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Cover image: LSD2/NPAC is a multi-pronged system perfectly tailored for rapid and 

processive chromatin demethylation in the context of RNA 

polymerase II. Image by Chiara Marabelli. 
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Outline of this thesis 

 

This thesis will present my research on LSD1 and LSD2, the only histone 

demethylases of the flavin class. They share the same substrate and reaction 

mechanism. Yet, they are recruited by distinct transcriptional macromolecular 

complexes with opposite effects on the chromatin state. 

In Chapter I, I will introduce the reader to the world of epigenetics, with a particular 

emphasis on nucleosome recognition by nuclear players. In the last six years, 

nucleosome-chromatin remodeler complex structures, obtained by X-ray 

crystallography and single particle cryo-EM provided deep insights into the structural 

basis of nucleosome recognition. However, structural characterization of interactions 

between flexible or dynamic regions has remained challenging. Combination of 

multiple and “hybrid” structural and biochemical approaches allowed 

characterization of the mechanism employed by LSD1 for nucleosome recognition, 

which necessitates DNA binding by the protein partner CoREST1.   

In Chapter II, I will present my research on the characterization of the relevant 

biomedical aspects of LSD1/CoREST. In particular, I analyzed the biochemical and 

structural effects of three pathological LSD1 single-residue mutations. It turned out 

that enzyme catalysis is only partially affected, and the structure not at all, whereas 

diminished binding of the H3 tail and of other protein factors through the substrate-

binding pocket might be the cause of such severe neurological and physiological 

symptoms. Here I attached the two published papers to which I contributed dissecting 

the effect of the pathological mutations on the enzyme folding and on histone H3 

binding and catalysis, as well as on the recruitment of non-substrate regulatory 

proteins and transcription factors such as SNAIL1 and p53.  

The technical “know-how” I acquired during the characterization of LSD1/CoREST, 

greatly helped the structural and mechanistic investigation of its homolog LSD2 with 

its partner NPAC, illustrated in Chapter III.  Yet, the LSD2/NPAC project turned 

out to be a more challenging and exciting team effort than ever expected.  Particular 

technical and methodological choices greatly helped us to complete a solid 

description of LSD2/nucleosome complex formation mechanism. On this basis, I 

decided to describe in detail the rationale behind particular methodological choices, 

as well as the implementation and optimization of the protocols. Given that most of 

the data have been published (Marabelli et al., 2019), I will extensively present only 

those experiments I personally participated to.  I am also including few unpublished 

results giving further insights on the biological function of the LSD2/NPAC system, 
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whose chapter have been marked by an asterisk (*). The mechanism for nucleosome 

recognition by LSD2 is different than that of the previously characterized LSD1. 

LSD2/NPAC does not contact the core of the nucleosome, which is recruited by a 

tail-only mechanism. The short NPAC-linker module is extremely efficient in 

regulating the substrate histone tail processing, whereas other domains of NPAC also 

affect the avidity and processivity of the demethylase system. In accordance with 

literature, this machinery seems to be perfectly tailored to support the work of RNA-

Polymerase II.   

The effort on studying the dehydrogenase domain of NPAC, led us to a new line of 

research, regarding the changing role of this enzyme during evolution: it appeared 

indeed that a single-point mutation might have shifted NPAC from being a cytosolic 

enzyme to a nuclear auxiliary subunit. This study has now been published and it is 

also reported in Chapter III, given its deep connection with the LSD2/NPAC story. 

In conclusion, this thesis will show how LSD1 and LSD2 employ different 

mechanisms for nucleosome recruitment, despite sharing identical catalytic 

properties. The key role of the demethylase catalytic domain and the associated flavin 

cofactor, an aspect highly conserved in both enzymes, gives us a stimulating example 

of how a cell can employ the same tool for different purposes. Finally, biochemical 

and structural characterization of LSD2/NPAC mechanism of action will now 

provide a basis to the understanding of the biological significance and the biomedical 

implications of this enzymatic complex, similarly to what happened for LSD1. 
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List of abbreviations 

 

AT-hook Adenine-thymidine- hook 

β-HAD β-hydroxiacid-dehydrogenase 

Cryo-EM Transmission electron microscopy at cryogenic temperature           

DNA Deoxy-ribonucleic acid 

DH Dehydrogenase  

EDTA Ethylene-di-amine tetra-acetic acid 

FAD Flavin adenine dinucleotide 

GLYR1 Glyoxylate reductase 1 homolog, synonym of NPAC  

H2A Histone H2A 

H2B Histone H2B 

H3 Histone H3 

H3K4me1/2 Histone H3 lysine 4 mono- and di-methylated 

H3K36me3 Histone H3 lysine 36 tri-methylated 

H3.1 Histone H3 variant 1 

H4 Histone H4 

HDAC Histone deacetylase 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

LB Luria broth medium 

KDM Histone lysine-specific demethylase 

KDM1A LSD1 

KDM1B LSD2 

LSD1/2 Lysine-specific histone demethylase 1/2 

NAD+/NADH Nicotinamide adenine dinucleotide 

NADP+/NADH Nicotinamide adenine dinucleotide phosphate 

NCP Nucleosome core particle 

NDF Nucleosome destabilizing factor, alias NPAC 

NP60 Nuclear protein 60, alias NPAC 



 

VII 

 

OD600nm Optical density measured as the 600 nm wavelength absorbance 

PCR Polymerase Chain Reaction 
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YPD Yeast extract peptone dextrose medium 
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Chapter I - Introduction 

 

The fate of each cell is continuously designed within the nucleus, where small DNA-

containing entities, called nucleosomes, regulate usage of the genetic information. 

Nuclear factors employ many different mechanisms for nucleosome recognition and 

modification, whose characterization has only recently become feasible thanks to the 

newly developed methods in cryo-electron microscopy. Histone demethylases LSD1 

and LSD1, despite performing identical reactions, employ different strategies for 

substrate processing, with totally antithetical effects on gene expression. 
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Chromatin structure and function 

 

1. The “epigenetics” concept 

Since Miescher’s discovery of “nuclein” in 1869, that seemingly inert polymer of 

sugar, phophoric acid and nitrogen bases, carefully enveloped in the cell nucleus, was 

known to be key to transmission of the hereditary information. But only after the 

description of its double-helical structure in 1953 (Crick and Watson, 1953) the huge 

potential of DNA became evident (Alberts et al., 2002).  Because of its 

complementary duplex nature, the sequence of the nucleotides on one strand can be 

either replicated into a new identical molecule or transcribed to RNA and 

successively translated to proteins. The first successful cloning demonstrated that 

DNA is actually an active master of life processes (Gurdon, 1962), and following 

experiments with more and more sophisticated techniques only confirmed the 

“magic” role of the nuclear material in directing the cell destiny (Wilmut et al., 1996). 

Those exciting years of a worldwide scientific race to unravel the secrets of DNA 

ended up in the Human Genome Project, which finally ended in 2003 (Noble, 2003). 

 

“Today, we are learning the language in which God created life. […] humankind is 

on the verge of gaining immense, new power to heal. […] In coming years, doctors 

increasingly will be able to cure diseases like Alzheimer's, Parkinson's, diabetes and 

cancer by attacking their genetic roots”   

US President Bill Clinton, on the Completion of the First Survey of the Entire Human 

Genome Project. June 26, 2000. (Clinton, 2000) 

 

It turned out later that the picture is actually not that simple, and that not all 

phenotypical or pathological traits could be guessed from a given nucleotide 

sequence. Scientists begun ascribing to “epi-genetics” all those cases in which 

genetics alone was not sufficient to explain what was going on (Figure 1). Probably 

the first epigenetic fact one might think about is the specialization of a totipotent 

zygote cell, which can assume many different identities despite maintaining its 

genetic information unchanged.   
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Figure 1. Distribution over time of the scientific publications in PubMed (NCBI) 
mentioning the word “epigenetics”.  It is interesting to note that the number of 
publications increases exponentially since 2000, the same year in which the 
Human Genome Project was announced to be almost completed. Data for 2019 
are incomplete as the site was visited on July 30th, 2019. 

 

2. Chromatin structure regulates gene expression 

It became then significant to observe that DNA is never present as a “pure” molecule 

in the cell nucleus. Actually, DNA is only one third of the incredibly intricated nucleic 

acid-protein complex named chromatin (Cooper, 2000). Indeed, each chromosome 

and each chromosome portion is organized in different nucleo-protein architectures, 

designed to regulate usage of the underlying genetic information. For example, 

segments of hundreds of kilobases to several million bases in length, are spatially 

confined within specific nuclear compartments, either alone or together with 

functionally associated portions of the same or of different chromosomes. Modern 

techniques of fishing with fluorescent probes allowed visualization of these structures 

(Bintu et al., 2018), leading to the unexpected discovery that their organization is 

typically stable across generations and evolutionarily conserved between related 

species (Dixon, Gorkin and Ren, 2016).  

PubMed articles citing the word "epigenetics" per year
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At each level of topological organization, each domain defines the compaction degree 

of the long DNA molecules and in turn the usage of the genetic information carried 

by them (Figure 2, left). As the zygote cell acquires a more and more defined identity, 

the previously totally relaxed DNA molecules fold up into various architectures, 

ergonomically designed for all the needed levels of transcription. For example, non-

coding repetitive sequences are usually put apart in the densest and most inert 

structures of chromatin, whereas intensely transcribed segments, such as rRNA genes 

in the nucleoli, have more extended and relaxed conformations easily accessible to 

DNA- and RNA-Polymerase machineries. Both the sequence of the DNA itself, as 

well as environmental factors, dictate the final “compaction degree” and the 

transcription level of the genetic information implicated.  

