 
 Amphibians 
85.  Bufo bufo Npm2 DQ340657 
86.  Rana catesbeiana Npm2 DQ340656 
87.  Xenopus laevis Nuclear histone 

binding N1/N2 
X04712 
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88.  Xenopus laevis Npm1 X05496 
89.  Xenopus laevis Npm1 BC043908 
90.  Xenopus laevis Npm2 Y00204 
91.  Xenopus laevis Npm2 X04766 
92.  Xenopus laevis Npm3 (NO29) Z85983 
93.  Xenopus tropicalis Npm1 BC059736 
94.  Xenopus tropicalis Npm1 NM_203552 
95.  Xenopus tropicalis Npm2 NM_00101698 
96.  Xenopus tropicalis Npm3 NM_00101646 
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Table 2. NASP Sequences of Vertebrates Retrieved from Genbank 

 
Taxa Nucleotide Accession 

 DEUTEROSTOMES 
 Birds 
1.  Gallus gallus XP_001235060.1 
2.  Meleagris gallopavo XP_003208861.1 
 Mammals 
3.  Ailuropoda melanoleuca XP_002919500.1 
4.  Callithrix jacchus XP_002750813.1 
5.  Canis familiaris XP_850471.1 
6.  Canis familiaris XP_861634.1 
7.  Canis familiaris XP_003432045.1 
8.  Equus caballus XP_001495922.3 
9.  Homo sapiens NP_002473.2 
10.  Homo sapiens NP_001182122.1 
11.  Homo sapiens NP_689511.2 
12.  Loxodonta africana_ XP_003415409.1 
13.  Macaca mulatta XP_001103320.1 
14.  Macaca mulatta XP_001103253.2 
15.  Monodelphis domestica XP_001375751.2 
16.  Mus musculus NP_058057.3 
17.  Mus musculus NP_001074944.1 
18.  Nomascus leucogenys XP_003278717.1 
19.  Nomascus leucogenys XP_003278719.1 
20.  Nomascus leucogenys XP_003278720.1 
21.  Ornithorhynchus anatinus XP_001508491.2 
22.  Oryctolagus cuniculus NP_001076258.1 
23.  Pan troglodytes XP_001158313.1 
24.  Pan troglodytes XP_001157613.2 
25.  Pan troglodytes XP_003308120.1 
26.  Pongo abelii XP_002810936.1 
27.  Rattus norvegicus NP_001005543.1 
28.  Sus scrofa XP_003361787.1 
29.   Reptiles 
30.  Anolis carolinensis XP_003220306.1 
 Fishes 
31.  
32.  Branchiostoma floridaererio XP_002603932.1 
33.  Danio rerio NP_956076.1 
34.  Salmo salar NP_001167378.1 
35.    
 Amphibians 
36.  Xenopus laevis NP_001081537.1 
37.  Xenopus laevis NP_001089907.1 
38.  Xenopus tropicalis NP_001164988.1 
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Figure 10. Phylogenetic relationships among NPM proteins 
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NPM types are indicated on the right near the species names and the number of 

sequences analyzed is indicated within parentheses.. The numbers in black boxes indicate 

the bootstrap values obtained in the reconstruction of the maximum likelihood trees, 

carried out using all the informative positions in the alignment, by the close-neighbor-

interchange (CNI) search method with search level 1 and with 10 replications for the 

random addition trees option. Confidence values were based on 1000 replications, and are 

only shown when the value is >50%. Nonredundant sequences are indicated in the tree 

with the prefix NR. 

 



 

 

110 

 

 

Figure 11. Phylogenetic relationships among NASP proteins 
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NASP isoforms are indicated on the right near the species names and the number of 

sequences analyzed is indicated within parentheses. The numbers in black boxes indicate 

the bootstrap values obtained in the reconstruction of the maximum likelihood trees, 

carried out using all the informative positions in the alignment, by the close-neighbor-

interchange (CNI) search method with search level 1 and with 10 replications for the 

random addition trees option. Confidence values were based on 1000 replications, and are 

only shown when the value is >50%. Nonredundant sequences are indicated in the tree 

with the prefix NR. 
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Figure 12. Evolution of NASP and NPM histone chaperones 

 

A. Simplified maximum-likelihood phylogenetic tree topologies depicting the evolution 

of NASP and NPM protein lineages across vertebrates. Different NASP isoforms are 

more closely related within taxa ("other" accounts for other non-eutherian mammals), 

while NPM family members display a clear differentiation among paralogs based on their 
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function. Numbers at internal nodes indicate bootstrap and internal branch-test 

significance values (1000 replicates). B. Electrostatic distances among members of NASP 

and NPM families across vertebrates. Distances are calculated using webPIPSA (289) 

comparing the electrostatic potentials of different NASP and NPM members, represented 

in a gradient-coded matrix (heat map). The gradient code and the number of comparisons 

for each distance interval are indicated in the gradient key and density plot near 

epograms. The tree along the side of the image assembles the proteins into groups with 

similar electrostatic potentials (epogram), mirroring the functional differentiation within 

NASP (sNASP and tNASP) and NPM (NPM1, NPM2 and NPM3) chaperone families. 
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Chapter 3. Characterization of Somatic Nuclear Autoantigenic 
Sperm Protein (sNASP) 

 

This chapter was originally published in; Finn, R. M., Browne, 

K., Hodgson, K. C., Ausió, J. (2008) sNASP, a histone H1-specific 

eukaryotic chaperone dimer that facilitates chromatin assembly. 

Biophysical Journal. 95 (3): 1314-1325. For this first author 

publication, performed the experiments with the assistance of 

Kristen Browne and Kim Hodgson, I collected and analyzed all 

the data and wrote the first draft of the paper under the 

supervision of Dr. Juan Ausio. 

 

3.1 Abstract 
 

While tNASP has been previously characterized as a histone 

H1 chaperone in metazoan gametes, sNASP was being 

described as a H3-H4 chaperone in somatic cells. However, the 

truth lies somewhere in between as both tNASP and sNASP 

have demonstrated H3-H4 and H1 chaperone activity. While the 

molecular mechanisms involved in s/tNASP’s chaperone have 

not been fully characterized, we were the first to demonstrate 
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that sNASP is not only present in mammals but is widely 

distributed throughout eukaryotes both in its somatic and 

testicular forms and that it also the first characterized chaperone 

for the linker histone family. We determined that the secondary 

structure of the H. sapiens sNASP consists mainly of clusters of 

α-helices and exists as a homodimer in solution. Under the in 

vitro conditions that we used, sNASP binds nonspecifically to 

core histone H2A-H2B dimers and H3-H4 tetramers but only 

forms specific complexes with histone H1. The formation of the 

NASP-H1 complex is mediated by the N- and C-terminal domains 

of histone H1 and does not involve the winged-helix DNA-

binding motif that is characteristic of linker histones. In vitro 

chromatin reconstitution experiments show that this protein 

facilitates the incorporation of linker histones onto nucleosome 

arrays and hence is a bona fide linker histone chaperone. 

 

3.2 Introduction 
 

Histones need to be assembled onto the newly synthesized 

DNA template during the S phase of the cell cycle (294), and they 

need to be disassembled and reassembled at other stages to 
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facilitate and permit DNA accessibility during transcription, DNA 

recombination, and repair (57). This dynamic histone exchange 

is mediated by histone chaperones such as nucleoplasmin 

family (208, 295, 296), NAP-1 (119), FACT (104) that preferentially 

binds to H2A-H2B dimers (113); ASF1, CAF-1, HIRA and 

DAXX/DEK that binds to H3-H4 dimers or tetramers (31, 43, 64, 

77, 98); in some case there is in vitro evidence that some of 

these chaperones may bind to other histones but in vivo has 

been controversial . 

 

In contrast to the large amount of information on core histone 

chaperones, until recently, there were no known linker histone 

chaperones. This is due to the difficult nature of working with 

linker histones in vitro and in vivo. It is sometimes difficult to 

find the appropriate conditions to isolate H1s and their binding 

partners. Many times, the conditions required to isolate H1s/H5s 

will abrogate any interaction the linker histone has with other 

proteins, preventing one from determining possible binding 

partners such as a  chaperone. Under certain conditions this can 

be successfully accomplished, as was the case with NASP. 
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NASP is a protein that shares a large degree of sequence 

identity with the X. laevis H3-H4 dimer histone-binding protein 

N1/N2 (131, 137). NASP also binds histones that are not bound 

to DNA in vivo and, hence, NASP isoforms may provide a 

potentially useful reagent for in vitro reconstitution of histones 

onto nucleosome arrays. tNASP forms a complex with linker 

histones, transporting them into the nucleus and exchanging 

them onto DNA (15, 125). This chaperone is present in all mitotic 

cells in eukaryotic organisms, either as sNASP or tNASP (146, 

147). In H. sapiens, sNASP is a 449-amino-acid protein that is 

essential for cell proliferation, cell cycle regulation, and DNA 

replication (297, 298). During normal cell cycle progression, the 

level of sNASP produced by the cell is under strict control (15, 

147). Overproduction of sNASP leads to a delay in the 

progression through the G1/S border (15, 147). sNASP exists in 

a multichaperone nucleosome-remodeling complex that is 

composed of not only sNASP but CAF-1 (p150, p60, RBBP4), 

H3.1, H4, ASF1A, ASF1B, checkpoint homolog 2, histone 

acetyltransferase 1, and importin 4 (43, 58). This complex 

coordinates the deposition of H3.1–H4 histones into 
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nucleosomes and allows for the progression of DNA replication 

through phosphorylation signals at specific checkpoints (144). 

The implication of this is that completion of S phase in a normal 

cell cycle requires the presence of sNASP (58, 82, 299). Also, 

sNASP has been found to interact in vivo with Ku70/Ku80 and 

DNA protein kinase implying that sNASP may play a role in DNA 

repair (125). Intriguingly, it has yet to be shown whether sNASP 

binds DNA directly (144), and sNASP sequence possesses 

motifs indicating possible interaction sites for several essential 

proteins such as checkpoint homolog 2 and p300 (144, 300). 

 

The distribution of NASP over a broad spectrum of tissues 

(sNASP) and in testes (tNASP) has previously been well 

documented in mammals (147). However, here we report that 

these two primary isoforms of NASP exhibit a conserved wide 

distribution in eukaryotes and provide the first biophysical 

characterization of sNASP, which is shown to be a genuine 

linker histone chaperone in addition to an H3-H4 chaperone. 
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3.3 Materials and Methods 

 

3.3.1 Materials 
 

All of the chemicals and reagents used were of molecular 

biology grade. HeLa cell RNA was extracted using Qiashredder 

and RNeasy Mini Kit (Qiagen, Mississauga, ON). cDNA synthesis 

was conducted using Invitrogen's First Strand cDNA Kit 

(Invitrogen, Carlsbad, CA). Restriction enzymes were purchased 

from New England Biolabs (NEB, Pickering, ON). Purification of 

DNA was done using Qiagen miniprep PCR purification and gel 

extraction kits. Sequencing was conducted at the DNA 

Sequencing Facility of Centre for Biomedical Research at the 

University of Victoria. Rabbit anti-NASP antibody was a gift from 

Dr. M. O'Rand (Department of Cell and Developmental Biology, 

University of North Carolina at Chapel Hill, Chapel Hill, NC) (147). 

Goat anti-rabbit antibodies were purchased from Abcam 

(Cambridge, MA). Micrococcal nuclease was obtained from 

Worthington Biochemical (Lakewood, NJ). 

3.3.2 PAGE analysis 
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SDS-PAGE was performed according to Laemmli (301). Native 

(6.0%)-PAGE [acrylamide:bis-acrylamide 29:1 (w:w)] for 

nucleosome analysis was carried out in 20 mM sodium acetate, 

1mM EDTA, 20 mM Tris-HCl (pH 7.2), ‘E’ buffer as described 

elsewhere (302, 303). 

3.3.3 Construction of expression vectors 
 

The entire coding sequence of human sNASP (GenBank 

accession number NM_152298) was amplified from HeLa cell 

cDNA using the following primers and cycle conditions: forward 

5′-GCGAATTCGGATCCATGGCCATGGAGTCCACA-3′, reverse 5′-

GCCTCGAGGAATTCTTAACATGCAGTGCTTTCAACTG-3′; 3 min 

at 94°C then a touchdown PCR from 64°C to 52°C annealing 

temperature for 1 min decreasing 3°C every three cycles then 

holding at 52°C annealing temperature for 18 cycles. Melting 

temperatures of 94°C for 1 min and extension temperatures of 

72°C for 2 min were used, with a final extension of 10 min at 

72°C. PCR products were then ligated into pCR2.1 TOPO vector 

(Invitrogen) sequenced, then digested with BamHI and XhoI for 

ligation into pET28a His-tag vector (Novagen, EMD Chemicals, 
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Darmstadt, Germany) for an N-terminal thrombin-cleavable His-

tag. 

 

3.3.4 Protein expression and purification 

 

pET28a-sNASP was grown in Escherichia coli Rosetta (DE3) 

competent cells (Novagen, EMD Chemicals) in TB broth plus 34 

µg/ml kanamycin at 37°C to an OD600 of ~0.6 then induced for 2 h 

with 0.4 mM isopropyl β-d-1-thiogalactopyranoside. The 

expressed product had a calculated molecular mass of 52.4 kDa 

with the His-tag. For purification, cells were suspended in lysis 

buffer (20 mM Tris-HCl (pH 8.0), 500 mM KCl, 20 mM imidazole, 5 

mM β-mercaptoethanol, 15% glycerol (w/v), 1 mM EDTA (pH 8.0), 

0.1% NP-40 (w/v), and 1/25 dilution of Complete Protease 

Inhibitor Tablet (Roche, Basel, Switzerland) (dissolved in 1 mL 

dH2O), sonicated, and centrifuged. The supernatant was 

adjusted to 2 mM MgCl2 and filtered through a 0.45-µm 

membrane. Ni Sepharose High-Performance beads (Invitrogen) 

were equilibrated with lysis buffer in a column, and the sample 

was then loaded at ~5 ml/min. The column was washed with 20 



 

 

122 

ml of wash buffer [40 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 1:50 

Complete protease inhibitors dissolved in 1 ml dH2O (Roche)], 

10 ml of wash buffer plus 40 mM imidazole, then the protein was 

eluted with 20 ml of wash buffer plus 0.5 M imidazole, and 5-ml 

fractions were collected. sNASP-containing fractions were 

confirmed by 10% SDS-PAGE, then dialyzed extensively into 

Buffer A (40 mM Tris-HCl pH 8.0). Dialyzed fractions were loaded 

onto Q-HiTrap 5-ml anion-exchange columns (Amersham, 

Piscataway, NJ) using the AKTA-fast protein liquid 

chromatography system (Amersham). A gradient of 20–60% 

Buffer B (Buffer A plus 1 M NaCl) was used to elute sNASP, 

which usually came out at ~40% = 400 mM NaCl. sNASP-

containing fractions were confirmed on 10% SDS-PAGE and 

then dialyzed extensively against 20 mM Tris-HCl  (pH 8.0). In 

several instances, when indicated, the His-tag was removed by 

thrombin cleavage using a Novagen thrombin kit (Novagen) 

following the manufacturers' instructions. 