 

Such a large number of complex decisions on the transcription level of each single 

gene, gene exon or silent portion of the DNA, is the result of a relatively small number 

of interplaying factors compared to the infinite possible chromatin states a cell could 

experience. Which is the rationale behind such a fine handling of the enormous 

potential of the genetic information? 

 

Figure 2. On the left, the very first electron micrograph of a cell nucleus, showing 

chromatin is organized in regions, characterized by different densities (Milner and 

Hayhoe, 1968). On the right, a second electron micrograph of a partially digested 

chicken erythrocyte chromatin (Woodcock, 2010). It is evident the “beads-on-a-

string” structure of chromatin in its elementary state. Each “bead” is a 

nucleosome, linked to two neighbouring ones by linker DNA. 
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3. The nucleosome is the basic unit of chromatin 

 

Extended DNA digestion of chromatin revealed that DNA is organized in repetitive, 

building blocks: the nucleosome core particles (Figure 2, Kornberg, 1974; Oudet, 

Gross-Bellard and Chambon, 1975).  Each 147 bp portion of the acidic DNA 

molecule is bent almost twice in a left-handed superhelix around a core of positively 

charged proteins named histones (Figure 3).   

 

Figure 3. The 147-bp nucleosome core particle structure we obtained from our 
cryo-EM experiments (Marabelli et al., 2019). The backbone of the 147-bp DNA is 
in yellow, histones H2A and H2B are light and dark grey respectively, H3 is 
coloured in magenta and H4 is pink. 
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The electrostatic interactions guiding the assembly of the nucleosome core particle 

are extremely conserved. The central 120 bp of DNA are organized around a rigid 

heterotetramer of two copies each of histones H3 and H4. The N-terminal alpha-helix 

of H3 binds additional 13 bp on each side of the symmetric unit (Luger et al, 1997). 

Two H2A-H2B dimers also join through multiple interactions with the protein core 

and further stabilize the DNA on either side. The ordered assembly of the NCP can 

be easily experienced during in vitro reconstitution of the histone octamer and a DNA 

fragment of the proper length, as the first species to form are the tetrasome and the 

hexasome (DNA complexes with the H3-H4 tetramer and an additional H2A-H2B 

dimer for the latter),  finally the NCP (hereafter named simply “nucleosome”), which 

is the most temperature- and salt-resistant species (the Tm value for the recombinant 

human NCP in 200 mM KCl is 72.5 °C) (Taguchi et al., 2014).  

 

Since the first crystallographic studies led by Aaron Klug (Finch et al., 1977; 

Richmond et al., 1984) it appeared evident that  a rigid core of the octamer folded 

domains arranges DNA in a precisely defined conformation, whereas disordered 

histone tails protrude, with seemingly no contribution to the stability of the complex. 

DNA is so tightly bent around the octamer that a change in the double heical pitch 

occurs with respect to the standard B conformation, where major and minor grooves 

show various degrees of supercoiling depending on their nucleosomal location (or 

super-helical location, SHL). This highly stable, and seemingly rigid conformation 

of DNA within the nucleosome obviously comes at the price of a significantly lower 

accessibility to nuclear factors. At the time of the atomic structure of the nucleosome 

(Luger et al., 1997) it was already known that ATP-dependent machineries able to 

bind the nucleosome core and unwrap its DNA are necessary to allow the RNA 

Polymerase II to overcome the nucleosome barrier (Hirschhorn et al., 1992; Kruger 

et al., 1995). It was implicit in many of the following investigations, that the octamer 

surface and the nucleosome electrostatics together would generally act as a stable 

docking platform for various nuclear factors, usually involved in DNA transcription, 

replication and repair.   
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Nucleosome dynamics and accessibility  

 

1. Nucleosomal DNA is intrinsically dynamic 

 

Differently from what is suggested by the crystal structure, the nature of the 

nucleosome has now been proved to be highly dynamic. Regarding the nucleic acid 

component only, DNA wrapping and unwrapping is actually a physiological process, 

referred to as “DNA breathing”, for which nucleosomes in the nucleus are at least 

partially unwrapped 2-10% of their time (Poirier et al., 2009).  This implies that 

certain DNA sites, usually buried within the nucleosome fold, can be spontaneously 

exposed in vivo to DNA-binding proteins and machineries. The structures of partially 

unwrapped nucleosomes have already been observed through cryo-EM (Bilokapic, 

Strauss and Halic, 2018a, 2018b). 

 

The rate of DNA breathing is strongly dependent on the nucleotide sequence itself 

(Lowary and Widom, 1998; Li et al., 2005). Indeed, a tool to regulate accessibility to 

genetic information, is the chemical modification of the DNA itself. Addition of a 

methyl group at position 5 of the cytosine base always leads to gene repression (Feil, 

2009). These methyl groups indeed project into the double helix major groove and 

sterically inhibit binding proteins, while providing the binding site for methyl-DNA 

binders within repressor complexes (Hendrich and Bird, 1998). Not only, it seems 

that methylated CpG sequences have a higher affinity for the octamer, and thus the 

DNA wraps more tightly within the nucleosome (Collings, Waddell and Anderson, 

2013). DNA methylation is a stable modification that usually persists along the entire 

life of vertebrate organisms (Suzuki and Bird, 2008). 
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2. Histone modifications 

 

There are other strategies to regulate DNA breathing, more tunable than nucleosome 

positioning over the DNA sequence, or its stable modification. The histone-variant 

composition is one of the strategies for modulation of the nucleosome properties. As 

it is in the case of DNA methylation, modification of the protein component of the 

nucleosome not only controls the arrangement of the nucleosome and of nucleosomal 

arrays, but it also creates new binding sites for several proteins and protein 

complexes. For example, the histone variant H2A.Z docks onto the H3-H4 tetramer 

in a looser interaction, and hence detaches more easily. It also exposes a particularly 

negatively charged area on the surface which is recognized by specific chromatin 

remodeler complexes in turn (Dechassa et al., 2011). The H3 variant of centromeric 

nucleosomes lacking the H3 N-terminal helix leads to the accommodation of only 

121 bp of DNA (Tachiwana et al., 2011).  

 

The easiest and most rapid way to shape nucleosome properties is the addition or 

removal of chemical modifications on the protruding protein tails. Indeed the N-

terminal tails of all histones and the C-terminal tail of H2A also have a role, despite 

their highly flexible nature. The interactions between histone lysine and arginine 

residues with the phosphate groups of DNA further influence the nucleosome stability 

(Iwasaki et al., 2013) and accessibility by DNA-binding proteins and chromatin-

remodelers modules (Zhou, Gaullier and Luger, 2018). The addition of a negatively 

charged acetyl group onto the lysine of a histone tail generally lowers the electrostatic 

attraction between DNA and the octamer core. Acetyl marks are indeed mostly found 

within actively transcribed regions, where the intra- and inter- nucleosomal 

interactions are more relaxed, and sterically more accessible to transcriptional 

machineries (Marmorstein and Zhou, 2014). 

 

Not only the type of modification but also its position on the nucleosome surface 

affects the final outcome. In this view, addition of the same acetyl group onto lysine 

9 or lysine 56 of the same histone H3 would make a significant difference. On the 

one hand, masking of lysine 4 positive charge affects the dynamics of the H3 N-

terminus only, which is more prone to explore “open”, “DNA-detached” 

conformations (Fu et al., 2017). This regulates the binding of other chromatin binders 

and remodelers in turn (Emma A. Morrison et al., 2018). On the other hand, histone 

H3 lysine 56 locates at the DNA entry-exit site, where the presence of an acetyl goup 

increases twofold the rate of DNA unwrapping, and hence the site exposure of DNA 

internal sites (North et al., 2012). 
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Differently from acetylation, methylation does not alter the charge of histone proteins 

and probably does not directly affect nucleosomal interactions.  Methylation however 

occurs on both arginines and lysines of H3 and H4 histone tails, onto which different 

degrees of methylation are possible, leading to opposite outcomes: trimethylation of 

lysine residues H3K9, H3K20 and H4K27 is a characteristic of heterochromatin, 

whereas monomethylation of  exactly the same residues  is found in activated regions,  

as well as  mono-, di- and tri- methylated lysines of histone H3: K4, K36 and K79 

(Barski et al., 2007; Wagner and Carpenter, 2012; Højfeldt, Agger and Helin, 2013). 

Given the extreme versatility of the methylation mark, its role is most often designed 

to provide a binding platform for specific chromatin readers, despite significant 

changes of nucleosome dynamics due to histone methylation marks have been studied 

(Zhou, Gaullier and Luger, 2018) (Figure 4). 

 

Figure 4. Histone PTMs whose effect on nucleosome stability is known. Many of 
them are subjected to acetylation: H3K9, H3K14, H3K18, H3K23, H3K56, H3K115, 
H3K122, H4K77 and H4K79. H3Y41, H3T45 and H3S57 have been studies for their 
phosphoryl mark, whereas H3R42 for the effect of its demethylation. At the 
moment, only two effects due to histone PTMs have been described and are 
indicated in figure: DNA unwrapping and a looser histone-histone packing. From 
PDB: 1KX5 (Luger et al., 1997). 
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A plethora of other histone modifications have been characterized over the past 

twenty years through modern techniques in molecular biology and mass-

spectrometry. The most relevant of those include phosphorylation, ADP-rybosilation, 

ubiquitination and sumoylation, as well as isomerization of proline residues and 

deamination of arginines (Kouzarides, 2007). Cold Spring harbor laboratories created 

an extended and detailed list that is available online (Zhao and Garcia, 2015). 

Multiple chemical modifications can be host simultaneously by the same nucleosome, 

where they modulate interactions both between DNA and histones (within the same 

and among different nucleosomes) as well as the recruitment of non-histone proteins 

and enzymes critical for DNA processes (Patel, 2016). The destiny of each 147 bp 

strand of DNA is then designed separately, although not independently, and 

eventually the architecture of chromatin fibers and regions is only the outcome of 

multiple factors interplaying at the single nucleosome level. 

 

The importance of histone post-translational modifications (PTMs) is not only 

confined to the life of a single cell, but also to its descendance. During replication, 

DNA is not completely unwound from the nucleosome and each new copy strand 

may receive modified histone proteins, which will guide as reference model the 

modification of the “new” incoming histones, and in turn the epigenetic state of the 

synthesized DNA molecule (Jablonka and Lamb, 1998; Lind and Spagopoulou, 

2018). 
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3. The nucleosome is substrate to all chromatin processes 

 

A complex pattern of post-translational modifications and histone variants defines 

nucleosome accessibility and dynamic state, yet this pattern itself is dynamic, and can 

last up to a few minutes until it is further modified according to the needs of the cell 

(Patel, 2016).  All histone PTMs are indeed reversible because of the concerted action 

of “writer” and “eraser” enzymes, each one specifically recognizing its substrate 

nucleosomal epitope: histone acetyl-transferases and their deacetylase counterparts 

(HATs and HDACs), histone lysine and arginine methyl-transferases and 

demethylases (HMTs and KDMs), ubiquitin and sumo proteases along with other 

types of hydrolases, isomerases and phosphatases, etc..   

 

Histone chaperones which exchange histone components, and other chromatin 

remodelers can dramatically change the nucleosome conformation. Through sliding 

nucleosomal DNA, they modulate its accessibility by usually giant machineries 

involved in DNA replication, translation and repair. For example, FACT is the 

necessary partner of RNA polymerase II.  Indeed the transcription machinery is able 

to only partially disrupt the histone-DNA interactions at a few sites on the 

nucleosome (Farnung, Vos and Cramer, 2018; Kujirai et al., 2018). FACT is 

necessary the proper sliding of RNA Pol-II over the nucleosomal DNA without 

pausing. There are many chromatin remodelers catalyzing quite different non-

covalent modifications of the nucleosome.  Nonetheless, all of them share a conserved 

DNA-binding, ATP-ase domain for DNA recognition and its energetically expensive 

translocation (Narlikar, Sundaramoorthy and Owen-Hughes, 2013; Clapier et al., 

2017). They all have a greater affinity for nucleosomes over free DNA and are 

classified according to the nucleosome elements positively recognized for catalysis 

(McGinty and Tan, 2015; Gamarra et al., 2018). 

 

All histone modifying and chromatin remodeling enzymes, are strictly regulated in 

time and localization by the pattern of PTMs on the substrate nucleosome as well as 

by non-histone protein partners, chromatin-readers and multi-enzymatic protein 

complexes. A complex scenario appears, in which each nucleosome is the point where 

many different pathways continuously converge and integrate their information 

(Figure 5). Subtle variations in the intricate network of nuclear players can 

significantly affect global levels of gene expression. 
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Figure 5. Nucleosome structure and dynamics are affected by many different 
factors: sequence and methylation state of the DNA (light green) and DNA binders 
(green blue),  histone variants (yellow) and PTMs (orange), the action of histone 
chaperones (red) and nucleosome remodelers (magenta), with their associated 
machineries for chromatin architecture organization (violet) and genome 
processing (dark blue). All these mechanisms are coherent and act in a concerted 
manner (black lines). Image from Ordu, Lusser and Dekker, 2016. 
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Nucleosome recognition by chromatin factors 

 

 

1. The nucleosome is a switchable docking module 

 

Most of the chromatin factors recognize nucleosomes as their substrate, and not naked 

DNA. Moreover, the huge number of different nucleosome binders, each with its own 

specificity, suggests that every single chemical component of the nucleosome, even 

those less exposed on its surface, is recognized by a chromatin factor and thus 

involved in a chromatin pathway. This means that the nucleosome cannot be 

considered a “barrier” to genetic information any more, but as an active player in 

regulation of gene expression instead. The number of possible interactors for a given 

epigenetic state can be further amplified by its varied dynamic conformations. 

Moreover its surface is extremely variable because of the DNA and histone 

modification which provide docking modules for selected subsets of interactors 

(McGinty and Tan, 2015; Zhou, Gaullier and Luger, 2018; Ricketts et al., 2019).  
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2. Nucleosomal DNA recognition 

 

The tightly bent conformation assumed by DNA offers the framework for nucleotide-

protein interactions to occur, in particular at the aligned grooves. Supercoiling and 

stretching, plus the conformation of each groove and strand of the double helix, 

depends on the nucleotide sequence itself. By sensing the sequence-specific 

conformation adopted, viral integrases can recognize their target insertion point 

(Maskell et al., 2015). Another well-known binding site provided by DNA only, is at 

the dyad. Here the H1 histone binds the entry-exit DNA segments, “locking” the 

nucleosome in a rigid state (Bednar et al., 2017) (Figure 6, left). Human transcription 

factors FoxA1 and GATA4 (Cirillo and Zaret, 2007) can target DNA sites on 

heterochromatin nucleosomes, where they displace linker histones, to create a 

nucleosomal configuration recognizable by other factors (Iwafuchi-Doi et al., 2016). 

Pioneer factors solve the “chicken and egg” problem of how specific DNA sequences 

embedded within seemingly unaccessible heterochromatin assemblies are “switched 

on” to their functional state (Zaret, Lerner and Iwafuchi-Doi, 2016). Also chromatin 

remodeler Snf2 has been recently demonstrated to specifically recognize nucleosomal 

DNA at SHL±2 and SHL±5 (Figure 6, right). Interestingly, the cryo-EM structure of 

the complex also revealed a DNA stretching at the bound locations (Li et al., 2019), 

which implies that particular positions of nucleosomal DNA have sufficient freedom 

to acquire further new conformations to allow the catalytically productive interaction 

with ATP-dependent chromatin remodelers.  

 

Figure 6. Cryo-EM structures of the nucleosome in complex with linker histone H1 
(left, PDB 5NL0) or Snf1 chromatin remodeler (right, PDB 5X0X).  The colour 
scheme of the nucleosome components follows that of figures 3 and 4. 
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3. The acidic patch is a stabilizing docking point 

 

On the octamer surface, the ‘acidic patch’ on H2A–H2B, was the first inter-

nucleosomal interaction site to be described in 1997 (Luger et al., 1997; 

Kalashnikova et al., 2013). This pocket comprises eight negatively charged amino 

acid residues (H2A: Glu56, Glu61, Glu64, Asp90, Glu91, Glu92; H2B: Glu105 and 

Glu113). Crystallographic studies on viral nucleosome-binding proteins revealed a 

common strategy for anchoring of this patch through an arginine residue (Figure 7, 

Makde et al., 2010; Kalashnikova et al., 2013; McGinty and Tan, 2015). It is 

interesting to note that until present, crystallographic approaches to chromatin 

complexes were successful only for complexes in which the acidic patch was 

recognized by the nucleosome binding protein. The fact that well-diffracting crystals 

require that the repeating unit is conformationally stable, plus the seemingly 

conserved “arginine anchor” approach to the acidic patch, suggests that this site is 

generally employed for stable docking of the chromatin factor onto the nucleosome 

surface. Modification of the critical H2A and H2B residues shaping the acidic patch 

can change the accessibility of the nucleosome by all these factors as well as histone 

H4 tails from neighboring nucleosomes in packed chromatin (McGinty and Tan, 

2015; Zhou, Gaullier and Luger, 2018).  

 

Figure 7. Crystal structure of the RCC1-nucleosome complex  ( PDB entry 3MVD) 
(Makde et al., 2010). The H2A and H2b alpha-carbons of the acidic patch residues 
are evidenced by red spheres.  Two RCC1 subunits recognize both the acidic 
patches of the same nucleosome in a symmetric fashion, as clearly seen from the 
nucleosome side point of view, on the right. The colour scheme of the nucleosome 
components follows that of figures 3 and 4. 
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4. Histone tails recognition 

The flexible N-termini of all four histones and the C-terminus of H2A are the most 

variable nucleosomal component, and offer plenty of recognition modules because of 

histone variants, the resident PTMs and their conformations with respect to DNA and 

the acidic patch as well. Indeed, they can be employed as “signals“of the epigenetic 

state of a particular nucleosome to direct chromatin remodelers and other DNA-

processing enzymes onto their appropriate target. For example, DNA 

methyltransferases 3A and 3B both need recognition of the H3K36me3 mark for their 

activation (Rondelet et al., 2016), and DNA- and RNA-polymerase machineries rely 

on multiple histone reader modules as well (Wen et al., 2014; Fei et al., 2018).  On 

the same trend, all histone modifier enzymes till now characterized do not recognize 

only their substrate histone residue in a specific way. They bind indeed at least to a 

second nucleosomal epitope, whose recognition triggers allosteric regulatory 

mechanisms for the enzymatic activity(Zhou, Gaullier and Luger, 2018). 

Bromo-domains, PHD fingers and PWWPs are small chromatin reader modules 

specifically devoted to recognition of a particular epigenetic state of a target histone 

tail particularly when in close proximity to DNA (Weaver, Morrison and Musselman, 

2018). It has been demonstrated for many of them indeed, that the sum of their 

affinities for the isolated histone tail peptides and DNA oligos cannot explain the very 

strong binding of the same components within the nucleosome (Savitsky et al., 2016; 

Weaver, Morrison and Musselman, 2018). Cooperative binding of distinct 

nucleosome components can increase the affinity up to three orders of magnitude as 

in the case of the PWWP domain of human Lens-Epitelium-Derived factor (LEDGF) 

(Eidahl et al., 2013; Van Nuland et al., 2013). In addition, it has already been 

discussed how cooperative binding between linker DNA and a particular 

conformation of a histone tail, can also direct a DNA-binding protein to its specific 

nucleosomal location (Emma A Morrison et al., 2018).  