3.3.5 Histone purification 
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Native histone H1, H2A-H2B dimers, and H3-H4 tetramers were 

purified from HeLa cells, and chicken erythrocyte histone H1 

and H5 were obtained from chicken blood. Chromatin obtained 

from these tissues (304, 305) was loaded onto a hydroxyapatite 

column, and histones were eluted with a NaCl gradient in 10 mM 

phosphate buffer (pH 6.7) as described elsewhere (306). The 

trypsin-resistant core (comprising the winged-helix DNA-binding 

motif) of HeLa H1 histones was obtained by digestion with 

trypsin in the presence of 2 M NaCl plus 20 mM Tris-HCl (pH 7.5) 

and purified by CMC-25 Sephadex as described by Jutglar et al. 

(307). 

3.3.6 Tissue lysate preparation 
 

Tissue samples were pulverized in liquid nitrogen with a 

mortar and pestle. The resulting powder was suspended in lysis 

buffer [20 mM Tris-HCl (pH 7.5) plus 1% SDS]and boiled for 1 

min. Samples were then centrifuged for 5 min at 16,000 × g. The 

pellet was discarded, and the supernatant was used directly for 

electrophoresis. 
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3.3.7 Immunodetection 

 

Tissue lysates were mixed with 2× loading buffer [125 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (w/v) glycerol, 1.72 M β-

mercaptoethanol, bromophenol blue] and boiled for 5 min. 

Samples were then run on 10% SDS-PAGE at 100 V. After 

electrophoresis, gels were transferred to Polyvinylidene Fluoride 

(PVDF) membranes at 100 V for 2 h in transfer buffer [192 mM 

glycine, 25 mM Tris-HCl, 20% (v/v) methanol]. Blots were 

blocked for 30 min at room temperature or overnight at 4°C in 

blocking buffer (5% (w/v) skim milk in phosphate-buffered saline 

plus 0.1% (v/v) Tween-20). Rabbit antibodies raised against 

recombinant mouse NASP (147) were diluted 1:1000 in blocking 

buffer. Secondary goat anti-rabbit antibodies (Abcam) were 

diluted 1:5000 in blocking buffer. Both primary and secondary 

incubations were done for 1 h at room temperature with three 5-

min washes with phosphate-buffered saline plus 0.1% Tween-20 

in between and after incubations. Secondary antibodies were 

detected with enhanced chemiluminescence (GE Healthcare, 

Baie d'Urfe, QC) and exposure to X-ray film. 
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3.3.8 Trypsin Digestion 

 

Recombinant sNASP in 20 mM Tris-HCl (pH 7.5) buffer was 

digested with trypsin (EC 3.4.21.4) (type III) (Sigma-Aldrich, St. 

Louis, MO) for different amounts of time at room temperature 

using an E:S ratio of 1:1000 (mol:mol). The digests were 

analyzed by SDS-PAGE. Alternatively they were fractionated by 

HPLC using a C18 Vydac column (GRACE-Vydac, Hesperia, CA) 

(32), and the fractions were analyzed by MALDI-time of flight 

(UVic-Genome BC Proteomics Centre, University of Victoria, 

Victoria, BC). In some instances, the trypsin digests were blotted 

from the SDS-PAGE onto PVDF membranes, and the membranes 

were stained with Coomassie Brilliant Blue stain for a few 

minutes and air dried. The bands of interest were excised and 

subjected to N-terminal Edman degradation sequencing 

(Advanced Protein Technology Centre, Hospital for Sick 

Children, Toronto, ON). 

3.3.9 Circular dichroism 
 



 

 

126 

CD analysis was carried out on a JASCO J720 (Jasco, Easton, 

MD) as described previously (308). The spectra were analyzed 

using a Contin LL (309) algorithm. 

3.3.10 Extinction coefficients 

 

An extinction coefficient of 20,190 M−1 cm−1 at 276 nm was 

used for NASP as estimated from its amino acid sequence (310). 

The extinction coefficient of histone H5 was 48,000 cm−1 M−1 at 

230 nm (311). For DNA, an extinction coefficient of 20 cm2 mg−1 

at 260 nm was used (312). 

3.3.11 Analytical ultracentrifugation 
 

These experiments were performed on an XL-I (Beckman-

Coulter, Fullerton, CA) analytical ultracentrifuge. Sedimentation 

velocity experiments were carried out at 20°C and 44,000 rpm in 

an An-55 aluminum rotor using double-sector aluminum-filled 

Epon centerpieces. Sedimentation equilibrium experiments were 

carried out at 4°C in an An-60 titanium rotor using double-sector 

aluminum-filled Epon centerpieces. The scans were analyzed by 

the method of van Holde and Weischet (313) using UltraScan III 
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version 2.0 (314, 315) sedimentation data analysis software 

(ultrascan3.uthscsa.edu). The partial specific volume of NASP 

(0.720 cm3/g), and the frictional ratio f/f0 were determined using 

the same software. Sedimentation velocity analysis was also 

used to determine the molecular mass using a Monte Carlo 

analysis (316, 317). 

3.3.12 Secondary and tertiary structure prediction 
 

Secondary structure prediction was performed using the 

hierarchical neural network protein sequence analysis (318). 

Tertiary structure prediction was carried out using the SWISS-

MODEL server (319) and the Phyre 2 server (158, 320). 

3.3.13 Chromatin isolation 
 

Chicken erythrocyte chromatin was prepared as described 

elsewhere (304). Long chromatin fragments were fractionated 

using a 5–20% sucrose gradient (321). A heterogeneous fraction 

with a 23-nucleosome average number was thus obtained. 

Approximately half of this fraction was stripped of linker 

histones using CM C-25 Sephadex (GE Healthcare), as described 
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previously (322). The linker histone-containing and linker 

histone-depleted counterparts were analyzed by sedimentation 

velocity dialysis against different NaCl concentrations in 10 mM 

Tris-HCl (pH 7.5), 0.2 mM EDTA buffer. 

3.3.14 Histone H1 reconstitution 
 

3.3.14.1 Direct mixing  

 

Linker histone-depleted nucleosome arrays in 50 mM NaCl, 10 

mM Tris-HCl (pH 7.5), 0.1 mM EDTA were directly mixed with 

chicken erythrocyte histone H5 in the same buffer to a ratio of 

~2 mol H5: 1 mol nucleosome. The mixture was incubated for 30 

min at room temperature, and aliquots were next dialyzed 

against different NaCl concentrations in 10 mM Tris-HCl (pH 7.5), 

0.2 mM EDTA buffers and analyzed by sedimentation velocity. 

3.3.14.2 NASP-assisted  

 

Histone H5 and NASP were mixed at a ratio of ~1:1.2 mol: mol 

in 50 mM NaCl, 10 mM Tris-HCl (pH 7.5) buffer and incubated for 

5 min at room temperature. The H5-NASP mixture was then 

added to the linker histone-depleted nucleosome arrays at a 
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ratio of 2 mol H5: 1 mol nucleosome and treated and analyzed as 

for direct mixing. In some instances (see the results), after 

incubation, the samples were brought to 4 mM MgCl2 and 

centrifuged at maximum speed in an Eppendorf (Hamburg, 

Germany) microcentrifuge at 4°C, and the pellet containing the 

H1-reconstituted chromatin was resuspended in 10 mM Tris-HCl, 

0.2 mM EDTA and used for further analysis (323). 

3.3.14 Micrococcal nuclease digestion 
 

Histone H1-reconstituted complexes at different NaCl 

concentrations in 10 mM Tris-HCl (pH 7.5) buffer with 0.05 mM 

CaCl2 were digested with micrococcal nuclease at 37°C for 

different amounts of time. Thirty units of micrococcal nuclease 

per milligram of DNA were used in these digestions. After 

digestion, the samples were mixed with an equal volume of a 

solution containing 30% sucrose, 0.8% SDS, and a mixture of 

bromophenol blue and cyanol green, incubated at 37°C and 

loaded directly onto a 4.5% native-PAGE to visualize the DNA 

composition of the products of digestion. 

 



 

 

130 
3.4 Results 

 

3.4.1 NASP is widely distributed in eukaryotes 
 

NASP is widely distributed in eukaryotes (139) and in 

mammals, it has been shown to exist in two primary isoforms, a 

predominant isoform composed of at least 300 amino acids 

(sNASP) and a much larger isoform found in many cell types but 

particularly abundant in germinal cells (tNASP). Although the 

critical cellular functions assigned to this chaperone and the 

identification of its activity in Caenorhabditis elegans (139) 

suggest that the protein should be evenly distributed throughout 

eukaryotes, a comprehensive analysis of its distribution across 

different taxonomic groups has been lacking. The analysis 

shown in Figure 13 indicates that sequences with a high extent 

of sequence similarity to mammalian t/sNASP can be identified 

in both vertebrate and invertebrate organisms including fungi 

(Figure 13A). Furthermore, proteins with similar molecular mass 

to both tNASP and sNASP can be identified in chordates and 

more specifically in species representative of each one of the 

main vertebrate classes from fish to mammals (Figure 13B). In 
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all instances the apparent molecular masses in SDS-PAGE of 

the somatic and testicular forms are larger than the canonical 

values from the sequences, a fact that reflects the highly 

negatively charged nature of these proteins. 

 

Importantly, in vertebrates, all the sequences identified as 

putative NASP bear sequence similarity to Xenopus laevis N1/N2 

histone-binding protein (Figure 13A, line 5) (147, 324). In 

comparison to nucleoplasmin, N1/N2 has been less extensively 

characterized, and the molecular details of its histone chaperone 

activity and its involvement in chromatin assembly/remodeling 

still require elucidation. 

3.4.2 Human sNASP consists mainly of α-helical structure and exists as a dimer in 
solution 

 

To characterize the structure of human sNASP, we expressed 

and purified the recombinant version of this protein. Figure 14, A 

and B, shows an electrophoretic analysis of the protein thus 

obtained. In contrast to nucleoplasmin, which forms pentameric 

complexes that are highly stable in solution in the presence of 

SDS when not heated (325), recombinant human sNASP remains 
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as a monomer in the presence of SDS with an apparent 

molecular mass of 60–70 kDa. As in the case of the native form 

(Figure 13B), the apparent molecular mass of the recombinant 

sNASP is higher than the 49 kDa estimated from the sequence of 

the recombinant version. 

 

Next we determined the secondary structure of the protein 

using circular dichroism. Figure 15A shows the CD spectrum 

obtained in this way. Fitting of the spectrum using the Contin 

algorithm (309) revealed that the protein consists of 54% α-helix 

and 46% random coil. These values are in very good agreement 

with the secondary structure of 51% α-helix, 43% random coil, 

and 6% extended β-strand estimated using the Hierarchical 

Neural Network prediction analysis (318) and with the 

observations reported earlier using a similar kind of predictive 

analysis (324). 

 

The tertiary and quaternary structures of the protein were 

analyzed in the analytical ultracentrifuge using both 

sedimentation velocity and sedimentation equilibrium 
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experiments. The results of such analyses are summarized in 

Figure 16. Figure 16A shows the integral distribution of the 

sedimentation coefficient of human sNASP under different ionic 

strengths, in the range from 25 to 500 mM NaCl, showing that 

the sedimentation behavior is little affected by the salt 

concentration in this range. Figure 16B shows the result of the 

Monte Carlo analysis (317) of the sedimentation velocity in 25 

mM NaCl. This type of analysis not only allows an accurate 

analysis of the sedimentation coefficient but also provides a 

solution to the Lamm equation and allows the determination of 

the molecular masses of the different macromolecules present 

in the sample. It was determined that the major species present 

had an average sedimentation coefficient of s20,w = 4.5 ± 0.2 S 

corresponding to a molecular mass of 100,000 Daltons. The 

same sedimentation coefficient was obtained when the N-

terminal His-tag of the protein was removed (Figure 16A, inset). 

A similar value of 99,000 Daltons was obtained from the best fits 

to the sedimentation equilibrium profiles of the sample under 

the same ionic conditions (Figure 16C). Thus, under the different 

ionic strengths used here, the protein remained as a dimer. 
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When the value of the sedimentation coefficient s20,w = 4.5 was 

used in conjunction with the molecular mass of the dimer, using 

as an average preferential hydration parameter of the protein the 

value of 0.22 g water/g protein (326), a frictional coefficient ratio 

f  / f  0 = 1.68 was determined as described elsewhere (327). This 

corresponds to a molecule with a prolate ellipsoid shape of axial 

ratio a/b = 12. The highly asymmetric value thus obtained 

suggests that the two monomers of sNASP are held together in 

a tail-to-tail type or slightly overlapping tail-to-tail arrangement 

with the dimer adopting a highly extended conformation. 

 

Further insight into the folding of the human sNASP molecule 

was obtained by trypsin digestion. The results of such analysis 

are depicted in Figure 17, A, B and C. The pattern of digestion 

obtained (Figure 17A) with this protease was very similar 

regardless of whether the digestion was carried out in the 

presence of 10 mM NaCl (Figure 17, A and B, lane 3) or at 2 M 

NaCl (Figure 17B, lane 2 and results not shown). The main 

tryptic-resistant peptides were identified by a combination of 
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HPLC/SDS-PAGE/MALDI and N-terminal sequencing approach 

(see Materials and Methods). To help visualize the location of the 

trypsin-resistant domains determined in this way, a three-

dimensional prediction analysis of the NASP monomer was 

carried out using the SWISS-MODEL server (319) (Figure 17, C, I, 

and D). As can be seen in Figure 17, C and D, the main trypsin-

resistant peptides (1, 2, and 3 in Figure 17C, III) are defined by 

the three predicted tetratricopeptide repeat domains and the 

coiled-coil domain. The previously defined histone-binding 

domains are contained within trypsin-resistant peptide 1. 

Interestingly, binding of histone H1 results in the preferential 

protection of peptide 5, helping us identify a novel histone-

binding site that encompasses the region between amino acids 

280 and 300 of human sNASP (Figure 17C, IV). 

3.4.3 sNASP forms defined complexes with histone H1 but not with H2A-H2B or 
H3-H4 

 

Figure 18 shows the characterization of the interaction of 

human sNASP with core and linker histones using native gel 

electrophoresis. Figure 18A shows an SDS-PAGE 

electrophoretic analysis of the samples used for this analysis. 
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As seen in Figure 18B, NASP forms discrete complexes at a ratio 

of 2 mol of H1/mol NASP dimer. In contrast, H2A-H2B dimers or 

H3-H4 tetramers bind to NASP forming large aggregates that do 

not enter the native gels. Thus, it seems that NASP exhibits 

binding specificity to linker histones, and although it is able to 

bind to core histones, it does so in a less specific way. The 

nonspecific binding is not surprising considering the large 

negative charge of NASP and the positively charged nature of 

core histones. 