Not only DNA, but also the flat surface of the octamer can contribute to recognition 

of particular histone tail motifs. Human 53BP1, a reader of H2AK15ub and 

H4K20me2 involved in double-strand break (DSB) repair, also specifically contacts 

H2B C-terminal helix and the nearby acidic patch (Wilson et al., 2016) (Figure 8, 

left). A second example of this dual recognition mode of the nucleosome is the 

Polycomb repressive complex (PRC1), a H2AK119 ubiquitinase. The crystal 

structure of its ubiquitination module in complex with the nucleosome shows several 

interactions other than the ones between the substrate H2A C-terminus and the active 

cleft of the enzyme. The acidic patch, the C-terminal end of H3, as well as DNA, all 

support the stabilization of the enzyme onto its nucleosomal substrate, allowing 

proper orientation of the enzyme with respect to the nucleosome and thus the specific 

recruitment of the target tail (McGinty, Henrici and Tan, 2014) (Figure 8, right). 
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The cooperative binding of both histone tails and a second site of the nucleosome, 

either DNA or the octamer surface, is a general strategy employed by histone readers 

and modifier enzymes.  Usually, the enzymatic module of histone modifiers and of 

chromatin remodelers is accompanied by distinct auxiliary domains conferring 

specific properties to the nucleosome-recruiting complex (Ricketts et al., 2019). The 

same enzyme can be endowed with multiple domains or organized in different 

subunits, so that many different complexes can direct the same enzymatic activity 

onto different nucleosomal substrates. Cooperative recognition of multiple 

nucleosomal sites seems then to be a valid strategy to regulate nucleosome processing 

itself at various interdependent levels: the epigenetic state of the nucleosome selects 

the decorating non-histone proteins, and in turn dictates the composition of the 

resulting complex. Histone tails are thus like switches of the nucleosome control 

panel, and their epigenetic state can determine the chromatin remodeling activities of 

the nucleosome itself and of the nearby nucleic acid. 
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Figure 8. Cryo-EM nucleosome structure of 53BP1 bound to the nucleosome (left, 
PDB code 5KGF), and crystal structure of PRC1, also bound to its substrate 
nucleosome (right, PDB code 4R8P). Both nucleosome factors 53BP1 and PRC1 
have been coloured blue. The colour scheme of nucleosomal components follows 
that of figures 3 and 4. The histone substrate residues (H2AK15 and H4K20 for 
53BP1, and H2A118-119 for PRC1 have been coloured red. In the latter case, the 
choice to evidence the additional non-substrate residue H2A118, is due to the fact 
that one of the substrate residues of the symmetric unit is not visible in the PDB. 
It is evident from these images that histone binders and modifiers have a 
preference for stable docking onto the octamer disk surface, rather than the 
single-point interactions with their target residues. 
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Nucleosome recognition by LSD1 and LSD2 

 

 

The same catalytic tool for opposite functions 

 

Among all histone modifiers, histone methyl-transferases and demethylases surely 

are the most variegate group, where each enzyme needs to be specific not only for 

the substrate histone residue, but for its degree of methylation as well. It interesting 

to note that all lysine and arginine methyltransferases employ the same S-Adenosyl 

methionine (SAM) cofactor and most of the histone demethylases rely on Fe(II) and 

α-ketoglutarate, whereas  only two demethylases use flavin adenine dinucleotide 

(FAD) (Mosammaparast and Shi, 2010).  

 

The puzzling role of the latter two, named lysine-specific demethylases 1 and 2 

(LSD1 and LSD2), becomes even more intriguing given the fact that they 

demethylate the same substrate H3K4me1/2 through exactly the same mechanism. 

Not only, despite the strikingly similarity of their catalytic domains, their biological 

effects are opposite: LSD1 silences gene promoters, whereas LSD2 sustains 

transcriptional elongation. The important role of auxiliary subunits is evident in this 

case:  Recognition of the substrate tail by LSD1 is triggered by its DNA-binding 

partner CoREST (Kim et al., 2015; Pilotto et al., 2015), whereas LSD2 nucleosomal 

activity is regulated by NPAC (Chen et al., 2013; Fang et al., 2013; Fei et al., 2018; 

Marabelli et al., 2019). 

 

From a methodological point of view, structural characterization of the interaction 

between an histone binder/modifier and the flexible histone tail within the 

nucleosome remains challenging.  LSD1 has been successfully investigated mainly 

through combined multiple approaches including fluorescence polarization, 

analytical SEC and mutational analysis. 

 

In the following pages (20-29), a review by our group (Marabelli et al., 2016) is 

attached to further describe in more detail the state of the art about LSD1, and to 

highlight the open questions about the different biological roles of LSD1 and LSD2. 
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Chapter II – Biological and pathological effects of LSD1 

 

LSD1 is the first discovered of the only two flavin-dependent histone demethylases. 

Both LSD1 and LSD2 perform demethylation of H3k4me1/me2 nucleosomes. 

However, LSD1 is the most pharmacologically relevant of the two, as the many 

studies and researches performed till now have evidenced its role in more than thirty 

cancer-related processes. Various LSD1-targeting inhibitors are nowadays in phase I 

and II clinical trials all around the world for the treatment of hematopoietic 

malignancies in particular. 

Structural and biochemical characterization of three pathological variants of LSD1 

opens new perspectives on the biological role of the demethylase, whose function is 

not only restricted to the catalysis of H3K4me1/2 demethylation, but also to its 

recruitment of a wide network of chromatin regulators and transcription factors, such 

as p53 and SNAIL1. 
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Background 

 

1. LSD1 substrate-binding pocket: a docking point for multiple interactors 

The active site of LSD1 is very large and rich in invaginations. Residues exposed 

within the cavity are also extremely conserved among vertebrates. They establish 

highly specific H-bonds and salt bridges with the first 21 residues of the substrate 

histone tail, promoting its folding inside the active site.  The effect of PTMs on H3 

substrate recognition by LSD1 have already been extensively studied (Forneris, 

Binda, Vanoni, Battaglioli, et al., 2005; Forneris et al., 2007). LSD1 preference for 

H3 tail stripped of all covalent marks, suggests that other histone modifying “eraser” 

enzymes, as phosphatases, demethylases and deacetylases, may precede LSD1 

activity in order to make the tail suitable for H3K4me1/me2 demethylation (Forneris, 

Binda, Vanoni, Mattevi, et al., 2005). LSD1 can bind with the same affinity histone 

tails with different K4 methylation states, including the tri-methylated Lys 4 that is 

not substrate for LSD1. The intrinsic high affinity of LSD1 for a long stretch on the 

histone H3 tail suggests also a non-catalytic role for this enzyme, which in some 

contexts may act as simply an epigenetic “reader”. 

Moreover, LSD1 activity is tightly regulated: not only the epigenetic state of the 

substrate H3 tail, but also through the enzyme recruitment within different 

complexes. LSD1 has indeed many interactors and regulators able to bind it at various 

and separate surface motifs (Marabelli et al., 2016).. Interestingly, LSD1 interactors 

are known which bind to the enzyme catalytic pocket through a histone tail mimicry 

strategy (Figure 1). Zinc-finger transcription factors of the Snail1 family recruit the 

complex through binding of LSD1 substrate cavity. In fact, the N-terminal SNAG 

domain in Snail family mimics histone H3 tail. ((Tortorici et al., 2013)). For example, 

Gfi-1 (Growth Factor independence 1) and Gfi-1b use this mechanism to drive LSD1, 

along with CoREST1 and HDAC, to target specific gene promoters in hematopoietic 

stem cells. Here, the histone demethylase represses hematopoietic stem and 

progenitor cell signatures during blood cell maturation (Lin et al., 2010). During 

Epithelial-to-Mesenchymal Transition (EMT), SNAIL1 transcription factor carries 

the LSD1/CoREST1/HDAC repressor complex to particular gene targets thanks to 

this particular mechanism of mimicry (Lin y et al., 2010).   
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Figure 1. On the left, comparison of the amino acid sequences of the N-terminal 

segments of the SNAIL family of transcription factors. Residues mimicking histone 

H3 are evidenced. On the right, superposition of the crystallographic structures of 

the N-terminal peptides of H3 (grey) and SNAIL1 (orange), which assume identical 

conformations within LSD1 substrate-binding cavity. Image adapted from Tortorici 

et al., 2013. 

 

2. Biomedical relevance of LSD1 

A variety of physiological and pathological processes have been ascribed to LSD1. 

Its importance is such that gene knockout causes early embryonic lethality in mice 

(Wang et al., 2005). LSD1 is implicated in tumor formation and progression: it is 

overexpressed in acute myeloid leukemia  and in solid tumors such as neuroblastoma, 

prostate, colon and breast cancer (Schenk et al., 2012). Downregulation of LSD1 

results in a repression of proliferation, migration and invasive potential in different 

cancer cells (Zheng et al., 2015). The link between LSD1 and cancer is highlighted 

also by the fact that a variety of tumors present loss of H3K4 methylation and 

enrichment of H3K9 methylation (Wang et al., 2009). 