 

Linker histones differ from core histones in their lysine-rich 

composition and in that their folded protein domains are 

different. Core histones consist of a histone fold (328), whereas 

linker histones contain a winged-helix DNA-binding motif (329). 

The specific binding of histone H1 to NASP raises the possibility 

that the winged-helix DNA-binding motif of H1 may be involved. 

To test this possibility, we studied the interaction of the trypsin-

resistant core of HeLa cell histone H1 (which encompasses the 

winged-helix DNA-binding motif). As can be seen in Figure 18B, 

this histone domain exhibits no binding to NASP, indicating that 
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the charge effects and probably the distribution of such charge 

in the histone H1 molecule are responsible for the binding 

specificity. 

3.4.4 sNASP facilitates the assembly of histone H1 onto nucleosome arrays 

 

To check whether sNASP facilitates the proper deposition of 

linker histones onto linker histone-depleted nucleosome arrays, 

a native chromatin fraction consisting of a weighted average 

nucleosome number of 23 was obtained by sucrose gradient 

fractionation of chicken erythrocyte chromatin (321). The NaCl 

dependence of the sedimentation coefficient of the fraction 

before and after careful depletion of linker histones (H1 and H5) 

was examined (Figure 19A). The increase in the sedimentation 

coefficient observed in the range of 0–80 mM NaCl measures the 

extent of folding of the chromatin fiber (330-332). Linker 

histones play a critical role in the folding of the chromatin fiber, 

and in their absence, the nucleosome array complexes exhibit a 

significantly lower ability to fold (open circles in Figure 19A). 

These results demonstrate the ability of NASP to add linker 
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histones to nucleosome arrays to produce a chromatin fiber that 

folds in the same way as the native counterpart. 

 

When the linker-depleted fraction was directly mixed with 

histone H5 at a molar ratio of 2 mol of H5/mol nucleosome in the 

absence of sNASP, a sedimentation coefficient of 48 S was 

obtained in 10 mM Tris-HCl (pH 7.5). This is almost identical to 

that of the native non-linker depleted counterpart (result not 

shown). However, dialysis of this sample against 80 mM NaCl 

resulted in its complete precipitation, indicative of an anomalous 

deposition. However, when the same experiment was carried out 

in the presence of sNASP, the values of the sedimentation 

coefficients at 0 mM and at 80 mM NaCl in the presence of 10 

mM Tris-HCl (pH 7.5) produced values that were slightly higher 

than those of the native fraction but were still very similar and 

followed the same increasing trend (Figure 19A, solid triangles). 

The slightly higher values are most likely the result of the native 

chicken chromatin fraction containing ~1.3–1.5 mol of linker 

histone (H1 and H5) per nucleosome (333) compared to the 
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reconstituted complexes that can take slightly higher amounts 

(323)(see below). 

 

The native chromatin fiber and its fractions are completely 

precipitated at MgCl2 concentrations above 1.5 mM (330, 334, 

335). In the absence of linker histones, or when they are not 

properly positioned on the fiber, chromatin exhibits an 

enhanced MgCl2 solubility. Therefore, such divalent ion-

associated behavior can be used to monitor the proper 

assembly of the chromatin fiber, and it has been used to prepare 

highly homogeneous reconstituted oligonucleosomal fiber 

fragments (323, 336). As can be seen in Figure 19B, sNASP-

assisted linker histone deposition (Figure 19B, lanes 1 and 3) 

produced complexes that were precipitated in 5 mM MgCl2 and 

exhibited a stoichiometry of ~1.7 mol histone H5/mol 

nucleosome (lane 3). In contrast, direct mixing (Figure 19B, 

lanes 2 and 4) produced complexes with an altered solubility 

that resulted in highly insoluble histone aggregates (lane 4). 

Such complexes were highly resistant to micrococcal nuclease 

digestion at low salt (Figure 19C). 
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The fidelity of the NASP-assisted reconstitution of chromatin 

can be assessed by micrococcal nuclease digestion. Figure 19, 

D and E shows the digestion of complexes reconstituted in this 

way. Although there are slight differences in the nucleosome 

repeat pattern in Figure 19, D and E between the native and 

NASP+ lanes, the pattern of nucleosome digestion is very close 

to that of the corresponding native counterpart at both 0 and 80 

mM NaCl. 

 

3.5 Discussion 
 

Knowledge about the histone deposition and chromatin 

assembly mediated by histone chaperones in an in vivo setting 

within the cell is still very incomplete. Most of what is known 

comes from information on core histone chaperones that bind to 

either core histones H3-H4, H2A-H2B, or to both. Linker histones 

(histone H1 family) play a critical role in proper chromatin 

folding and dynamics (297) and have been shown to be 

deposited simultaneously with core histones on newly 
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replicated DNA (337). Yet the mechanisms involved in histone 

H1 deposition and those involved in the interactions with its sole 

genuine chaperone, NASP, described to date for this histone 

family (147) remain undetermined. 

 

We surmised that if NASP is a key player in chromatin 

assembly during DNA replication (144), then it should be 

ubiquitously distributed throughout the eukaryotic domain. The 

high cross-reactivity of NASP antibody across different 

vertebrate and chordate species as well as our ability in silico to 

identify related proteins in organisms ranging from fungi to 

mammals (Figure 13) supports this notion. The relatively large 

extent of sequence variability of NASP-like proteins observed in 

invertebrates (Figure 13A) is not surprising because these 

proteins correspond to chaperones for invertebrate H1 histones, 

which constitute the fastest evolving group of histones and 

exhibit a high extent of interspecies sequence variability (338-

340). 
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Under our in vitro conditions, we were unable to demonstrate 

any discrete complexes of sNASP with H3-H4 while other groups 

were able to demonstrate sNASP-H3-H4 complex formation in 

vitro. However, the core histones used in our study were 

extracted from HeLa cells and the myriad and variable PTMs of 

those native HeLa H3-H4 dimers in addition to potential artifacts 

from the purification process could have abolished potential 

sNASP-H3-H4 interactions and resulted in the nonspecific 

aggregate complexes we observed (Figure 18). This could 

account for differences in sNASP-histone interaction seen by us 

and by other studies that used histones extracted from different 

cell lines or recombinant or commercially purchased histones 

(with none or with differing types of PTMs) in their in vitro and in 

vivo experiments.  

 

Linker histones aside, the effect the sNASP has on core 

histones storage and availability is only now becoming known. 

Histone production is tightly controlled by the regulation of 

mRNA processing, gene transcription and protein degradation 

pathways. It was believed that histones were synthesized at 
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levels to cover what was required during specific cells stages 

for chromatin assembly (168, 169). However, situations exist 

where histones are rapidly required due to unforeseen events 

and recent evidence suggests that in somatic cells a 

contingency cytoplasmic and nuclear reservoir of soluble H3-H4 

comprising approximately 1% of the total H3-H4 content is 

maintained and that this pool of H3-H4 is dependent upon 

sNASP (40). These H3-H4 levels can be adjusted by altering the 

levels of sNASP produced in the cell (40). Additionally, it has 

been demonstrated that sNASP is capable of compensating for 

altered levels ASF1 and could even compensate for H3-H4 

overproduction by marking excess H3-H4 for protein 

degradation through Chaperone-Mediated Autophagy (CMA) 

through the chaperone’s capacity to control the activity of its co-

chaperone’s Hsp90 and Hsc70 (40). Having precise control of 

H3-H4 levels allows sNASP to compensate for immediate 

deficiencies in H3-H4 and provide stability to the genome under 

conditions of stress that could result in further cell cycle arrest 

or damage (40) and by increasing the reservoir of H3-H4 to allow 

for continued cell growth (40). It has been shown by Cook and 
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colleagues, that by varying the levels of sNASP, somatic cells 

are able to alter the levels of H3-H4 available. The level of the 

sNASP- H3-H4 reservoir can be reduced by as little as 10% of the 

normal levels present or doubled (40). However, the extent to 

which somatic cells are able to modify levels of sNASP on their 

own to compensate for these H3-H4 production alterations is not 

yet known. It would be interesting to see it sNASP can act as a 

“histone sink” for H1s and regulate levels of the various 

subtypes in the same way.  

 

Both tNASP and sNASP are present in chromatin remodeling 

complexes associated with the deposition of H3-H4 and their 

ability to bind H3-H4 in vivo has been well documented (30, 40, 

43). While tNASP had initially been described as a linker histone 

chaperone in vivo (15, 132, 143, 144), recent evidence suggests 

it also has a chaperone role for newly synthesized H3-H4 (30). 

sNASP’s role as a linker histone chaperone has been 

demonstrated in vivo and in vitro (30, 40, 54, 55, 124, 127, 128, 

140, 147). In vitro, sNASP binds to linker histones with high 

affinity (127, 128) and in chromatin assembly assays, we have 
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demonstrated its ability to deposit linker histones onto 

chromatin fractions depleted of H1 and to restore the histone 

H1-dependent folding which is characteristic of native chromatin 

(54).  

 

sNASP was first described as a member of certain histone 

chaperone-containing complexes encompassing ASF1, CAF-1, 

HIRA and histone H3-H4 in somatic cells (30, 40, 43, 125, 170). It 

was later revealed to have H3-H4 chaperone activity in vitro (55, 

127, 128) and in vivo (55, 127) by assisting in the assembly of 

tetrasomes and nucleosomes, a H3-H4 chaperone activity also 

shared by its yeast homologs Sim3 (126) and Hif1p (127, 128, 

132). Human sNASP has been found to effectively promote the 

assembly of H3-H4 tetrasomes (55) and nucleosomes consisting 

of different H3 variants, including H3.1, H3.2, H3.3 and the 

centromere-specific H3 variant, CENPM2-A, with the exception 

of testes-specific H3 variant, H3T (55). Mutational analyses have 

shown that the Met-71 residue of H3T is responsible for this 

inefficient assembly of nucleosomes (55). The N-terminal region 

to central region of sNASP (residues 26-325) has been shown to 
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be essential for sNASP’s interaction with linker and core 

histones and its function in nucleosome assembly (55, 127). To 

corroborate what regions of sNASP were essential for linker 

histone interactions we performed circular dichroism to confirm 

secondary structure predictions (Figure 15) and combined this 

with  trypsin digestion and SDS-PAGE analysis in the presence 

of H1, followed by computational structure prediction to develop 

a theoretical model of sNASP’s tertiary structure (Figure 17) and 

its possible sites of sNASP-H1 interaction. 

 

Trypsin digestion of sNASP was useful in corroborating some 

of the prediction analysis regarding the secondary structure 

organization of sNASP (Figure 17, A and B). Only in the case of 

one of the trypsin-resistant peptides (peptide 1, Figure 17, A and 

B) did the resistance extend beyond the predicted helical 

domains (Figure 17, C, II) and I. However, the protection 

observed in this instance spanning from residue 100 to 160 is 

most likely the result of the presence of glutamic acid clusters in 

this region corresponding to the regions 115–128 and 138–172, 

which had been previously identified as the putative histone H1 
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binding domains (147, 163) and which correspond to similar 

glutamic acid-rich domains (108–119) and (296–326) of X. laevis 

N1/N2 (133) (see also Figure 13A). More importantly, this type of 

analysis helped us uncover a new glutamic acid-rich region 

spanning approximately from residue 280 to 300 (Figure 17). 

 

In contrast to core histone chaperones such as NPM2, which 

has an almost exclusively β-strand secondary structure (295), or 

NAP-1, which consists of a mixture of α-helix and β-strand (119), 

the structural organization of sNASP is almost exclusively α-

helical (Figure 17). Thus, when compared to other histone 

chaperones, this represents a distinctive feature of this 

molecule. However, as with NAP-1 (4,68), the protein exists in 

solution mainly as a dimer (Figure 18) with a highly extended 

conformation. The dimeric nature does not come as a surprise 

because there is a predicted leucine zipper (between residues 

230 and 251) in the protein sequence. An extended conformation 

of the homodimer would fully expose the 3 TPR protein-protein 

interaction motifs, TPR1–3 (125, 147), that are present in the 

molecule (Figure 17C), making them available for interaction 
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with other proteins. Indeed, several NASP non-histone partners 

have been identified such as heat shock protein 90, DNA-

activated protein kinase, and ATP-dependent DNA helicase II 

(70-kDa subunit) (125). In addition, sNASP has been shown to be 

part of the C. elegans transformer-4-NASP– class I histone 

deacetylase complex, which participates in sex determination 

(341), and NASP is also found in the multi-subunit complexes 

CAF-1 and HIRA that participate in histone H3.1 and H3.3 

nucleosome assembly, respectively (43). The existence of so 

many interacting partners attests to the multiple functionality of 

this protein (144). 

 

While other groups have focused the attention on primarily the 

core histone chaperone activity of sNASP, we were more 

interested in its novel linker histone chaperone activity. Our 

histone-binding results strongly suggest that although sNASP 

can bind nonspecifically to core and linker histones from HeLa 

cells, it forms specific complexes only with the latter (Figure 

16B). Linker histones are the native substrate of NASP in vivo 

(146, 147). A similar situation has been observed with other 
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histone chaperones with regard to histone preference. In vivo, 

NAP-1 and nucleoplasmin have been shown to be preferentially 

bound to H2A-H2B (105, 342, 343), whereas the Xenopus N1/N2 

dimer and ASF1 are found associated with H3-H4 (130, 295, 296). 

However, both NAP-1 and NPM2 have also been shown to be 

able to bind to H3-H4 (240, 295, 344, 345) and to histone H1(346-

348) in vitro. 

 

The ambivalent nature of all these proteins for their histone-

binding substrate, especially in experiments carried out in vitro, 

is not surprising because regardless of their structural 

organization, all of them have a low pI, which undoubtedly will 

lead to some binding redundancy for basic proteins. Wang and 

colleagues carried out further characterization of sNASP’s 

binding specificity for H3-H4 and H1 (128). Surface plasmon 

resonance (SPR) biosensor analysis used to measure the 

binding kinetics and affinities of histones with NASP determined 

the dissociation constant, Kd, of full-length sNASP interacting 

with H1 and with H3-H4 to be 237 nM and 13.8 nM, respectively 

(128). These obtained values are within the range of Kd values of 
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many histone chaperone-histone interactions, contrasting that 

of NPM2, binding to linker histones more tightly than to H2A-

H2B (see NPM2 section below). To further clarify the specificity 

of sNASP’s binding affinity for H3, H4 and H1, SPR analysis was 

conducted on a series of deletion constructs. Based on these 

results, it appears that distinct and separate sNASP domains 

interact with linker histones and core histones. In particular, the 

N-terminal region to central region of the protein (residues 26-

325) is essential for sNASP’s interaction with both linker and 

core histones and its function as a nucleosome assembly factor 

(55, 127). The acidic polyglutamic region in the N-terminus (116-

172) of sNASP is required for H1 interaction but not for core 

histone interaction (127). It appears that in this case, the 

electrostatic interaction between the acidic region in the N-

terminal portion of sNASP and the basic, lysine- and arginine-

rich, unstructured N-terminal and C-terminal tails of H1 are 

essential for the interaction of H1 with sNASP (54) whereas the 

region around the C-terminal TPR motifs (residues 196-281) is 

essential for H3-H4 interaction (127). In situ experiments with 

size exclusion chromatography and immunoblot detection 
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indicate that sNASP forms complexes with either H3-H4 or H1 

but not with both at the same time (127). These results 

corroborate our analysis of binding of sNASP with H1 and 

highlight regions of sNASP essential for H3-H4 binding. 

 

While the sedimentation velocity and equilibrium experiments 

by analytical ultracentrifugation indicate that sNASP exists as a 

dimer in solution (54), the binding stoichiometry of sNASP with 

H3-H4 and histone H1 are more complicated and difficult to 

elucidate. Although there is association between sNASP and H3-

H4, it could not be determined whether sNASP was associating 

with H3-H4 dimers or H3-H4 tetramers (30).  

 

The binding data also indicate that the binding of histone H1 

with sNASP appears to involve the N-terminal and C-terminal 

domains of this histone. This is similar to what has been 

observed with NAP-1, where the histone tails appear to be 

critical for binding (345, 349). The way histone tails provide 

binding specificity considering their disordered conformation in 

solution may involve the charge distribution signature conferred 
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by their underlying primary structure. Also, they can exhibit a 

significant extent of secondary structure organization when 

interacting with DNA in the case of both linker histones (350, 

351) and core histones (352). Therefore, the possibility that such 

organization could also participate during binding to their 

chaperones cannot be excluded. 

 

The binding of core histones to NAP-1 and of linker histones to 

NASP contrasts with that of core histones to NPM2 in which the 

histone fold appears to be critical for binding recognition (240). 

This most likely reflects the differences in the diverse structural 

levels of folding between these chaperones to which we have 

previously referred. Interestingly, the three sets of domains for 

H1 binding to sNASP (Figure 17C, IV) exhibit an interesting 

arrangement in which the two N-terminal binding sites are 

separated from the C-terminal domain by ~100 amino acids. We 

would like to speculate here that the two distinct binding 

domains defined in this way serve for binding to the C-terminal 

and N-terminal charged regions of linker histones, with their 

winged-fold domain occupying the region in between. 
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Our chromatin reconstitution experiments using a native 

chromatin fraction depleted of linker histones show that sNASP 

can efficiently put the linker histones back to produce a 

chromatin fraction that exhibits a NaCl folding dependence 

almost identical to that of the native counterpart (Figure 19). 

This not only attests to its physiological role in histone H1 

deposition in the cellular setting (125) but also provides a nice in 

vitro tool that may complement the protocols already available 

for proper reconstitution of linker histones onto nucleosome 

arrays reconstituted onto sequence-defined DNA templates (323, 

336, 353). 

 

Our results provide strong support for the functional role(s) 

proposed for sNASP. In vivo tNASP has been shown to transport 

histone tH1 into nuclei (125), where it is exchanged with DNA 

(15). sNASP and somatic H1 subtypes differ from tNASP and H1t 

through amino acid sequence truncations due to alternative 

splicing of mRNA or divergence of amino acid sequence. 

However, several factors indicate that it is likely that sNASP is in 
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complex with H1s subtypes in vivo, transporting them from the 

cytoplasm into the nucleoplasm (as per tNASP-H1t) and 

depositing them onto the nucleosomal arrays as we have 

demonstrated in vitro. The overall secondary structure and 

predicted tertiary structure is the same between the NASP 

isoforms and the different H1 subtypes; the regions of amino 

acid residues involved in the NASP-H1 interaction are conserved 

between NASP isoforms and H1 subtypes; as are the 

electronegative surface charge potentials at in those same 

regions; and residues critical for nuclear import are also 

conserved. Nonetheless, further in vivo study of transport of H1 

by sNASP and its deposition of H1 onto DNA is required. Such 

an exchange is likely to play a critical role in the modulation of 

the proper chromatin fiber folding that is critical to fundamental 

metabolic processes of the cell such as replication and DNA 

repair. 
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Figure 13. NASP is widely distributed through eukaryotes 

 

A. Alignment of NASP amino acid sequences of several 

representative invertebrate and vertebrate organisms. The 

sequences and Genebank accession numbers are: 1), 

NM_172164 Homo sapiens (human) isoform 1; 2), NM_152298 

Homo sapiens (human) isoform 3; 3), AF349432 Mus musculus 
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(mouse); 4), XM-001235059 Gallus gallus (rooster); 5), 

NM_001088068 histone-binding protein N1/N2 Xenopus laevis 

(African clawed frog); 6), CAA28419 Xenopus laevis (African 

clawed frog); 7), BC068344 Danio rerio (zebrafish); 8), Ensembl 

Gene Report ENSCINT00000019618 Ciona intestinalis (sea squirt 

tunicate); 9), XP_791433 Strongylocentrotus purpuratus (sea 

urchin); 10), XP_970862 Trilobium castaneum (red flour beetle); 

11), NM_063979 Caenorhabditis elegans (nematode) isoform 1; 

12), XP_961229 Neurospora crassa (red bread mold). B. Western 

blot analysis of NASP. (lane 1) Ciona intestinalis (mantle); (lane 

2) Squalus acanthias (spiny dogfish, heart); (lane 3) S. acanthias 

(spiny dogfish, testes); (lane 4) X. laevis (frog, liver); (lane 5) 

Alligator mississippiensis (alligator, liver); (lane 6) G. gallus 

(chicken, liver); (lane 7) G. gallus (chicken, testes); (lane 8) M. 

musculus (mouse, liver); (lane 9) M. musculus (mouse, testes). 
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Figure 14. Electrophoretic characterization of sNASP 

 

A. SDS (15%)-PAGE of increasing loading amounts (triangles) 

of purified recombinant sNASP. M is (NEB, broad-range pre-

stained) protein marker. B. SDS (10%)-PAGE of increasing 

amounts of human recombinant sNASP before (−) and after (+) 

treatment with thrombin to remove the N-terminal His-tag. C. 

SDS (10%)-PAGE of increasing amounts (triangles) of 

recombinant sNASP in comparison to recombinant X. laevis 

nucleoplasmin (N) (354). The proteins were dissolved in SDS 

sample buffer and loaded directly onto the gel without heat 

treatment (non-boiled, N-U, NASP-U) or previously heated at 
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100°C for 5 min before loading onto the gel (boiled, N-B, NASP-

B). M* is (Bio-Rad Precision Plus Protein Standard) protein 

marker. 
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Figure 15. Circular dichroism used in the determination of the secondary structure of 

sNASP 

 

A. CD spectrum. The spectrum was recorded at 20°C in 100 

mM NaCl, 40 mM Tris-HCl (pH 8.0) buffer. B. Secondary structure 

prediction using the hierarchical neural network protein 

sequence analysis (318). 
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Figure 16. Analytical ultracentrifugation analysis of recombinant H. sapiens sNASP 

 

A. Integral distribution of the sedimentation coefficient of 

sNASP at different ionic strengths: 25 mM NaCl (black triangles); 

150 mM NaCl (black circles); 500 mM NaCl, 20 mM Tris-HCl (pH 

7.5) buffer (black squares). The inset shows the integral 

distribution of the sedimentation coefficient of a sNASP sample, 

before (white squares) and after (black circles) treatment with 

thrombin to remove the N-terminal His-tag, analyzed in 150 mM 
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NaCl, 20 mM Tris-HCl (pH 7.5) buffer. The sedimentation velocity 

runs were performed at 44,000 rpm and at 20°C. B. Monte Carlo 

analysis of the sedimentation velocity experiment shown in A at 

25 mM NaCl. C. Sedimentation equilibrium analyses of sNASP at 

different salt concentrations. The top plot shows the absorbance 

at 230 nm as a function of the square of the radial distance of 

the sample at any position within the cell (r) minus the square of 

the radial position at a reference [r (ref)]. The continuous line in 

this plot was obtained by fitting the experimental data (circles) 

to a single ideal species with an Mw of 99,000 Da. The bottom 

plot shows χ2 residuals as a function of [r2 − r (ref) 2] for the best 

fit (solid line). The data shown were obtained at 17,000 rpm and 

at 4°C. 
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Figure 17. Tertiary structure of sNASP 

 

A. SDS-PAGE analysis of the time course of digestion of 

sNASP by trypsin (E:S 1:1000) in 100 mM NaCl, 20 mM Tris-HCl 

(pH 7.5). (lane 1) Undigested sample; (lanes 2–5) peptides 
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generated after 5, 10, 20, and 40 min of digestion, respectively. 

B. SDS-PAGE analysis of sNASP (lane 1) and a sNASP-HeLa 

histone H1 (1 mol:1 mol) complex (lane 4) before (lanes 1 and 4) 

and after digestion with trypsin (lanes 2, 3, and 5). Digestion was 

for 20 min under the same conditions as in A (lanes 3 and 5) or 

in 2 M NaCl, 20 mM Tris-HCl (pH 7.5) (lane 2). CE, chicken 

erythrocyte histone marker; M, protein marker. The boxes 

highlight the peptides subjected to N-terminal sequencing 

analysis. C. (I) Secondary structure organization derived from 

the tertiary structure prediction of sNASP using the Phyre 

program (320) in comparison to (II) the α-helix structure 

predicted from the hierarchical neural network analysis (see 

Figure 15B). Also shown are (III) the distribution of the trypsin-

resistant peptides identified by N-terminal Edman degradation 

sequencing and MALDI-time of flight as well as (IV) the sites of 

histone H1 binding [(orange boxes, 115–128, 138–172) described 

by Batova and O'Rand (163)] or identified here (orange box, 280–

300) (119). The numbers in brackets in III correspond to the 

peptide numbers identified in B. TPR, tetratricopeptide repeat 

domain; CCD, coiled-coil domain. D. Tertiary structure predicted 
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from the primary structure of sNASP using the Phyre 2 program 

(320). 
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Figure 18. Binding of histones to recombinant sNASP 

 

HeLa cell core histones H2A-H2B, H3-H4, and linker histones 

H1 and their trypsin-resistant core H1c were mixed with sNASP 

in the presence of 100 mM NaCl, 10 mM Tris-HCl (pH 7.5) at 

increasing histone: sNASP molar ratios [0 (lanes 1, 6, 11, and 

16), 0.5 (lanes 2, 7, 12, and 17), 1.0 (lanes 3, 8, 13, and 18), 1.5 

(lanes 4, 9, 14, and 19), and 2.0 (lanes 5, 10, 15, and 20)] A. 

Analyzed by either SDS- (15%) PAGE or B. Native (6%) PAGE. C, 

histone H1-NASP complex; D, sNASP dimer; M, sNASP 

monomer; N, sNASP. 
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Figure 19. NASP facilitates the deposition of linker histones onto nucleosome arrays 

 

A. Change in the sedimentation coefficient (s20,W) of chicken 

erythrocyte chromatin fraction as a function of the sodium 

chloride concentration. The average number of nucleosomes of 

the chromatin fraction used was Nw = 23. Data obtained before 

(solid circles) and after (open circles) removal of linker histones. 

Values obtained with the linker histone-depleted fraction on 

addition of histone H5 in the presence of NASP (solid triangles). 

B. SDS-PAGE analysis of starting chromatin fraction (lane SS). 
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Linker histone-depleted fraction on addition of 2 mol H5/mol 

nucleosome in the presence (lane 1) or absence of sNASP (lane 

2). Products recovered from MgCl2 (5 mM) precipitation (lanes 3 

and 4) of the samples (lanes 1 and 2, respectively). (C–E) Native- 

(4.5%) PAGE analysis of the DNA from the micrococcal nuclease 

digestion products of the starting native chromatin fraction (NC) 

and the linker histone-depleted counterpart on reconstitution 

with H5 in the presence [NASP (+)) or the absence (NASP (−)] of 

sNASP at 0 and 80 mM NaCl in 10 mM Tris-HCl, 0.1 mM EDTA 

(pH 7.5). The triangles indicate increasing time of micrococcal 

nuclease digestion: 0 (lanes 1 and 6), 5 (lanes 2 and 7), 20 (lanes 

3 and 8), 40 (lanes 4 and 9), and 60 (lanes 5 and 10) min. 
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Chapter 4: Nucleoplasmin (NPM2) regulates the decondensation 
of chromatin 

 

This chapter was originally published in; Ramos, I., Prado, A., 

Finn, R. M., Muga, A., Ausió, J. (2005) Nucleoplasmin-mediated 

unfolding of chromatin involves the displacement of linker-

associated chromatin proteins. Biochemistry 44 (33): 8274-8281. 

My contributions to this paper were in designing and performing 

the experiments related to analytical ultracentrifugation and the 

data presented in Figure 20, Figure 22 and Table 3. I collected 

and analyzed all the data; wrote the materials and methods and 

results related to those experiments, under the supervision of 

Dr. Adelina Prado and Dr. Juan Ausió.  

 

4.1 Abstract 
 

We have previously characterized the interaction of 

nucleoplasmin with core histones and studied the possible 

involvement of this chaperone molecule in transcription. Here 

we study the interaction of nucleoplasmin with chromatin. We 

show that highly phosphorylated X. laevis egg nucleoplasmin 
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can unfold sperm and somatic chromatin in a way that involves 

the removal of chromosomal proteins from linker DNA regions 

without a stable interaction with the nucleosome. The 

complexes between egg nucleoplasmin and both somatic and 

sperm-specific linker proteins have been hydrodynamically 

characterized using sedimentation equilibrium in the analytical 

ultracentrifuge. The results are discussed within the context of 

the possible implication of nucleoplasmin in processes such as 

transcription and replication licensing which take place after egg 

fertilization at the onset of development. 

4.2 Introduction 
 

NPM2 is an H2A-H2B chaperone protein (1, 41, 129, 134, 355, 

356) that has been identified as the single most abundant 

protein in the nucleus of X. laevis and D. melanogaster, in 

addition to several other vertebrate organisms (1, 53, 225). The 

crystallographic structure of the core of this molecule has been 

recently elucidated (257, 295, 357). NPM2 is thought to exist as a 

pentamer when bound H2A-H2B dimers and as a decamer, 

composed of two stacked pentamers, when bound to H2A-H2B 
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dimers and H3-H4 tetramer, simultaneously (257). NPM2 is 

involved in chromatin structure reorganization during 

fertilization, including sperm DNA decondensation, and during 

embryonic development (257). The sperm chromatin of X. laevis 

consists of a complex mixture of Sperm Nuclear Basic Proteins 

(SNBPs; labeled SP1/2, SP3, SP4, SP5, and SP6) (355) as well as 

histones H3-H4 but is deficient in histones H2A-H2B (358). 

Therefore, it is believed that the chaperone activity of X. laevis 

NPM2 provides the histone H2A-H2B complement to the male 

pronucleus upon replacement of the SNBP immediately after 

fertilization (359). In addition to its active participation in the 

displacement of SNBPs from the male pronucleus (359, 360), 

nucleoplasmin has also been involved in several other functions 

extending to the first stages of development, for instance, 

replication licensing (361, 362), a process that has been shown 

to involve removal of histone H1 (363). However, the detailed 

molecular mechanisms involved in all these processes are just 

now being elucidated (225). In this study, we examined the 

interaction of highly phosphorylated active egg nucleoplasmin 

(eNPM2) with chromatin from two different types of quiescent 
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cells: chicken erythrocytes and X. laevis sperm. The results are 

discussed in the context of the functional implications for 

chromatin remodeling during spermatogenesis and DNA 

metabolism during early development. 