The recent development of fast and accurate gene sequencing methods allowed the 

identification of three dominant missense point mutations of LSD1: c.1207G>A, 

c.1739A>G and c.2353T>C, encoding for Glu379Lys, Asp556Gly and Tyr761His 

respectively (Tunovic et al., 2014). In particular, the Tyr761His mutation affects a 

key tyrosine of the LSD1 substrate-binding cavity, which helps in positioning of 

H3K4me1/2 in front of the catalytic FAD ring; whereas Glu379 and Asp556 organize 

non-substrate residues of the H3 tail (Figure 2). 
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Figure 2. Zoomed view of the H3(1-21) (purple) substrate within LSD1 catalytic 

pocket (PDB 2V1D). LSD1 mutant residues are highlighted in red, whereas LSD1 

ribbon structure is shown in light blue. The substrate residue at position 4 of the 

h3 tail sits exactly in front of the flavin cofactor (yellow). 
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Results and discussion 

 

1. LSD1 pathological variants effect on substrate binding and catalysis 

LSD1 mutants Glu379Lys, Asp556Gly and Tyr761His were expressed and co-

purified with CoREST1 according to the standard protocol without significant 

changes in the yield with respect to LSD1 wild-type. Also, all three proteins were 

crystallized in the standard LSD1 wild-type conditions, with crystals diffracting at 

2.6 to 3.3 Å resolution (PDB IDs are 5L3B: LSD1 D556G, 5L3C: LSD1 E379K, 

5L3D: LSD1 Y761H). No overall structural rearrangements were observed in any 

case. On the other hand, the catalytic properties of the pathological mutants were at 

least 10/20 times less efficient compared with the wild-type enzyme. The most 

interesting case is that of the E379K mutation, which so strongly affects binding of 

the substrate that no catalytic activity was observed (Table 2 and Figure 2 in Pilotto, 

Speranzini et al., 2016). Y761H affects a very well conserved residue among amine 

oxidases, because of its positive effect on the oxidation of the substrate amine group 

(Li et al., 2006). Similarly to what is observed for this group of enzymes, mutation to 

this residue affects the catalytic efficiency of demethylation (Table 2 in Pilotto, 

Speranzini et al., 2016). The D556G mutation replaces a strongly negative charged 

group with a hydrogen atom. Thus, the histone tail, despite being equally sequestered 

from the solvent, is no longer constrained into the catalytically competent 

conformation and other positions and orientations of the substrate tail can be adopted 

before demethylation of the lysine 4 can occur (Tables 2 and 3 in Pilotto, Speranzini 

et al., 2016). 

Last, nucleosome recognition by LSD1 pathological mutants was also affected, as 

demonstrated by analytical size-exclusion chromatography (SEC) experiments with 

semi-synthetic nucleosomes (Figure 4 in  Pilotto, et al., 2016). Briefly, the experiment 

consists in incubating the flavo-dependent demethylase with nucleosomes carrying a 

reactive propargyl group at position 4 of histone H3 (the substrate residue). Formation 

of a covalent complex between the FAD cofactor and the nucleosome is monitored 

by the absorbance profile (UV-vis spectrum), whereas relative quantification of the 

formed complex versus free nucleosome species is assessed by analytical SEC. 

Further details can be found paragraph 6.1, in the Materials and methods section of 

Chapter III). 
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2. LSD1 pathological variants effect on transcription factors recruitment 

 

LSD1 pathological mutants were tested for their effects on transcription factor 

binding within the catalytic site. In particular, proteins were analysed for their ability 

to bind SNAIL1 N-terminus and p53 C-terminus peptides in comparison with the 

wild-type LSD1. 

Thermal stability and fluorescence polarization experiments revealed different 

behaviours among LSD1 proteins. The wild type and the D556G mutant exhibited 

nano-molar affinity for the conserved N-terminal SNAIL1 peptide, whereas E379K 

and Y761H showed a >30 times reduced affinity (Table 3 in Pilotto, Speranzini et al., 

2016). Differently, studies on various p53 CTD (C-terminal domain) peptides 

revealed that D556G and Y761H retain the binding affinity of the wild-type protein, 

and that only the E379K mutant is 10times less able to bind it, with a similar fashion 

to what happens for the substrate H3 tail (Figure 4 and Table in Speranzini et al., 

2017). The retained binding affinity for the mutants acquires even more importance 

in light of the fact that LSD1 does not demethylate p53 CTD, hence the interaction 

between the two proteins has a wider and more complex significance than regulation 

of p53 recruitment by 53BP1 (Haupt et al., 1997; Lin et al., 2001).  

It is evident that D556G mutation does not affect the affinity for any substrate or non-

substrate peptide, as the role of the mutated residue is mostly to allow acquisition of 

the catalytically competent conformation of H3, which is of course not needed in non-

catalytic interactions with transcription factors. On the other hand, the reversal of 

charge of the E379K mutation strongly affects binding to all peptides, because of the 

disruption of the ionic interaction with the Arginine residue conserved at position 2 

of all peptides (Figure 1 in Pilotto, Speranzini et al., 2016). The case of the Y761H 

mutation is very interesting because of the different effects on either H3 or SNAIL1 

or p53. Indeed, interaction with SNAIL1 peptide is the only hampered one (about 70 

times reduction in affinity), probably because SNAIL1 exposes a Phenylalanine 

residue at that location, instead of a Lysine residue as in the case of both H3 and p53. 
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Conclusions 

 

LSD1 catalytic and non-catalytic biological and pathological effects  

The only three known non-lethal mutations of LSD1 active site show different effects 

on either the catalysis rate, subtrate-binding affinity or other chromatin factors 

binding through histone-mimicry. However, all of these three mutants retain 

unaltered binding to CoREST1 and HDAC1/2, and this might explain the viable 

phenotypes of the heterozygote carriers. 

It appears evident from both these articles, that the biological function of LSD1 is 

clearly not limited to its catalytic efficiency, which is completely abolilshed in the 

E379K mutant. The biological role of the LSD1/CoREST1 system seems more 

related to its stable non-catalytic association with various complexes, involving either 

SNAIL1 family of transcription factors, or p53, or the nucleosome itself. 
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Chapter III – Nucleosome recognition by LSD2/NPAC 

 

Despite sharing the same substrate and the same catalytic mechanism, the 

homologous flavin-dependent histone lysine demethylases LSD1 and LSD2 are 

recruited by different partners and play opposite biological roles. Differently from its 

counterpart LSD1/CoREST complex, very little is known about LSD2 and its partner 

NPAC.  

To gain a comprehensive view on the physiological role of the LSD2/NPAC system 

within the transcription elongation machinery, multiple and diverse biochemical and 

structural approaches have been undertaken, for whom a detailed description is given 

in the “Materials and Methods” section. For simplicity, results have been grouped 

into two parts. In the first part, the effect of the NPAC-linker on LSD2 activity will 

firstly be addressed, whereas in part 2, the characterization of the other domains of 

NPAC will complete the scenario.  

These studies revealed a novel mechanism for chromatin remodeling, in which the 

NPAC-linker sustains the H3 nucleosomal tail recognition by LSD2. NPAC tetramer 

holds multiple copies of the enzyme, and along with the nucleosome binding NPAC-

PWWP, increases the processivity and avidity of the demethylase system. 
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Background 
 

The LSD2/NPAC system 

The physiological partner of LSD2 is a short linker peptide from the unknown protein 

NPAC. LSD2 and its partner interact in the very low micromolar range (0.92±0.08 

µM; Fang et al., 2013). Despite its small size compared to that of both LSD2 and its 

nucleosomal substrate, the NPAC-linker is sufficient to enhance 5-fold the 

demethylase activity on nucleosomes (Fang et al., 2013). In the crystal structure of 

LSD2 in complex with the NPAC linker peptide and the N-terminal 26-residues H3 

peptide determined by Chen and colleagues (Chen et al., 2013), the NPAC-linker 

occupies a deep hydrophobic groove very close to the H3-interacting residues of 

LSD2 (Figure 1). NPAC is then expected to stabilize LSD2-H3 secondary docking 

site, through hydrogen bonds and hydrophobic interactions (Chen et al., 2013). Yet, 

the only data available showed that LSD2 affinity for H3 1-21 peptide (0.99±0.06 

µM) increases only by a factor of 1.5 in the presence of NPAC (0.68±0.07 µM; Fang 

et al., 2013). Unravelling the mechanism of nucleosome recognition by 

LSD2/NPAC-linker system could be the only way to explain the molecular basis of 

the NPAC-linker effect on LSD2 activity. 

Moreover, another aspect that was not deeply investigated is the physiological role 

of the LSD2 partner, namely the full-length 553-aa long NPAC protein. Comparison 

of the denominations of NPAC is also significative to get how poorly characterized 

this protein is. The alias GLYR1 (glyoxylate reductase homolog 1) is due to the 

sequence and structural homology of NPAC C-terminus with A. thaliana GLYR1 and 

GLYR2 enzymes. These two are known succinic semi-aldehyde/glyoxilate 

reductases playing a role in stress response within the plastids (GLYR2) or the 

cytoplasm (GLYR1). However, human NPAC localizes in the cell nucleus, from 

which the name NP60 (nuclear protein 60). From bioinformatic analysis it can be 

easily assessed there are at least three nuclear domains, plus two nuclear localization 

sequences (NLSs). The short LSD2-binding linker (residues 214-225) and  typical 

DNA-binding AT-hook sequence (Reeves, 2001; Fonfría-Subirós et al., 2012) 

localize within the central disordered region of the protein. The AT-hook motif is 

required for the interaction and the activation of p38α (Fu et al., 2006). Nevertheless, 

in all experiments with p38α, it has been always used a longer NPAC sequence, 

hence, the site binding and activating this MAP kinase might be close to the AT-hook 

and not necessarily the AT-hook itself. 
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Figure 1. Crystal structure of LSD2 in complex with the NPAC-linker and the 

substrate H3 (1-26) tail. LSD2 is coloured accordingly with the domain organization 

legend below. NPAC-linker is a very short segment (residues 214-225) of the 

multidomain protein. Image adapted from Marabelli et al., 2019. 
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The N-terminal sequence of NPAC well-aligns with the chromatin reader family of 

PWWP domains, whose name derives from a conserved Pro-Trp-Trp-Pro motif. 