 

4.3 Materials and Methods 
 

4.3.1 Protein production and purification  
 

Recombinant NPM2 (rNPM2) was prepared as described 

elsewhere (364). Native NPM2 from X. laevis eggs was purified 

as described in (364), and histone H5 was purified as described 

elsewhere (365). The concentration of nucleoplasmin was 

determined using an extinction coefficient of 7.1 cm2 mg-1 at 230 

nm. SNBPs from X. laevis testis tissue were extracted as 

described in (366). The proteins were partially purified by 

reverse phase chromatography using a C18 Vydac column with 

a gradient from 0.1% TFA to 30% acetonitrile. The main SNBP 

peaks corresponding to Sperm-Specific proteins (SP) 6, 5-4-3, 
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and 2 (355) were mixed, dried with a speed-vacuum, and 

resuspended in water.  

4.3.2 Chromatin and Nucleosome Core Particle Preparation 

 

Chromatin complexes and linker histones were prepared as 

described elsewhere (304, 365). The concentration of DNA was 

determined using an extinction coefficient of 20 cm2 mg-1 at 260 

nm. DNA from the chromatin samples was obtained by 

proteinase K digestion followed by phenol/chloroform extraction 

and ethanol precipitation as described elsewhere (367).  

4.3.3 Analytical Ultracentrifuge Analysis of Chromatin-Nucleoplasmin Interactions 
 

Sedimentation velocity runs were performed in a Beckman XL-

A analytical ultracentrifuge using an An-55 Al (aluminum) rotor. 

Samples were loaded in double-sector cells with aluminum-filled 

Epon centerpieces. UV scans were taken at 260 nm and analyzed 

by the van Holde and Weischet (313) method using the XL-I 

UltraScan III version 2.0 sedimentation data analysis software 

(www.ultrascan3.uthscsa.edu). Sedimentation velocity runs were 

performed at 20 °C. Sedimentation equilibrium experiments were 
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carried out using a Beckman XL-I analytical ultracentrifuge 

using an An-60 Ti (titanium) rotor. The samples were loaded in a 

six-hole charcoal-filled Epon 12 mm cells. All runs were carried 

out at 7 °C. The scans were analyzed using XL-I UltraScan III 

version 2.0 sedimentation data analysis software 

(ultrascan3.uthscsa.edu) using global nonlinear, least-squares 

curve fitting (368, 369). The protein samples were analyzed for 

equilibrium conditions achieved at different rotor speeds (see 

figure legends for more details). The partial specific volumes of 

the proteins were calculated from their amino acid compositions 

using the partial specific volumes provided in (370).  

 

4.3.4 Chromatin-eNPM2 Interactions 
 

Long chicken erythrocyte chromatin consisting of a 

nucleosome weight average number of approximately 40 

nucleosomes along with nucleosome core particles was 

dialyzed against 50 mM NaCl, 1 mM MgCl2, and 10 mM Tris-HCl 

(pH 7.5) and incubated for 3.5 hours at 20 °C with different 

amounts of eNPM2. Different molar ratios of pentameric 
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nucleoplasmin (Mw =110 kDa) per mole of nucleosome DNA (Mw 

= 137.9 kDa) or mole of Nucleosome Core Particle (NCP) DNA 

(Mw = 96.8 kDa) were used as indicated in the corresponding 

figure legends.  

4.3.5 Chromosomal Protein-eNPM2 Interaction 
 

 For the interaction of histones H1 and H5 and X. laevis SP 

proteins with eNPM2, mixtures consisting of different molar 

amounts of these chromosomal proteins and eNPM2 were made 

in 50 mM NaCl, 1 mM MgCl2, and 10 mM Tris-HCl (pH 7.5). Upon 

incubation at room temperature for 60 minutes, the complexes 

thus obtained were subsequently analyzed in the analytical 

ultracentrifuge.  

4.3.8 Nuclear Decondensation and Fluorescence Microscopy 
 

 Demembranated sperm nuclei from X. laevis were prepared as 

reported previously (371), and Triton X-100-permeabilized 

chicken erythrocyte nuclei were prepared as described in (304). 

The nuclear density (nuclei per milliliter) of the sperm and 

erythrocyte nuclear samples was estimated from the total DNA 
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nuclear content determined from the absorbance at 260 nm of a 

nuclear suspension lysed in the presence of SDS (308). A 

relationship of 3 X 104 nuclei per 0.14 µg (sperm nuclei) or 0.13 

µg (erythrocyte) of DNA was used (231). Approximately 3 X 104 

erythrocyte or sperm nuclei were incubated in a final volume of 

33 µL consisting of 100 mM KCl, 2 mM MgCl2, and 25 mM Tris-

HCl (pH 7.5) at different eNPM2 pentamer: nucleosome 

equivalent molar ratios, as indicated in the figure legends. These 

ratios were calculated using an pentameric NPM2 (Mw = 110 

kDa) and Nucleosome (~200bp) (Mw = 132.6 kDa). Aliquots were 

taken at different incubation times and diluted with DAPI to stain 

the DNA, and the unfixed samples were immediately 

photographed.  

 

4.3.9 Electrophoretic Analyses of Nuclear Decondensation 

 

AU-PAGE (5% acetic acid-12% PAGE-2.5 M urea) and AUT-

PAGE (5% acetic acid-12% PAGE-2.5 M urea-6 mM Triton X-100) 

(372) were used to characterize the chromosomal proteins 

removed from nuclear chromatin by egg nucleoplasmin. Briefly, 
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the corresponding sperm or erythrocyte nuclei (approximately 7 

µg per assay) were incubated in 100 mM KCl, 2 mM MgCl2, and 

25 mM Tris-HCl (pH 7.5) with increasing amounts of NPM2 to 

reproduce the same nucleosome: NPM2 pentamer molar ratio as 

in the nuclear decondensation experiments. The final volume of 

the incubation mixture was approximately 45 µL in each sample. 

Upon incubation at room temperature for 60 minutes, the 

nuclear suspension was centrifuged (16,000 g for 30 min at 4 

°C). The resulting supernatants contain NPM2 and basic proteins 

associated with NPM2, and the pellets contain the basic proteins 

that remained associated with DNA. For the experiments shown 

in Figure 22, the supernatants were dried with a speed-vacuum 

and the dry pellets thus obtained, as well as the pellet fractions, 

were resuspended in approximately 5 µL each of a sample buffer 

consisting of 5 M urea, 5% acetic acid, 1% protamine sulfate, 

and a mixture of 0.05% pyronin Y and pyronin B-ferric chloride 

complex, and incubated at 65 °C for 15 min prior to being loaded 

in the gel (31). 

4.4 Results 
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4.4.1 Egg Nucleoplasmin Removes Xenopus laevis SNBP and Chicken Erythrocyte 
Linker Histones with the Highest Efficiency 

 

The extent of nucleoplasmin phosphorylation increases 

dramatically during the developmental transition from the 

oocyte to the egg stage (373-375). Using X. laevis egg or oocyte 

extracts, it has been shown that this increase in the extent of 

phosphorylation presumably facilitates the sperm 

decondensation at fertilization through a process that involves 

an increased efficiency in removal of SNBPs (376). It has also 

been shown that incubation of egg extracts with X. laevis 

erythrocyte nuclei results in removal of the linker histones, a 

process that has been related to an increase in the level of 

replication licensing (363).  

 

4.4.2 Nucleoplasmin Unfolds Chromatin but Does Not Stably Interact with 
Nucleosomes 

 

To characterize the protein removal process at the chromatin 

level, we prepared a chicken erythrocyte chromatin fraction (Nw 

= 40) and incubated it with eNPM2 at different eNPM2: 

nucleosome ratios. Figure 20A shows the variation of the 
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integral distribution of the sedimentation coefficient of this 

chromatin fraction as the eNPM2 pentamers per nucleosome 

ratio increases from 0 to approximately 5. In the absence of 

NPM2, the pattern exhibits a characteristic broad distribution of 

s20,w values due to the intrinsic heterogeneity of the chromatin 

fraction (330). The midpoint s20,w value of the distribution 

decreases as the eNPM2 pentamer per nucleosome ratio 

increases up 4.8 eNPM2, where it reaches a value similar to that 

of the same fraction upon artificial depletion of linker histones 

(304, 377). Therefore, the above-mentioned nuclear 

decondensation is the result of chromatin unfolding due to 

nucleoplasmin induced removal of linker histones, a process 

that is reminiscent of that observed in the nucleus of the H1 

knockout strain (ΔH1) of Tetrahymena thermophila (378). Figure 

20B shows the integral distribution of the sedimentation 

coefficient of individual nucleosomes in the absence and 

presence of nucleoplasmin. In the absence of eNPM2, NCPs 

exhibit their characteristic highly homogeneous distribution 

centered at ~11.5 S (304, 377). This distribution is basically 

unaffected by the presence of eNPM2, since the small sample 
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fraction sedimenting at a value similar to that found for free 

nucleoplasmin roughly equals the amount of added protein. 

Therefore, removal of linker histones from the chromatin 

described above does not involve a stable interaction of eNPM2 

with the chromatin fiber, a result that would be expected from 

the negatively charged nature of both the eNPM2 itself and the 

chromatin fiber.  

 

4.4.3 Removal of Linker Chromosomal Proteins Requires Approximately Five 
eNPM2 Pentamers per Nucleosome  

 

The results from the previous section suggest that five 

nucleoplasmin pentamers per nucleosome are required to 

completely unfold the chromatin fiber. To further assess this 

observation, we incubated demembranated sperm nuclei and 

permeabilized chicken erythrocyte nuclei with increasing 

amounts of eNPM2 corresponding to different eNPM2: 

nucleosome equivalent molar ratios (Figure 21). As shown in 

this figure, by the time a ratio of 4.8 was reached, almost all the 

SP proteins from sperm chromatin and most of the linker 

histones (H1 and H5) from the erythrocyte nuclei had been 
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removed. In the latter instance, it is important to note that 

histone H5 is removed more efficiently by nucleoplasmin than 

histone H1, a fact that may reflect either a differential 

accessibility of linker histones in the erythrocyte chromatin fiber 

(379) or a different affinity for eNPM2. This result is also in very 

good agreement with previous experimental data that showed a 

preferential removal of H1° (an amphibian equivalent of avian 

H5) when X. laevis erythrocyte nuclei were incubated in the 

presence of egg extracts (211).  

4.4.4 Characterization of the Complexes between eNPM2 and Linker Histones and 
Sperm SP 

 

We finally characterized the interaction between X. laevis 

NPM2 and linker histones in solution. The results of this 

analysis are shown in Figure 22 and Table 3. In a preliminary 

titration experiment, it was found that H1:eNPM2, H5:eNPM2, 

and SP:eNPM2 complexes precipitated at 4.0-4.5: 1, 3.0-3.5: 1, 

and 6.0-6.5: 1 basic ligand: eNPM2 pentamer molar ratios, 

respectively. Figure 22A shows the sedimentation velocity 

analysis of H1:eNPM2 and H5:eNPM2 complexes close to these 

saturation values. In all instances, the input protein: eNPM2 
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ratios and the protein: eNPM2 ratios determined from 

sedimentation equilibrium analysis of the resulting complexes 

are very similar or slightly lower (see Figure 22), suggesting that 

under these conditions very little precipitation had occurred. 

From these results, it is thus possible to estimate the saturation 

ratios of the protein-eNPM2 complexes: 3.7 mol of H1:mol of 

eNPM2, 2.4 mol of H5:mol of eNPM2, and 5.4 mol of SP:mol of 

eNPM2. The value determined for the X. laevis SP-eNPM2 

complex is very similar to the value of 5.0 previously reported by 

Iwata et al. using fluorescence spectroscopy and salmine 

protamine (380). It is higher than the value of 2.5 reported for 

similar experimental conditions using recombinant 

nucleoplasmin (rNPM2) (i.e., in the absence of any 

phosphorylation) (325). This underscores the relevance of 

nucleoplasmin phosphorylation in the process of protamine 

(and most likely linker histones H1 and H5) removal, and points 

to the importance of electrostatics in the interaction of 

nucleoplasmin with these proteins, in contrast to what has been 

reported for core histones (240, 295). In this regard, the ability to 

bind more H1 than H5 most likely reflects the lower charge 
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density of the former when compared to the latter, and might 

also be related to the difference in the relative affinity of oNPM2 

and eNPM2 for these histones (Figure 21). However, a difference 

in the accessibility of H1 versus H5 within the chromatin fiber 

cannot be disregarded (379). Interestingly, with the exception of 

histone H1, none of the other nucleoplasmin-interacting partners 

studied here causes a large change in the frictional parameters 

of the resulting complexes (see Table 3), an indication that these 

proteins bind quite tightly to the nucleoplasmin pentamer. 

4.5 Discussion 
 

When taken together, the results presented in this paper 

clearly indicate that nucleoplasmin can unfold both sperm and 

somatic chromatin (Figure 20 and Figure 21), through a process 

that involves removal of chromatin linker-associated proteins 

without any physical interaction with the nucleosomes (Figure 

20). Phosphorylation plays a critical role in the process adding 

to the notion that factors other than the polyglutamic tracts 

present in the primary structure of the nucleoplasmin molecule 

are very important for its functional activity (225, 240, 325). 
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Although this finding has been proposed previously (330, 365), 

the results presented here directly link differences in 

phosphorylation with selective removal of specific linker 

histones from DNA.  

 

NPM2 participates in one of the more drastic chromatin 

remodeling processes in the eukaryotic cell, the remodeling of 

the male pronucleus after egg fertilization. In X. laevis, the 

sperm chromatin consists of an SP protein complement in a 

chromatin complex that is deficient in histones H2A and H2B 

(355). The SP components are removed during fertilization by 

nucleoplasmin that then replaces them with H2A and H2B (359). 

In contrast to other chromatin remodeling complexes such as 

SWI/SNF (381), NPM2 does not require energy from ATP. 

Importantly though, and in contrast to these latter types of 

remodeling complexes, NPM2 can have access to chromatin 

proteins from only the linker domains (bound to linear DNA) but 

not from the nucleosome- constrained regions. Access to the 

NCP histones requires the unwrapping of nucleosomal DNA 

before dissociation of histones from the complex can take place, 
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a process that most likely involves the use of chemical energy 

from ATP and/or physical energy from DNA supercoiling. The 

interaction of nucleoplasmin with “linker” histones, and 

especially the fact that phosphorylation can regulate the 

repertoire of linker histones that NPM2 can extract from DNA, is 

very interesting and has several important implications. Notably, 

several linker histone-binding proteins (histones of the H1 

family) have recently been described which either have 

chaperone activity such as sNASP (147) or can remodel 

chromatin in a derepressive way targeted to specific genes such 

as PELP1 (382). Whether NPM2 acts in a manner similar to that 

of this latter protein but in a more generalized nonspecific way 

remains to be established.  

 

Indeed, the involvement, if any, of NPM2 in transcription still 

remains controversial. Using a heterologous system consisting 

of reconstituted nucleosomes and several transcription factors 

(GAL4-AH, USF, and Sp1), Chen et al. (383) described a role of 

nucleoplasmin in stimulating binding of the transcription factor 

to nucleosomes. In the presence of the ternary complex 
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consisting of transcription factor(s), reconstituted nucleosomes, 

and X. laevis nucleoplasmin, it was shown that the process 

involved the displacement of histone H2A-H2B. Partly on the 

basis of these results, it has recently been proposed that during 

transcription nucleoplasmin can operate as a “histone sink” 

(296) that mediates the dynamic exchange of histones (384) that 

takes place during transcription of certain genes by RNA 

polymerase II (385). However, when a more homologous system 

was used, consisting of nucleosomes reconstituted onto a 5S 

rRNA gene fragment, X. laevis TFIIIA and X. laevis NPM2, no 

effect was observed in the enhancement of binding of TFIIIA to 

nucleosomes reconstituted onto the 5S DNA template (353). 

While the acquisition of transcriptional competence by somatic 

nuclei using X. laevis extracts has been described previously 

(211), the involvement of NPM2 in that process remains 

unknown. Nevertheless, it is thus possible that after fertilization, 

NPM2 exerts a generalized derepressive role. Our results would 

lend support to this notion rather than to the “histone sink” 

hypothesis (296). Within the same context, the finding that NPM2 

preferentially removes only linker-associated chromosomal 
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proteins also has implications for the role of this protein in 

those vertebrate organisms that retain a canonical somatic-like 

core histone complement in their sperm, which occurs in several 

species of fish and amphibians (386, 387). Interestingly, a NPM2 

protein has been identified and characterized in the carp 

(Cyprinus carpio) (388) that strongly resembles X. laevis NPM2 

in sequence. The main role of this protein in such organisms 

may be that of sperm histone H1 removal immediately after 

fertilization. Binding to histone H1 in the early developmental 

stages may play a critical role in DNA replication licensing (362, 

363). Also, if the SNBPs of the PL/P type (386) can be 

operationally considered linker binding chromosomal proteins 

(like linker histones) (389), the remodeling of the male 

pronucleus after fertilization could be considered an 

extrapolation of this role. It is important to point out here that 

the situation in mammals may be more complicated. The 

analysis of the complexes between NPM2 and different linker-

binding chromosomal proteins using purified components, and 

the characteristic properties of each of these components, may 

help in the understanding of the differential ability of NPM2 to 
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dissociate these proteins from the chromatin linker DNA 

domains. As shown here, this activity is strongly dependent on 

the extent of NPM2 phosphorylation. Such analysis can also 

help to explain the different stoichiometry with which these 

chromosomal proteins bind to NPM2. Inspection of the 

sequences and amino acid composition of the linker 

chromosomal proteins studied here, in combination with the 

stoichiometries experimentally determined for their saturating 

complexes with eNPM2 (Table 3), shows that these proteins all 

contain a similar number of basic residues that could be 

involved in ionic interactions with acidic NPM2. This in turn 

emphasizes the importance of electrostatic interactions in the 

stabilization of these complexes. In the case of histone H5 

[which has 189 amino acids and 36 mol % basic residues (390)], 

it is possible to estimate that approximately 163 basic residues 

could potentially participate in complex stabilization. While this 

is likely an overestimate (as not all the positive charges in the 

chromosomal proteins may participate in the interaction), this 

value is strikingly similar to that calculated with X. laevis SP 

(358, 387). In this instance, it is possible to estimate from the 
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amino acid analysis of these proteins (387) an average positive 

charge of approximately 30 mol %. Taking an average amino 

acid length of 100 amino acids for the SP mixture and from Table 

3, we can calculate an average value of ~160 ionic interactions. 

Despite the approximations used in the latter calculation, the 

value thus obtained is very similar to that calculated for H5 and 

that of 210 calculated for the histone H1 mixture [which has an 

average of 220 amino acids and 26 mol % basic residues (391)]. 

This higher estimate is presumably due to the less clustered 

distribution of positive charges in these molecules which results 

in a large number of molecules binding to the eNPM2 pentamer, 

and which also results in a more asymmetric conformation of 

the resulting complex (see Table 3). Regardless of the details, 

the similarity of all these values despite the different 

conformation and size of the molecules compared suggests that 

the interaction between these molecules and eNPM2 is 

electrostatically driven. The eNPM2 pentamer is highly 

phosphorylated (Figure 20C, lane 3) and contains an average of 

50 (364) to 100 phosphates (376). The largest polyglutamic A2 

track of NP located at the C-terminal unstructured end of the 
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molecule has 14 glutamic acids (18 including the short A3 track 

closer to the C-terminus) (225, 325). This means that this region, 

which had been initially involved in binding to basic 

chromosomal proteins (392), contains a similar number of 

negative charges contributed by the phosphates. Furthermore, it 

only accounts for approximately half of the values described in 

the previous section. As already indicated, it is difficult to 

determine the precise number of the ionic interactions involved 

(and most likely the above numbers are overestimated). 

Nevertheless, the electrostatic nature of the interaction and the 

contribution of the phosphates outside of the C-terminal domain 

[at the “distal face” of the pentameric NPM2 core (393)] may 

explain the lower stoichiometric values observed for the 

interaction of protamines with recombinant NPM2 (391) and the 

higher efficiency of binding to linker histones. Thus, while the 

chaperone activity of NPM2 appears to be driven by 

stereospecific recognition of the core histones (mainly H2A and 

H2B) (240, 295), the chromatin decondensing activity studied 

here appears to involve a strong electrostatic component with 

phosphorylation of the molecule being an important part of it. 
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Table 3. Hydrodynamic parameters and stoichiometry values of NPM2 and its complexes 

with different chromosomal proteins 

 H5 H1 SP eNPM2 rNPM2 
s20,w (S) 7.5 7.4 8/0 6.9 6.5 
[protein-eNPM2]ina 2.8e 3.7f 5.5g - - 
Mr

b (Da) 156,000 192,000 164,000 110,200 110,200 
[protein-eNPM2]det

c 2.4e 3.7f 5.4g - - 
f  /fo

d 1.07 1.48 1.23 1.08 1.15 
a Initial protein: eNPM2 (moles of protein per mole of eNPM2 pentamer) ratio. 
b Mr, experimentally determined by sedimentation equilibrium 
c Protein: eNPM2 (moles of protein per mole of eNPM2 pentamer) ratio determined from 
experimentally Mr values 
d Calculated as described in (325) 
e Assuming Mr (H5) = 20,600 Da (390) 
f Assuming Mr (H15) = 22,000 Da 
g Assuming an average Mr (SP1/2-3/5-6) = 10,000 Da 
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Figure 20. Integral distribution plots of the sedimentation coefficient of chicken erythrocyte 

chromatin and nucleosomes in the presence of nucleoplasmin 

 

A. Long chicken erythrocyte chromatin incubated in the 

presence of different molar eNPM2: nucleosome equivalent 

ratios:   0:1 (white circles), 0.6:1 (gray circles), 1.2:1 (black 

squares), and 4.8:1 (black triangles). B. Chicken erythrocyte 

nucleosome core particles without (black circles) or after 

incubation with 0.5 moles of egg NPM2 per mole of nucleosome 

core particle. The analytical ultracentrifuge runs were carried out 

at 20 °C and 22,000 rpm in panel (A) and 40,000 rpm in panel (B). 
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C. Electrophoretic characterization of the protein (left-hand side, 

SDS−PAGE) and DNA (right-hand side, 1% agarose−PAGE) 

components of the samples analyzed in panels (A) and (B):   lane 

1, histones from nucleosome core particles; lane 2, histones 

from chromatin; and lane 3, nucleoplasmin. The broad 

appearance (heterogeneity) of the band is due to different 

extents of phosphorylation that are present in the egg form of 

the protein (393). Lane M is a λDNA BstEII digest used as a 

marker. The sizes of the different electrophoretic bands (in base 

pairs) are given at the left-hand site. Lane 4 is the DNA from the 

chromatin fraction, and lane 5 is the 146 bp DNA from the 

nucleosome core particles:   Ch, chromatin; NCP, nucleosome 

core particles; and NPM2, nucleoplasmin. 
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Figure 21. Nucleoplasmin solubilization of chromosomal proteins from nuclei 

 

A. AU−PAGE analysis of the proteins remaining in the nuclear 

pellet (P) and those associated with NP in the supernatant (SN) 

after incubation of chicken erythrocyte nuclei with increasing 

amounts of nucleoplasmin for 60 minutes at room temperature. 

Lanes 1 and 2 correspond to different amounts of eNPM2. Lanes 

3 and 4 are histones extracted from nuclei before (lane 3) or after 

(lane 4) treatment with β-mercaptoethanol to indicate the 

position of the oxidized histone H3 dimer (H3D). SS denotes the 

starting sample (without NPM2 treatment). B. Same as panel (A) 

for X. laevis sperm nuclei. CM denotes the chicken erythrocyte 

histone marker. The molar ratios (moles of NPM2 pentamer per 

mole of nucleosome equivalent) are indicated at the top of the 

corresponding lanes. 

NPM2 
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Figure 22. Analytical ultracentrifuge characterization of nucleoplasmin complexes with 

different chromosomal proteins 

 

A. Integral distribution plots of the sedimentation coefficient of 

eNPM2 (circles), the eNPM2−chicken erythrocyte histone H5 

complex (1 mol of eNPM2 pentamer per 2.8 mol of H5) 

(triangles), and the eNPM2−chicken erythrocyte histone H1 

complex (1 mol of eNPM2 pentamer per 3.7 mol of H1) (squares). 

The inset is an AU−PAGE gel of the proteins. B. Integral 

distribution plots of the sedimentation coefficient of eNPM2 

(diamonds) and eNPM2−X.laevis SP complexes at different 

eNPM2 pentamer :SP proteins molar ratios:   1:2.8 (circles), 1:4.1 
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(squares), and 1:5.5 (triangles). The inset shows an AU−PAGE 

gel of the proteins in the eNPM2−X. laevis SP (10) complex (lane 

2) in comparison to a chicken erythrocyte histone marker (lane 

1). C. Sedimentation equilibrium analysis of the eNPM2−X.laevis 

SP (1 mol of eNPM2 pentamer per 5.5 mol of SP) complex. The 

top plot shows the absorbance at 230 nm as a function of the 

square of the radial distance of the sample at any position within 

the cell (r) minus the square of the radial position at a reference 

point (r0) (r2 − r0
2). The continuous line in this plot was obtained 

by fitting the experimental data (circles) to a single ideal species 

with an Mw of 164,000. The bottom plot shows χ2 residuals as a 

function of r2 − r0
2 for the best fit (solid line). The run was 

performed at 4 °C and 14,000 rpm. 
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Chapter 5: Pentameric Nucleoplasmin (NPM2) binds histone 
H2A-H2B dimers  

 

This chapter was originally published in; Ramos, I., Martin-

Benito, J., Finn, R. M., Bretana, L., Aloria, K., Arizmendi, J. M., 

Ausió, J., Muga, A., Valpuesta, J. M., Prado, A. (2010) 

Nucleoplasmin binds histone H2A-H2B dimers through its distal 

face. Journal of Biological Chemistry. 285(44): 33771-33778. My 

contributions to this paper were in designing and performing the 

experiments related to analytical ultracentrifugation and the data 

presented in Figure 24. I collected and analyzed all the data; 

wrote the materials and methods and results related to those 

experiments, under the supervision of Dr. Adelina Prado and Dr. 

Juan Ausió.  

 

5.1 Abstract 
 

Nucleoplasmin (NPM2) is a histone chaperone that regulates 

the condensation state of chromatin extracting specific basic 

proteins from sperm chromatin and depositing H2A-H2B histone 

dimers. It has been proposed that histones could bind to either 
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the lateral or distal face of the pentameric structure. Here, we 

combine different biochemical and biophysical techniques to 

show that native, hyperphosphorylated NPM2 can bind five H2A-

H2B dimers and that the amount of bound ligand depends on the 

overall charge (i.e. phosphorylation level) of NPM2. Three-

dimensional reconstruction of NPM2/H2A-H2B complex carried 

out by electron microscopy reveals that histones interact with 

the chaperone distal face. Limited proteolysis and mass 

spectrometry indicate that the interaction results in protection of 

the histone fold and most of the H2A and H2B C-terminal tails. 

This structural information can help to understand the function 

of NPM2 as a histone H2A-H2B chaperone. 

5.2 Introduction 
 

As we have shown in Chapter 1 and 3, nucleoplasmin (NPM2, 

NPM or Np) belongs to a larger nucleoplasmin family of histone 

chaperones, that together with other chromatin remodeling 

complexes, are responsible for chromatin remodeling events 

during cell cyle progression, apoptosis, fertilization, DNA 

damage repair (37, 208, 225, 394, 395). NPM2 like other histone 



 

 

199 

chaperones, shields the positive charge of bound histones, 

allowing their proper deposition onto DNA in the chromatin 

assembly process or their storage during remodeling of 

chromatin (37, 214). 

 

We validate H2A-H2B binding to native (isolated from X. laevis 

eggs) nucleoplasmin (eNPM2) on the distal region of NPM2. The 

three-dimensional reconstruction obtained by electron 

microscopy of eNPM2 reveals five arms protruding from the cup-

shaped NP-core, showing for the first time the presence of the 

flexible C-terminal domains. Our results show that native 

pentameric eNPM2 is able to bind five H2A-H2B dimers. The 

three-dimensional reconstruction of the complex shows that the 

interaction between chaperone and histones takes place at the 

distal region of NPM2, through the five arms of the pentameric 

structure. Docking of the available structures into the EM map of 

this complex and proteolysis analysis also reveal that the C-

terminal domain of NP and the histone fold and C-terminal tails 

of both histones are involved in the interaction. The structural 
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information thus obtained can help to understand the biological 

function of NPM2 as a histone H2A-H2B chaperone. 

 

5.3 Materials and Methods 
 

5.3.1 Protein Expression and Purification  
 

Native nucleoplasmins isolated from eggs (eNPM2) or oocytes 

of X. laevis were purified as described previously (364). NPM2 

concentration was determined by the bicinchoninic acid assay 

(Sigma). Native H2A-H2B dimers were obtained from chicken 

erythrocyte chromatin upon elution from a hydroxyapatite 

column using a 0.35–2 M NaCl gradient in 20 mM potassium 

phosphate (pH 6.8) buffer, according to (304). The extinction 

coefficient of H2A-H2B dimers in water at 230 nm was 

determined by amino acid analysis using norleucine as internal 

standard and was estimated to be 4.35 cm2 mg−1. Recombinant 

full-length (rNPM2) and truncated mutants ΔC50NPM2 (lacking 

the last 50 residues) and ΔC80NPM2 (lacking the last 80 
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residues) were expressed and purified as published previously 

(364). 