Through cooperation between a positively charged surface patch and the nearby 

aromatic cage, each PWWP recognizes a specific histone methyl-lysine residue in the 

context of the nucleosome: DNMT3A binds H3K36me3, the HDGF2 (Hepatoma-

derived growth factor-related protein 2) binds H3K79me3 whereas H4K20me3 and 

the BRPF1 (bromo and plant homeodomain (PHD) finger–containing protein 1) bind 

H3K36me3 (Vezzoli et al., 2010; Qin and Min, 2014; Weaver, Morrison and 

Musselman, 2018). The PWWP site on NPAC sequence has been shown to localize 

at H3K36me3-rich chromatin loci (Vermeulen et al., 2010), similarly to LSD2 (Fang 

et al., 2010). Given that H3K36me3 mostly correspond to transcriptionally active 

gene bodies, and considering that NPAC-linker complexes LSD2, it becomes even 

more interesting to observe that the two proteins have been independently 

demonstrated to stimulate RNA Pol-II during transcription elongation (Fang et al., 

2010; Fei et al., 2018).    
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Materials and methods 

 

Investigation of the LSD2/NPAC system required cloning, expression and 

purification of multiple proteins, constructs and mutants. In the case of LSD2 

production in E. coli, a robust protocol had to be implemented, whereas histone 

purification was optimized thanks to a novel strategy found in literature. Alkylated 

semi-synthetic nucleosomes proved to be a valid strategy for the analysis of the 

parameters involved in LSD2/nucleosome complex formation, and few caveats about 

this method are also here explained. Moreover, collaborations with Panagis 

Filippakopoulos (SGC, Oxford) and Sriram Subramaniam (Columbia Uinversity, 

Vancouver) allowed us to tackle the characterization of NPAC-PWWP “chromatin 

reader” properties, and to solve the cryo-EM structures of the LSD2/NPAC-

linker/nucleosome complex. 

 

1. Chemicals and instruments 

Chemicals for the preparation of buffers and crystallization solutions were bought 

from Sigma-Aldrich. Affinity and size exclusion chromatography columns were 

purchased from GE Healthcare, as well as the ÄKTA purifiers. Concentrators were 

from Merck. Bio-rad instruments were used to run PCR and for SDS-PAGE and 

acrylamide gel imaging. Master mix components for PCR were from ThermoFisher 

Scientific and New England Biolabs. Microscopes for crystals imaging were from 

Olympus, while the crystallization robot was a Douglas Instruments Oryx-8. 

Crystallization plates were from Hampton Research. Loops for crystals collection 

came from Hampton Research and Molecular Dimensions. Screening kits for 

crystallization conditions were purchased from Quiagen, Jena Bioscience and 

Molecular Dimensions.  
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2. Human LSD2 cloning, expression and purification 

LSD2 protein construct 31-822, named LSD2Δ30,was cloned and expressed both in 

E.coli and in P.pastoris cells. After first test of expression and purification in E.coli 

were successful, as described in detail in paragraphs 2.1-2.4, we moved for further 

cloning and mutagenesis of LSD2 in E.coli. Indeed,, the bacterial expression system 

was optimal for the production of the many mutant LSD2 proteins in a suitable time. 

I decided to separate the methods for the production of LSD2 according to the 

expression system used. Paragraph 2.1 focuses on the protocols used for preparation 

of the LSD2Δ30 protein from Pichia pastoris, whereas paragraphs 2.2, 2.3 and 2.4 

introduce respectively: LSD2 cloning and mutagenesis in E.coli vectors, their 

expression and the purification of the obtained proteins from E.coli. 

 

2.1 LSD2Δ30 cloning, expression and purification 

The gene coding for LSD2 (LSD2Δ30, residues 31-822) was already available in our 

lab within the pJexpress902 vector modified with a Prescission cleavable site in 

between the protein C-terminus and the GFP tag-10xHis. The plasmid was 

maintained in E. coli TOP10 (Invitrogen) cells, grown in 15 ml Agar plates (5 gr/L 

yeast extract, 10 gr/L tryptone, 5 gr/L NaCl, 15 gr/L agar) supplemented with 25 

µg/ml Zeocin. Pichia pastoris strain KM71-H (Invitrogen) cells were subjected to 

electroporation for plasmid acquisition. Cells were grown onto MD agar plates (13.4 

gr/L YNB, 40 µgr/L biotin, 10 gr/L glycerol, 15 gr/L agar) supplemented with 2% 

w/v dextrose, 100 mM KH2PO4 pH 7.0 and Zeocyn 200 µgr/ml. After two days at 

30°c the colonies were collected with a sterile plastic tip and plunged into a 50 ml 

capacity Falcon containing 15 ml of YPD medium (10 gr/L yeast extract, 20 gr/L 

bacto-peptone, 20gr/L dextrose). After 3-4 hours of growth at 30°C, 2.8 ml of the 

pre-inoculum were inoculated into each plastic baffled flask, containing 220 ml of 

BMGY medium each (100 mM KH2PO4 pH 6.0, 13,4 gr/L YNB, 200 µgr/L biotin, 

1% v/v glycerol). Cells were grown at 30°c for 60 hours in a shaking incubator at 250 

rpm. Cells were then centrifuged at 4000 rpm for 10 minutes and the surnatant buffer 

was discarded. Cells were then resuspended, in sterile atmosphere, in 110 ml of BMM 

medium (100 mM KH2PO4 pH 6.0, 13,4 gr/L YNB, 200 µgr/L biotin, 0.5 % v/v 

methanol) and placed back in a shaking incubator at 30°C, 250 rpm. After 24 hours , 

0.5% v/V methanol were supplemented. After further 24 hours, cells were collected 

by centrifugation at 4000 rpm for 10 minutes, flash-frozen in liquid nitrogen and 

stored at -20°C.  
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All subsequent steps were performed at 4°C. P. pastoris cells were re-suspended in 

Nip-A buffer (50 mM NaH2 PO4 pH 8.0, 300 mM NaCl, 5% (v/v) glycerol, 25 mM 

imidazole) supplemented with protease inhibitors (1µM leupeptin, 1 µM pepstatin, 1 

mM PMSF) and 2 μg/ml DNAse.  Cells were lysed in a abead-beater with Zirconia 

beads (BioSpec products). Then beads were removed with a Miracloth filter paper 

(Merck) and the cell extract was centrifuged at 70,000 g for 30 minutes. The 

supernatant was loaded onto a His-Trap column (GE Healthcare) pre-equilibrated in 

Nip-A. After a wash with 40 mM imidazole in Nip-A buffer, Nip-B buffer (50 mM 

NaH2PO4 pH 8.0, 300 mM NaCl, 5% (v/v) glycerol, 250 mM imidazole) was passed 

through the column, and the sample collected. The elution was supplemented with 

Prescission protease and dialyzed overnight in Nip-A buffer without imidazole. The 

day after a second passage through a His-Trap column pre-equilibrated in Nip-A was 

performed to purify the tag-free protein, eluting in Nip-A 40 mM imidazole. The 

ability to bind histidine resin is a characteristic of those proteins exposing a 

hydrophobic patch. Indeed, LSD2 exposes hydrophobic residues on the surface area 

just ouside the substrate-binding cleft. The tag-free protein sample was then gel 

filtered through a Superdex 200 10/300 (GE Healthcare) equilibrated in 20 mM Tris 

pH 8.5 (4 °C), 100 mM NaCl, 1 mM TCEP (Figure 2). The peak eluting at ml was 

concentrated through an Amicon 30 KDa till a final concentration of 70-100 µM, 

aliquoted, flash-frozen in liquid nitrogen and stored at -80°C.  

 

Figure 2. Elution profile of LSD2Δ29 on a preparative Superdex 200 10/300 column 

(GE healthcare). Running buffer is 20 mM Tris pH 8.5 (4 °C), 100 mM NaCl, 1 mM 

TCEP. 
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2.2 LSD2 cloning 

The sequence coding for human LSD2Δ30 (residues 31-822) was cloned from the 

full-length human gene (purchased from GeneArt) into a pJ902Express vector (DNA 

2.0) with a C-terminal eGFP-8xHis tag fused to a cleavable Prescission-protease 

cleavage site. The vector was linearized with PmeI and inserted in the P. pastoris 

KM71-H strain (Invitrogen) genome through electroporation. In order to perform 

mutagenesis studies on LSD2, I decided to switch the expression of the protein from 

P. pastoris to E.coli. Indeed, expression and purification from bacterial expression 

systems are quicker and cheaper than from yeast. My first attempts to clone the 

LSD2Δ30 gene from the pJexpress vector for yeast, to the pET28a(+) bacterial 

expression vector were not successful. Hence I tried with the full-length construct of 

human LSD2 (KDM1B), which was already present in house, into a pGEX-6P-1 

vector with a N-terminal tag fused to a cleavable Prescission-protease cleavage site. 

The template for LSD2 site-specific mutagenesis was thus hLSD2fl in pGERX6p1 

plasmid (AmpR), and the primers used were ordered from GeneArt 

(ThermoScientific) (Table 1).  

Table 1. Nucleotide sequences of the DNA primers used for site-directed 

mutagenesis of LSD2 wild-type gene. 