5.3.2 Titration of Nucleoplasmin with H2A-H2B Dimers  

 

Native H2A-H2B dimers (3–4 mg/ml) in 20 mM potassium 

phosphate (pH 6.8) buffer containing 1.6 M NaCl were rapidly 

mixed with the desired NPM2 concentration. The final buffer 

composition was 2 mM MgCl2, 240 mM NaCl, 25 mM Tris-HCl (pH 

7.5) (Buffer 1). Molar ratios are expressed as eNPM2 pentamer-

H2A-H2B dimers. 

5.3.3 Analytical Ultracentrifugation  
 

Sedimentation velocity runs were performed in a Beckman XL-I 

analytical ultracentrifuge using an An-55 Al (aluminum rotor) at 

20 °C. Samples in Buffer 1 were loaded in double sector cells 

with aluminum-filled Epon centerpieces. UV scans were taken at 

230 nm and analyzed by the van Holde and Weischet method 

(313)using XL-I UltraScan III version 2.0 sedimentation data 

analysis software (ultrascan3.uthscsa.edu) 

5.3.4 Sucrose Gradients  
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Sucrose gradients (5–20% sucrose) were prepared in 240 mM 

NaCl, 12 mM potassium phosphate, 2 mM MgCl2, 20 mM Tris-HCl 

(pH 8.8). Histone H2A-H2B dimers at ~3 mg/ml in 20 mM 

potassium phosphate (pH 6.8), 1.6 M NaCl were rapidly mixed 

with 2 mg/ml NPM2 solution, in 150 mM NaCl, 25 mM Tris-HCl 

(pH 7.5) at different molar ratios. After incubating the mixture for 

60 minutes at room temperature, it was loaded onto the sucrose 

gradients. Gradients were run on an SW 14.1 Beckman rotor at 

103,800 × g and 4 °C for 20 hours. Fractions from the gradient 

peak were dialyzed against distilled water, concentrated by 

speed-vacuum, resuspended in sample buffer, and analyzed by 

SDS-PAGE (12.5% acrylamide). This avoids the different acid-

induced precipitation of both proteins that would hamper 

estimation of their molar ratio in the complex. 

5.3.5 Gel Filtration Chromatography  
 

Size exclusion chromatography of NPM2, histones, and 

eNPM2-histone complexes was performed in Buffer 1. The 

histones, kept at high salt concentration as described before, 

were mixed with eNPM2 (5.5 µm) solutions at different 
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stoichiometries (pentameric NPM2-histones). Samples were 

incubated for 60 minutes at 25 °C and loaded into a calibrated 

Superose 6 PC 3.2/30 analytical column (GE Healthcare). Elution 

volumes were measured by peak integration using Unicorn 

software (GE Healthcare). Fractions were precipitated with 20% 

trichloroacetic acid prior to SDS-PAGE. 

5.3.7 Electrophoretic Mobility Shift Assay  
 

Mixtures of 27 µm eNPM2 and different histone concentrations 

in a 12-µl reaction volume were equilibrated at room temperature 

for 60 minutes. Complexes were resolved by native PAGE on a 

Phast System apparatus (GE Healthcare) or by native agarose 

gel electrophoresis, using a 5–15% gradient Phast gel or a 0.8% 

agarose gel, respectively. The buffer used in native agarose 

electrophoresis was 25 mM Tris-HCl, (pH 8.5), 19.2 mM glycine. 

In both cases the proteins were stained with Coomassie Brilliant 

Blue as described previously (396). 

5.3.8 Three-dimensional EM maps and Docking Analysis 
 

Micrographs were digitized using a Zeiss scanner, and 9862 NP and 5557 NP/H2A-H2B 

particles were selected from the micrographs using XMIPP software at a sampling rate of 
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2.3 Å per pixel. In the case of NP, several volumes were generated as starting templates 

for angular refinement methods implemented in EMAN. First, images were classified 

into homogeneous groups using a maximum likelihood approach implemented in the 

XMIPP platform (397), and selected averages were used to build reference volumes using 

common lines procedures. Also, the available atomic structure of the NP core filtered at 

50 Å and a pentameric gaussian blob with the rough dimensions of the protein were also 

used as starting models. Projections from all these template volumes were initially 

confronted to the data set in independent refinements using methods implemented in 

EMAN (398); all the reconstructions converged to a unique and stable structural model. 

This structure was then subjected to the projection matching protocols implemented in 

the SPIDER package to generate the final volume. In the case of the eNP/H2A-H2B 

complex, a similar procedure was followed but using as starting models a Gaussian blob, 

common lines procedures, and the final map of the NP obtained in this work. During all 

the iterations, 5-fold symmetry was imposed to the volumes. The resolution of the final 

structures was estimated by Fourier shell correlation to be 21 and 19.5 Å for the eNP and 

eNP/H2A-H2B complex, respectively (using the 0.5 cross-correlation coefficient 

criteria).  

 

Docking of the atomic structures of the NP-core domain (PDB 1K5J) and H2A-H2B 

(extracted from the atomic structure of the nucleosome; PDB 1AOI) into the three-

dimensional reconstruction of NP and the NP/H2A-H2B complex was carried out 

manually and optimized using COLACOR, an off-lattice correlation maximizer 

distributed with Situs 2.2, based on the local optimization of COLORES (399). The 
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density maps and atomic structures were visualized with UCSF Chimera from the 

Resource for Biocomputing, Visualization, and Informatics at the University of 

California, San Francisco.  

 

The three-dimensional EM maps have been deposited in the 

EM Data Base (http://www.ebi.ac.uk/pdbe/emdb/) with accession 

numbers EMD-1777 and -1778. The atomic coordinates of the 

docking have been deposited in the Protein Data Bank 

(http://www.rcsb.org/) with accession code 2QXL. 

5.4 Results 
 

5.4.1 Hyperphosphorylated eNPM2 Pentamer Binds H2A-H2B Dimers with a 1:5 
Molar Stoichiometry  

 

Complex formation between pentameric eNPM2 and H2A-H2B 

dimers was analyzed by native electrophoresis by my 

collaborator Isbaal Ramos in Figure 1 of (400). As seen by the 

electrophoretic mobility of the eNPM2:H2A-H2B complex at a 

molar ratio of 1:2, there is no free NPM2, and the molecular mass 

of the complex increases with increasing molar ratios until a 

charge neutralization effect hampers the complex to enter into 

the gel. The same applies to the free histones, which being 
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positively charged, do not enter the gel, and therefore, although 

this technique detects complex formation, it cannot be used to 

estimate the stoichiometry of the complex under saturating 

conditions. To overcome this limitation, the eNPM2:H2A-H2B 

complexes were also run in a 5–30% sucrose gradient. Protein 

composition of different fractions was analyzed by SDS-PAGE to 

estimate the eNPM2/histone molar ratio, using densitometric 

analysis of the corresponding bands and known amounts of 

protein as standards. eNPM2/H2A-H2B complexes give rise to a 

peak that sediments faster than the free eNPM2 pentamer and 

H2A-H2B dimers (, A and B). The estimated saturating molar 

ratio for the eNPM2:H2A-H2B complex was 1:5.2 ± 0.5, because 

above this value the complex appears in the same fractions, with 

the same relative amounts of bound histones, and the peak of 

free histone becomes detectable. 

 

We next studied complex formation by sedimentation velocity 

analysis (Figure 24). Under the experimental conditions used in 

this study the native histone H2A-H2B dimer (Mw = 28 kDa) has a 

s20,w = 1.6–2.0S (data not shown), whereas eNPM2 forms a stable 



 

 

207 

pentamer (Mw = 110 kDa) with a s20,w = 6.04 S (Figure 24A). At 

eNPM2:H2A-H2B molar ratios of 1:1 and 1:2, the complex 

exhibits a narrow distribution of s20,w with midpoint values of 6.7 

S and 7.0 S, respectively. A further increase in the molar ratio to 

1:3 and 1:5 results in a parallel increase of the s20,w values to 8.0 

S and 8.7–9.1 S, respectively. At higher molar ratios (1:7 to 1:10), 

the integral distribution of the sedimentation coefficients shows 

a bimodal behavior, with 75–85% (after correction for the 

different extinction coefficients of nucleoplasmin and histone 

dimer) of the sample sedimenting with a narrow sedimentation 

coefficient distribution centered around 9.1, and the rest 

sedimenting as free histones and a very small (less than 5%) 

aggregated fraction that came out of solution. From these 

results, the estimated saturating eNPM2:H2A-H2B molar ratio is 

also 1:5. The same complexes were analyzed by size exclusion 

chromatography (Figure 24B). Consistent with previous 

observations (364), eNPM2 eluted with an anomalously high 

apparent molecular mass of 310 kDa probably because of the 

non-ordered nature of the distal C-terminal domains (325). The 

saturated complex eNPM2/H2A-H2B (1:5 molar ratio) showed a 
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modest change in elution volume (Ve). SDS-PAGE analysis of the 

corresponding fractions showed that eNPM2 and H2A-H2B 

dimers coelute as a complex, although by following the same 

argument mentioned above for isolated eNPM2, it was not 

possible to accurately measure its molecular mass with this 

technique. As expected for a saturating binding process, at 

eNPM2/H2A-H2B molar ratios higher than 1:5, besides the peak 

corresponding to the saturated complex, it is also possible to 

detect a shoulder that, as shown by SDS-PAGE, contained free 

histones. Taken together, all these results indicate that the 

eNPM2 pentamer can stably bind five H2A-H2B dimers, in 

agreement with previously reported data on recombinant non-

phosphorylated NPM2/H2A-H2B complexes (248). 

 

5.4.2 Three-dimensional Reconstruction of eNPM2  
 

Aliquots eNPM2 were negatively stained and observed under 

the electron microscope by Isbaal Ramos et al. (400) and images 

obtained showed molecules compatible in size with the 

presence of single pentamers, and no double pentamers, like the 
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ones found in the crystallographic structures (295, 401), were 

observed under the experimental conditions used. A three-

dimensional reconstruction was carried out with negatively 

stained particles of eNPM2, as described in (400) The volume 

generated (Transparent yellow structure in Figure 25) has the 

shape of a cup of ~70 Å wide and ~45 Å high. Protruding from 

the main body, the structure reveals five small arms of ~30 Å 

high that point outward, parallel to the 5-fold axis. The structure 

of the main body is very similar to that obtained at atomic 

resolution for the NPM2-core (295, 357, 401), and this 

resemblance is strengthened when the atomic structure of the 

NPM2-core is docked into the mass of the reconstructed particle 

(400). The docking leaves the C-terminal domains of the NPM2-

core pentamer pointing toward the arms, thus suggesting that 

these protruding masses form part of the C-terminal, histone-

binding domain. This domain has been hypothesized to be 

intrinsically disordered and very flexible (364), contrary to the 

highly structured N-terminal, NPM2-core domain, the only 

amenable one to crystallization. It is plausible that these 

intrinsically disordered C-terminal arms are flexible but that the 
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5-fold symmetrization imposed has generated an average 

conformation of this part of the pentamer (400). 

 

5.4.3 Three-dimensional Reconstruction of the eNPM2/H2A-H2B Complex  

 

The complex between eNPM2 and the H2A-H2B dimers was 

prepared by Ramos and colleagues as described in (400) and 

aliquots of the complex were negatively stained and subjected 

to electron microscopy. The particles observed revealed a larger 

mass than that corresponding to the eNPM2 particles and 

because the stoichiometry determined for the interaction 

between the eNPM2 pentamer and the H2A-H2B dimers is 1:5, a 

three-dimensional reconstruction was performed with these 

particles assuming 5-fold symmetry for the complex throughout 

the reconstruction procedure (400). The three-dimensional 

reconstruction generated rendered a structure of ~115 Å high 

and ~85 Å in its widest part (Transparent grey structure in Figure 

25), with two large masses connected by five linkers. The largest 

mass clearly resembles the structure of the NPM2-core, and the 

docking of the atomic structure of the NPM2-core into this part 
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of the reconstructed complex confirms this assumption (Figure 

25), pointing to the other large mass as the place where the five 

H2A-H2B dimers are located. Docking of these dimers into the 

reconstructed mass is very good (Crystal structures and EM 

structure superimposed in Figure 25) suggests that each H2A-

H2B dimer interacts with one of the arms of the eNPM2 

pentamer, which corresponds to the C-terminal region that has 

been postulated to be involved in H2A-H2B binding (248) but 

also with adjacent dimers forming a five-star structure (Figure 

25). Although at this level of resolution the orientation of the 

H2A-H2B dimer is uncertain, charge distribution and proteolysis 

experiments (see below) support the following docking analysis.  

 

5.4.4 Limited Proteolysis of the eNPM2/H2A-H2B Complex  
 

The three-dimensional reconstruction of the eNPM2/H2A-H2B 

complex described here reveals that the interaction between the 

chaperone and the histones takes place through the distal face 

of the pentamer, and it differs from previous reports that point to 

the lateral face of the chaperone as the histone-interacting 
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region (239, 248, 295, 357). Ramos and co-workers further 

characterized this interaction by carrying out limited proteolysis 

experiments on the eNPM2/H2A-H2B complex (400). As a 

control, the H2A-H2B dimers were subjected to trypsin 

treatment, and it was found that whereas the histone dimer was 

almost completely degraded by trypsin after 30 minutes in 0.24 

M salt, at 2 M NaCl the digestion produced two stable fragments 

with molecular masses of 9 and 6.4 kDa, as already described 

(402). This is due to the salt-induced stabilization of the histone 

fold that diminishes the accessibility of protease cleavage sites 

(403). Several NPM2 variants (eNPM2, rNPM2, and the deletion 

mutants ΔC50NPM2 and ΔC80NPM2) were also subjected to 

trypsin proteolysis (400). Whereas no proteolysis was observed 

for the deletion mutants, suggesting that there are no cleavage 

sites for trypsin in the N-terminal compact NPM2-core, trypsin 

treatment of both rNPM2 and eNPM2 produced several 

proteolytic fragments with apparent molecular masses between 

17 and 15 kDa. rNPM2 was degraded more slowly than eNPM2 

due to the more compact conformation of non-phosphorylated 

recombinant NPM2 (249, 364, 404). 
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NPM2/H2A-H2B complexes were subsequently formed with the 

NPM2 variants described above, using a 1:5 molar ratio (400). 

H2A-H2B binding to all NPM2 variants, except ΔC80NPM2, 

protects histones against protease attack. Using the same 

protein/peptidase ratio in all samples, the histone tryptic 

fragments obtained from the complexes are similar to those 

seen after protease treatment of isolated H2A-H2B dimers in the 

presence of 2 M salt (400). This suggests that H2A-H2B dimers 

are less accessible to enzymatic cleavage when bound to NPM2, 

most likely due to a direct interaction with the chaperone that 

hinders cleavage sites and/or to a conformational change 

brought about by electrostatic stabilization of the complex that 

compacts the histone structure. The comparison of the relative 

intensities of the histone-protected bands also reveals the 

following protection hierarchy eNPM2 > ΔC50NPM2 > rNPM2. 