LSD2 mutation Primer sequence 

H103D FW CGCAGCGATAAAGATG 

H103D RV CATCTTTATCGCTGCG 

K104E FW GCCATGAAGATGGCTAT 

K104E RV ATAGCCATCTTCATGGC 

K109E FW GCTATGACGAATATACCACC 

K109E RV GGTGGTATATTCGTCATAGC 

K114E FW ACCTGGGAAAAAATTTGGACCAGCAAT 

K114E RV AATTTTTTCCCAGGTGGTATATTTGTCATAGCC 

K115E FW TGGAAAGAAATTTGGACCAGCAATGGTAAA 

K115E RV CCAAATTTCTTTCCAGGTGGTATATTTGTCATAGC 

N120D FW ACCAGCGATGGTAAAACCGAACC 
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N120D RV TTTACCATCGCTGGTCCAAATTTTTTTCCA 

K122E FW AATGGTGAAACCGAACCGAGCC 

K122E RV TTCGGTTTCACCATTGCTGGTCC 

R302D FW TATAGCGATGATCCGACCATGTATCTGG 

R302D RV CGGATCATCGCTATATTCCGGAAACTCATA 

K114E-K115E FW CTGGGAAGAAATTTGGACCAGCAATGGTAAAACCG 

K114E-K115E RV CAAATTTCTTCCCAGGTGGTATATTTGTCATAGCCATCTTTATG 

N120D-K122E-R302D FW CCAGCGATGGTGAAACCGAACCGAGCCCGAAAGC 

N120D-K122E-R302D RV TTTCACCATCGCTGGTCCAAATTTTTTTCC 

H103D-K104E-K109E FW TATCGCAGCGATGAAGATGGCTATGACgAATATAC 

H103D-K104E-K109E RV TTCATCGCTGCGATAATAGTCATCGAAGCATTC 

Δ[241-258] FW GTACCAGCACCAATCGTGCAAGCGTTCATGTTCCG 

Δ[241-258] RV CATACCCGGAACATGAACGCTTGCACGATTGGTGCTG 

K481E-R482D FW GATGAAGACATGGATTTTCATTTTAACGCC 

K481E-R482D RV CATGTCTTCATCAATGGTCGGATCG 

Lyophylized primers were diluted in sterile water with a final concentration of 

100μM. Aliquots at 10 μM final concentration of each primer were then prepared in 

sterile water. Each PCR tube was prepared with 25 μl of MasterMix 2x Phusion 

Polymerase (ThermoFisher), and 2,5 μl of both forward and reverse 10 μM primers 

were added, along with 30-50 ng of template DNA. All the reaction tubes were then 

filled with sterile water till a final volume of 50 ul and the reactiona were performed 

as follows in a thermocycler (BioRad): 

98°C x 30’’ 

98°C x 20’’ 

72°C x 1’ 45’’            

72°C x 5’ 

x 30  
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The final step was set at 4°C for “infinite” time. The PCR tube was then digested with 

DpnI O/N at 37°C to remove excess template DNA. The next morning, an analytical 

DNA gel was run to check the right size and to perform gel extraction of the selected 

band using WizardSV Gel extraction Kit. The DNA was eluted in 30 μl of DNase 

free water. Then 4 μl of the gel-extracted DNA solution were mixed with 1 μl of 

InFusion Mix 5x (Takara Clontech).  The recombinase reaction was let proceed for 

15 minutes at 50 °C, and then cooled on ice. 

DH5α new competent cells were used as recipients of the LSD2 gene, ligated on 

pGEX-6P-1 vector. For each tube, 5 ul were added to a single sterile tube containing 

25 ul of competent cells.  Tubes were left on ice for 30 minutes, then shocked for 45 

seconds at 42°C. After 3 minutes on ice, 250 ul of sterile LB medium were added, at 

and the cells were incubated in the shaker at 37°C for 1 hour. Then the tubes were 

centrifuged for 10 minutes at 10’000 g, 150 ul of supernatant were discarded and the 

remaining cell-containing medium was plated and grown O/N 37°C on an ampicillin-

resistance selective medium. To test whether the transforming plasmid was the one 

predicted, one colony for each plate was inoculated in 5 ml of sterile LB medium and 

grown O/N at 37°C.  The mini-prep Kit (Quiagen) was used to purify plasmid DNA 

from the bacterial suspension. Cells were lysed under alkaline conditions and the 

cleared solution was placed on a silica-gel membrane, where only DNA could absorb. 

After washing and elution of the mini-prep column, the purified plasmid was eluted 

in 50 μl of sterile EB Buffer, and the samples were sent to for sequencing at the GATC 

Biotech service. 

 

2.3 LSD2 full-length proteins expression protocol setup 

Once confirmed by sequencing the integrity of the expression vector and of the 

inserted gene, the following E.coli strains were transformed: BL21(DE3), 

BL21(DE3) pLysS, BL21(DE3) RPplus and ROSETTA pLysS, in order to do small-

scale expression trials. BL21(DE3) pLysS and BL21(DE3) RPplus cells show very 

slowed growth rates, since colony appearance in the plate to the pre-inoculum growth. 

Fout different induction protocols were then tested on the two best-expressing strains: 

BL21(DE3) and ROSETTA pLysS. Inductionw as performed with IPTG 0.25 mM or 

0.50 mM for 5 or 16 hours, for a total of eight samples tested. The cells  were collected 

at 5000 rpm for 10 minutes, then resuspended in 2 ml each of 20 mM Tris pH 8.0, 

NaCl 500 MM. The cell suspension was then sonicated at 70 % Amplitude, for a total 

of 8 seconds and hence centrifuged at 70,000g for 10 minutes. Each surnatant was 

loaded onto 150 μl of Glutathione resin beads (pre-equilibrated in buffer) for a small-

scale purification. After 1 hour of loading at 4 °C, the resin was washed in the same 

buffer used to resuspend cells, and finally elution was carried out with 200 μl of 50 
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mM GSH. SDS-PAGE showed ROSETTA pLysS cells gave the best yields in LSD2 

expression, in particular both O/N inductions (0.25 and 0.5 mM) showed a clearly 

over-expressed band around 116 KDa, that is the expected molecular weight of the 

GST-LSD2 protein (LSD2 full length 91 KDa + 25 KDa for the GST tag).  After 

evaluating the grams of cell growths, the protein expression by SDS-PAGE, and the 

quality of the purified protein after the first small-scale purification trials, I set up the 

expression protocol for LSD2 full-length wild-type and mutant proteins as follows. 

A single BL21(DE3) colony was grown in about 100 ml LB media, O/N in a shaking 

incubator at 37°C, 200 rpm. Then 20 ml of the pre-inioculum were added to each 

flask containing 1 L of sterile LB, supplemented with Ampicillin and 3-5 drops of 

Anti-foam. Flasks were incubated at 37 °C, 200 rpm, till O.D.600nm =0.8. The 

temperature of the incubator was set to 17 °C, and each flask was supplemented with 

IPTG 0.25 mM and ZnSO4 100 μM. induction was performed for 16-18 hours. Then 

cells were collected by centrifugation at 10’000 g for 10 minutes. The usual yield was 

about 4.9 grams of cells for each liter of growth.  

 

2.4 LSD2 full length purification protocol set up  

To optimize the purification procedure, I tried different buffers and chromatographic 

steps. All purification trials were performed at 4°C. About 12gr of cells were 

resuspended in 50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 5% (v/v) glycerol 

supplemented with PMSF, Pepstatin, Leupeptin and DNase, sonicated at 

30%Amplitude, 5 sec ON + 9.5 sec OFF for a total ON of 1 minute, and then 

centrifuged at 56,000 g for 45 minutes. The extract surnatant was loaded onto a 

HiTrap 5 ml GST column (GE Healthcare) at 0.2-0.3 ml/min. As first trial, overnight 

cleavage by GST-Prescission Protease was tried in the GST-column. The protein was 

mostly found in the GSH elution, indicating that in-column cleavage is not efficient 

(Figure 3A). I then tested cleavage in dialysis against resuspension buffer with either 

the GST-tagged or the His-tagged Prescission Protease. After an overnight 

incubation, both proteases were able to completely remove the GST tag from LSD2 

(Figure 3B). When I tried to remove the His-tagged prescission protease, I 

unexpectedly found that LSD2 also binds to the nickel resin, probably because of 

hydrophobic patches exposed on its surface (Figure 3B). Better results were obtained 

the GST-tagged protease as after the cleavage step the use of a GST Hi-Trap resin 

allowed to remove the free GST tag along with the protease itself (Figure 3B). Free 

GST is present in the imidazole elution along with the protein, meaning they interact. 

In order to get rid of the GST tag remaining bound to LSD2 after the nickel column 

step, I tried an ionic exchange step. Briefly, the uncleaved sample was dialyzed O/N 

with His-Prescission protease in a 6-8 kDa cut-Off dialysis membrane. The cleaved 

sample was then collected and loaded onto a 15Q anionic exchange column in 50 mM 
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NaH2PO4 pH 8.0, 100 mM NaCl, 5% (v/v) glycerol buffer. The elution was carried 

in gradient of 50 mM NaH2PO4 pH 8.0, 1 M NaCl, 5% (v/v) glycerol buffer. LSD2 

all eluted in the FT, which was concentrated and checked by Superdex 200 10/300 in 

running buffer 20 mM Tris-HCl pH 8.5 (4°C), 200 mM NaCl,1 mM DTT.  Many 

degradation bands and/or contaminants, along with free GST, were present still 

(Figure 3).  