The tryptic fragments between 14.4 and 6.5 kDa generated upon 

proteolysis of the eNPM2/H2A-H2B complex were further in-gel 

digested with trypsin and analyzed by mass spectrometry. With 

one sequence coverage of 64 and 54% for H2A and H2B, 
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respectively, all of the identified peptides came from H2A-H2B 

and none from NPM2. The non-covered part of the sequence 

corresponds to the C- and N-terminal tails of the histones, very 

rich in Lys and Arg residues and therefore difficult to be 

detected by mass spectrometry analysis after proteolysis. This 

finding indicates that the globular core (histone fold) of both 

histones, and most of their C-terminal tails are protected against 

protease attack when complexed with NPM2. The protection 

pattern agrees very well with the docking of the five H2A-H2B 

dimers into the three-dimensional reconstruction of the 

eNPM2/H2A-H2B complex shown in Figure 25, because the 

regions of the H2A-H2B dimer that in the docking model are 

involved in the interaction with either eNPM2 (Arg79–Arg86 in 

H2B) or with the other H2A-H2B dimers (Asn89–Leu93 and Gly105–

Pro109 in H2A) are indeed protected from proteolysis (400) These 

results show for the first time the involvement of the H2A-H2B 

dimer histone fold in nucleosomal histones-NPM2 interaction, in 

agreement with the finding that the core of the histone octamer 

interacts with NPM2 (240). 

 



 

 

215 
5.4.5 Negative Charge of the Chaperone at Its Distal Face Modulates the 
Stoichiometry of the Complex  

 

If H2A-H2B dimers interact with the distal face of NPM2, then 

the overall negative charge at this protein face should modulate 

complex formation. The overall negative charge of the complex 

is progressively neutralized as the amount of bound histone 

increases, resulting in a reduced complex migration. Above 

certain NPM2/ H2A-H2B molar ratios, different for each NPM2 

variant, the corresponding complexes do not enter the gel as a 

consequence of charge neutralization and not to protein 

aggregation. Aggregation can be ruled out because analysis of 

the same samples by sucrose gradients demonstrated that they 

did not contain a significant amount of aggregated material (see 

Figure 23B for eNPM2/H2A-H2B complexes). Data also indicate 

that the affinity of ΔC80NPM2 toward H2A-H2B is lower than that 

of the other NPM2 variants and points to the NPM2 C-terminal 

tail involvement in the stabilization of the complex, in good 

agreement with a recent study on the interaction of recombinant 

NPM2 with H2A-H2B (Figure 25)(248). Therefore, the overall 

negative charge at the pentamer distal face modulates the 
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amount of H2A-H2B dimers that the chaperone can bind, as 

suggested by the EM model. 

 

5.5 Discussion 
 

The interaction of NPM2 with nucleosomal histones involves 

electrostatics as well as stereospecific constraints (240, 248, 

295). Our results show that H2A-H2B binding to 

hyperphosphorylated NPM2 is a saturable process with a 5:1 

stoichiometry, as found for the interaction with non-

phosphorylated recombinant NPM2 (248). 

 

Based on the atomic structures of X. laevis nucleoplasmin, D. 

melanogaster dNPL, and nucleophosmin (NO38) cores (239, 295, 

357), it has been proposed that histone octamers bind to the 

lateral surface of the chaperone, formed by β-hairpins. This 

model assumes that five octamers could dock around the 

periphery of an NPM2 decamer. Under our experimental 

conditions, we have not been able to detect the presence of 

NPM2 decamers, neither for NPM2 nor for the NPM2/H2A-H2B 
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complexes. The three-dimensional reconstruction of the 

eNPM2/H2A-H2B complex presented herein demonstrates that 

the distal face of nucleoplasmin interacts with H2A-H2B dimers 

and that each eNPM2 monomer has one binding site for an H2A-

H2B dimer. The atomic structure of the ASF1 core domain bound 

to truncated recombinant histones H3-H4 (38) also shows that 

each ASF1 monomer binds one H3-H4 dimer and that complex 

formation involves the H3 histone fold and the H4 C-terminal β-

sheet. Recent NMR data indicate that Chz1 binds one H2A-H2B 

dimer per protein core (405), through clusters of oppositely 

charged residues. 

 

A comparison of H2A-H2B binding to natural eNPM2 and 

oNPM2 and to recombinant rNPM2 and ΔC80NPM2 

demonstrates that as the global negative charge of the proteins 

decreases, the amount of histones that the chaperone can bind 

diminishes (Figure 26). We also find that the histone fold domain 

of the H2A-H2B dimer is protected from proteolytic cleavage in 

the NPM2/H2A-H2B complex. These results strongly reinforce 

the previously postulated involvement of the histone fold in the 



 

 

218 

interaction of core histones with NPM2 (23), and the notion that 

the flexible C-terminal domain is needed to stabilize the 

NPM2/H2A-H2B interaction. Protection of the C-terminal tails of 

H2A, partly due to dimer-dimer interactions in the NPM2/histone 

complex, and H2B from proteolytic cleavage also suggests that 

the conformation of their NPM2-bound form might be similar to 

that found in the nucleosome-bound octamer (4), as it has been 

suggested for the H2A.Z-H2B dimer bound to Chz1 (405). This 

could indicate that during NPM2-mediated addition of H2A-H2B 

dimers to the H3-H4 tetrasome in vivo, the chaperone protects 

regions of H2A-H2B involved in the stabilization of the 

nucleosome core from undesirable interactions. 

 

Our data also indicate that the interaction between NPM2 and 

H2A-H2B has a strong electrostatic component, as evidenced by 

the effect of the C-terminal domain deletion and phosphorylation 

on the stability of the complex. Complex formation results in 

charge neutralization, which in turn would stabilize it by 

diminishing the repulsion due to the proposed accumulation of 

negatively-charged residues at the distal face of the NPM2 
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pentamer (241, 393, 406). This negative patch would be formed 

by the acidic tracts A1, A2, and A3, and by the phosphoryl 

groups at the C- and N-terminal regions of the protein, not 

resolved in the x-ray structure of the core domain (295, 357). 

These highly charged protein regions would provide a flexible 

binding site for H2A-H2B histones. Nevertheless, the importance 

of hydrophobic interactions in complex formation also has to be 

considered, as reported recently (248). 

 

During the first stages of fertilization in X. laevis, NPM2 is 

responsible for the decondensation of the sperm chromatin and 

the assembly of new nucleosomes upon removal of SPs (sperm-

specific basic proteins) and addition of H2A-H2B dimers to the 

pre-existing H3-H4 tetrasomes (225). Previous work (393) 

suggested that binding of the sperm-specific basic proteins 

takes place at the distal face of the NPM2 pentamer (see Chapter 

4). Data presented herein conclusively show that the interacting 

surfaces of NPM2 with H2A-H2B are also placed at the same face 

of the protein particle and therefore suggest that competition of 

both types of ligands for common binding sites might be part of 
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the mechanism that facilitates their exchange during chromatin 

remodeling. The distal face of NPM2 would provide a flexible and 

phosphorylatable negatively charged region, formed by the 

intrinsically disordered C-terminal domain and the N terminus of 

NPM2, where ligands can bind. The flexibility of this region 

could also confer this domain with the ability to adapt to 

different types of histone ligands. 
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Figure 23. eNPM2/H2A-H2B complex formation 

 

A. Sucrose gradient fractionation of the eNPM2/H2A-H2B (1:5) 

complex. Absorbance at 230 nm of the fractions collected along 

the gradient. Isolated H2A-H2B (dotted line) and eNPM2 (dashed 

line) and eNPM2/H2A-H2B 1:5 complex (solid line) are shown. B. 

eNPM2 

H2B 
H2A 

A 

B 
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SDS-PAGE of the sucrose gradient fractions obtained in (A), 

which were dialyzed against distilled water and concentrated by 

speed vacuum. The bands corresponding to eNPM2, H2A, and 

H2B are indicated. 
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eNPM2 

H2B 
H2A 

eNPM2:H2A-H2B molar ratio 
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Figure 24. Stoichiometry of the eNPM2:H2A-H2B complex  

 

A. Sedimentation velocity analysis of eNPM2/H2A-H2B 

complexes. eNPM2 control (black diamonds), eNPM2/H2A-H2B 

complexes 1:1 (gray hexagons); 1:2 (stars); 1:3 (filled circles); 

1:5 (filled squares); 1:7 (empty circles); 1:8 (empty squares); 

1:10 (crosses). B. Size exclusion chromatography analysis 

(Superose 6PC 3.2/30) of eNPM2/H2A-H2B complexes. 

Absorbance at 230 nm for eNPM2 control (dotted line), H2A-H2B 

(gray), eNPM2/H2A-H2B 1:5 (dashed-dotted line), eNPM2/H2A-

H2B 1:8 (dashed line), and eNPM2/H2A-H2B 1:10 (black). C. SDS-

PAGE of the fractions corresponding to the eNPM2/H2A-H2B 1:5 

and 1:8 complexes, obtained in (B), which were precipitated in 

20% TCA. The eNPM2 and H2A-H2B positions are indicated. 

Lane C contains the input sample. 
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This three-dimensional docking analysis was performed by 

performed by Dr. Isbaal Ramos (see section 5.3.8). Docking of 

the H2AB dimer into the three-dimensional reconstruction of the 

eNPM2/H2A-H2B complex. Superposition of the three-

dimensional reconstructions of eNPM2 (transparent yellow) and 

eNPM2/H2A-H2B complex (transparent grey). The atomic 

structure of the NPM2-core and 5 copies of the H2A-H2B dimer 

are docked into the three-dimensional reconstruction of the 

eNPM2/H2A-H2B complex. 

  

 

Figure 25. eNPM2 and eNPM2/H2A-H2B complex 

 



 

 

226 

 

Figure 26. ΔC80NPM2 does not stably interact with H2A-H2B Dimers. 

 

 

A. Size exclusion chromatography analysis (Superose 6PC 

3.2/30) of samples containing ΔC80NPM2 (dotted line), H2A-H2B 

(dashed line) and ΔC80NPM2/H2A-H2B 1:5 (solid line).B. SDS-

PAGE of the fractions corresponding to the ΔC80NPM2/H2A-H2B 

ΔC80NPM2 

ΔC
80

NPM2 
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1:5 sample shown in (B), which were precipitated in 20% TCA. 

Lane C contains the input sample. 
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Concluding Remarks 
 

Our DNA in organized and tightly packaged into chromatin, a 

rather ingenious and adaptable architecture framework of 

nucleoprotein complexes. The packaging is in a manner that 

allows for the rapid reorganization during genomic processes to 

allow transcriptional machinery access to DNA. Histone 

chaperones play an instrumental role in chromatin metabolism 

by facilitating theses processes by replacing old histones with 

newly synthesized histones, exchanging histone variants and 

acting as histone sink by providing a soluble pool of histones 

that are available when needed by chromatin remodeling 

complexes.  

 

Through biochemical and biophysical studies, I have 

attempted to fill a gap in our understanding of how histone 

chaperones promote chromatin assembly, disassembly and 

histone exchange in germinal and somatic cells to facilitate DNA 

replication, repair, recombination and transcription. While a 

considerable amount of research is being pursued with respect 
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to how core histones assembled and disassembled into 

nucleosomes, there are several areas where the research has 

not received as much consideration.  

 

Foremost was that absence of any characterized histone H1/H5 

family chaperones, while many histone chaperones are capable 

of binding linker histones in vitro, none were found to be 

associated with H1s in vivo until NASP was first characterized. 

We demonstrated that sNASP is widely distributed throughout 

eukaryotes both in its somatic and testicular isoforms and that it 

also the first characterized chaperone for the linker histone 

family. We determined that the secondary structure of the H. 

sapiens sNASP consists mainly of clusters of α-helices, it exists 

as a homodimer in solution and in vitro it forms specific 

complexes with histone H1. This sNASP-H1 binding is mediated 

by the N- and C-terminal domains of histone H1 and does not 

involve the winged-helix DNA-binding motif. Finally, we were the 

first to characterize a bona fide linker histone chaperone that 

could facilitate the incorporation of linker histones onto 

nucleosomal arrays in vitro. 
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We also demonstrated that NPM2 has a critical role with 

respect to linker histone removal in sperm and somatic cells. 

While NPM2 is considered a H2A-H2B dimer chaperone, we 

demonstrated that NPM2 can facilitate the decondensation of 

sperm and somatic chromatin be removing linker histones and 

SNBPs (supporting previous work with protamines) through 

electrostatic interactions due to its highly phosphorylated state 

in metazoan egg nuclei before subsequently depositing H2A-

H2B dimers onto tetrasomes.  

 

The hyperphosphorylation of NPM2 has functional significance 

for NPM2’s H2A-H2B chaperone activity as well. Using 

biochemical and biophysical techniques we were able to 

demonstrate that the amount of H2A-H2B that NPM2 can bind is 

proportional to its phosphorylation state and that 

hyperphosphorylated NPM2 forms a pentamer, which binds five 

H2A-H2B dimers. Using three-dimensional electron microscopy 

reconstruction my collaborators were able to demonstrate that 

these H2A-H2B dimers bound to the distal face of the 
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nucleoplasmin pentamer and this interaction involves the 

hyperphosphorylated residues of its C-terminal tail with the 

histone fold and C-terminal tail of histones H2A and H2B. 

 

NPM (NPM2) and NASP (N1/N2) were both originally described 

to be massively abundant in the eggs of X. laevis bound to core 

histones H2A/H2B and H3/H4, respectively (134). N1/N2 was 

subsequently rediscovered under a completely different name 

(NASP) (137, 324) as a linker histone H1 chaperone. Both 

chaperones bind with substantially different affinities for core 

and linker histones, likely as a result of a dual chaperone and 

chromatin remodeling activity.  Whereas the contribution of 

NPM2 to the paternal chromatin remodelling that takes place 

after fertilization has been extensively characterized (233, 241, 

407), the role of NASP in such process remains completely 

unexplored. This is also mirrored by the comparatively low 

amount of structural information (non-existent for tertiary and 

quaternary structures) available for NASP when compared to 

NPM. It is also not clear how the H1 and H3/H4 chaperone 

activities of s/tNASP are precisely mediated but in somatic cells, 
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sNASP cannot bind both H3/H4 and H1 (127). The presence of 

NASP in sperm (139, 143) is also intriguing and deserves further 

examination. These functional and structural aspects of NASP 

biology should be forthcoming and may provide valuable 

information. Also, as discussed above (see Figure 5 and Figure 

8) these two histone chaperones have a plethora of interacting 

partners through whom they are involved in many different 

aspects of nuclear metabolism. The potential involvement of 

NASP in processes such as DNA replication, DNA recombination 

and repair and cell proliferation require further attention. Finally, 

a close examination of the evolutionary mechanisms underlying 

the functional specialization found among NASP family 

members will help integrate their long-term evolution in the 

context of chromatin structure and dynamics. 

. 
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