 

Figure 3. A) GST-prescission protease does not cleave efficiently the GST-LSD2 

protein in column. After the O/N incubation in column, only part of the protein of 

interest has been cleaved (expected MW= 91 KDa), whereas the uncleaved GST-

LSD2 remained bound to the column (expected MW=116 KDa). From left to right, 

each lane refers to: the molecular weight ruler (MK), the flow-through , the Flow-

through after O/N incubation with the protease in column (FT post-cut), and the 

eluted sample with 50 mM GSH after the O/n incubation with the protease in 

column (GSH post-cut). B) Both His-tagged and GST-tagged prescission proteases 

efficiently cleave the GST-LSD2 protein in dialysis (GST-PS cut and his-PS cut refer 

to the samples cleaved O/N with the respective protease). Two identical samples 

were dialysed O/n against 1 L each of the same resuspension buffer (50 mM 

NaH2PO4 pH 8.0, 300 mM NaCl, 5% (v/v) glycerol). The cleaved protein binds to the 

Nichel resin and elutes with 250 mM imidazole (Imid Elut. lane on the right gel). 

Part of the free GST tag (26 KDa) contaminates the LSD2-containing sample and 

can be removed through passage in a GST-trap column (GSH Elut. Refers to the 

GST-tag bound to the GST column after the LSD2-containing sample has been 

flown through). 
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Figure 4. After anionic exchange free GST still remains as contaminant in the LSD2 

sample. On the left the elution chromatogram from a Superdex 200 10/300 is 

shown. The sample loaded is the concentrated flow-through of a 15Q anionic 

exchange column. SDS-PAGE analysis of the SEC fractions confirms that LSD2 is still 

contaminated by various species, among which free GST tag is the predominant 

one. 

I tried to get rid of the many contaminants being purified along with LSD2fl, by 

switching the expression from ROSETTA pLysS to the BL21(DE3) E.coli cells, 

which also gave good results in the small-scale expression trials. I followed a protocol 

very similar to that of the ROSETTA expression. Given that BL21(DE3) cells were 

growing slower, I simply increased the volume of the O/N pre-inoculum (up to 1:30 

with respect to the growth media volume) growth to reach the desired O.D.600nm for 

induction within similar intervals. The new expression system proved to be effective 

in increasing the stability and purity of LSD2. After sonication, centrifugation and 

GST Hi-Trap column loading according to the standard protocol, I eluted with 50 

mM GSH buffer. The protein was purer than in the previous trials. The only 

contaminant remaining the free GST-tag. Again, neither a nickel Hi-Trap nor an ionic 

exchange step were sufficient to separate the pure LSD2 from the free GST tag. 

Finally, passing the cleaved sample through a GST and a nickel Hi-Trap 5 ml columns 

in tandem, significantly reduced the amount of contaminating GST. 
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The final purification protocol is summarized as follows. LSD2 expressing E. coli 

BL21(DE3) cell pellets were re-suspended in 50 mM NaH2PO4 pH 8.0, 300 mM 

NaCl, 5% (v/v) glycerol, 25 mM imidazole, 2% (w/v) lysozyme, and 1 mM PMSF. 

Cell suspension was sonicated and centrifuged at 70,000 g for 30 minutes. The 

supernatant was loaded onto a GST-Trap column (GE Healthcare) and the tagged-

protein eluted with 50 mM GSH. His- Prescission protease was added (1 mg/15 ml 

of sample). The sample was dialyzed overnight in 50 mM NaH2PO4 pH 8.0, 300 mM 

NaCl and 5% glycerol. After dialysis, the sample was loaded onto a second GST-

Trap to remove the GST-tag. A second His-Trap column was mounted in succession 

onto the ÄKTA system. to remove the His-tagged protease. A final size-exclusion 

chromatography step was performed on a Superdex 200 10/300 equilibrated in 20 

mM Tris pH 8.0 (25 °C), 200 mM NaCl, 1 mM DTT. 

GST contamination remained persistent through all purifications, but the amount was 

deemed to be insignificant. Also, the purification of all tested LSD2 mutants was 

consistent among them. Here below, the final SEC step of one of the mutants is shown 

as an example (Figure ). 

 

Figure 5. Final purification step of the K104E LSD2 mutant. Left: Elution profile of 

the purification containing three distinct peaks: aggregate, LSD2 K104E and free 

GST tag. On the right, SDS-PAGE of the peak fractions.  
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3. Recombinant nucleosomes preparation 

3.1 Recombinant histones cloning and expression.  

The four histone proteins were expressed and purified separately. The pET3 vector 

(Ampicillin resistance) containing the sequences of the histone proteins from 

Xenopus laevis are a kind gift from Doctor Toshiya Senda (Biomedicinal Information 

research Center, National Institute of Industrial Science and Technology, Tokyo). 

Histone H3 carrying the two mutations K4C-C110A also was already present in 

house, on a pET3 vector. The same vector was the template to obtain the K4C-K23M-

K27M-C110A H3 protein through site-directed mutagenesis. This H3 mutant is 

expressed and purified in order to produce H3 histone specifically alkylated at 

position 4, where the substrate lysine would lie. The presence of a reactive group at 

this position is key to the production of covalently linked nucleosome/demethylase 

complexes, as explained in paragraph 6.1. The primers used were ordered from 

GeneArt (ThermoScientific) (Table 2) and used as previously described for a two-

step mutagenesis PCR (see LSD2 cloning, paragraph 2.2). 

Table 2. Nucleotide sequences of the DNA primers used for site-directed 

mutagenesis of X. laevis H3 wild-type gene. 

K23M-K27M FW CCATGGCAGCCAGGATGTCC 

K23M-K27M RV GGAGCGGACATCCTGGCTGC 

 

3.2 Recombinant histones expression and purification 

Recombinant X. laevis histones were expressed and purified according to published 

protocols (Dyer et al., 2004) For each histone plasmid, a transformation was 

performed on E. coli BL21 DE3 pLysS strain (Stratagene).  From each plate of 

transformation, one colony was taken and a pre-inoculum was grown O/N in a 

shaking incubator (200 rpm) at 37°C. Cells from the pre-inoculum were then poured, 

in a 1:20 dilution ratio, in the new auto-inducing medium 2xTY (16 g/L bacto-

tryptone, 10 g/L yeast extract, 5 g/L NaCl) supplemented with 0.1% glucose.  Usually 

after 2-3 hours the cells reached an Optical Density O.D.600nm of 0.4. Induction was 

performed with IPTG 0.4 mM at 37°C. After 2 hours cells were harvested by 

centrifugation at 10’000 rpm (round per minute) in a Beckman TA-10-250 fixed angle 

centrifuge rotor for 10 minutes at 15°C and 6 grams aliquots were prepared in 50 ml 

Falcons. Cells were then gently resuspended by pipetting in Wash buffer (50 mM Tris 
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pH7.5 at 4C°, 100mM NaCl, 1mM β-ME, 1 mM PMSF), flash-frozen in liquid 

nitrogen and stored at -20°C. 

The frozen pellet was thawed in a water bath at 37°C, and a homogenization step was 

required also to fluidize the solution. Cell extract was centrifuged at 25’000g for 20 

minutes at 4°C. Supernatant was discarded , and the pellet was resuspended by gentle 

pipetting in an equal volume of Wash buffer (50 mM Tris pH 7.5 at 4C°, 100 mM 

NaCl, 1mM β-ME, 1mM PMSF), supplemented with 1% Tryton X-100 to release 

histones from insoluble inclusion bodies. Then the sample was centrifuged at 15’000 

rpm for 10 minutes at 4°C. The pellet was then washed once again in Wash buffer 

supplemented with 1% triton X-100 and centrifuged as previously. Other two washes 

were performed in Wash buffer to remove the detergent from the pellet. Each pellet 

was incubated for 30 minutes at room temperature with 200 ul  of DMSO each. 

Unfolding buffer (6 M GnHCl, 20 mM AcONa pH 5.2, 5 mM DTT) was added till a 

total volume of 15 ml, and the tubes were gently mixed with a  spatula, and left for 1 

hour at rt. Samples were then centrifuged at 25’000g for 20 minutes at 20°C, and the 

supernatant was collected and filtered. The sample was then loaded onto a Sephacryl 

S200 XK50 Gel Filtration column (GE Healthcare)  previously equilibrated in Urea 

A Buffer (7 M Urea, 20 mM AcONa pH 5.2, 200 mM NaCl, 2 mM BME, 1 mM 

EDTA) (Figure 6).  

 

Figure 6. Sephacryl 200 XK 50 column elution of histone H2A, shown here as a 

representative of all histone preparations. The last peak is the one containing 

histone protein, whereas most of the DNA elutes in the void volume. 
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Among the fractions collected, those showing a ratio A260/A280 smaller than 1, were 

analysed by SDS-PAGE electrophoresis gel. These fractions should be less 

contaminated by DNA, since its absorption maximum is at 260 nanometers, while the 

maximum absorption wavelength for proteins is usually 280. After gel 

electrophoresis, those fractions containing histones were collected and concentrated 

in Amicon Ultra 30 kDa. Then the sample was loaded onto a SP FF16/10 cationic 

exchange column (GE Healthcare). We used this approach to clear the sample from 

DNA bound to basic residues of histones. DNA was washed away in the same Urea 

A buffer, since it cannot bind to the negatively charged resin, which displaces it from 

histones. The gradient elution was performed in 10 Column Volumes (CV), till 100% 

of Urea B Buffer (7 M Urea, 20 mM AcONa pH 5.2, 1 M NaCl, 2 mM BME, 1 mM 

EDTA) (Figure 7). Fractions were analysed by SDS-PAGE electrophoresis and 

agarose gel to check the presence of histones and DNA, respectively. 

 

Figure 7. Elution profile of H2A histone from the cationic exchange SP FF 16/60 

column (left panel).  SDS-PAGE (right panel) stained with Coomassie blue showing 

the final histone preparation after SP FF passage.  

Protein fractions were pooled and put in a dialysis membrane (CutOff 5-8 KDa). The 

dialysis was performed in 2 liters of 2 mM BME water solution at 4°C, in order to 

remove urea. The sample was then concentrated till 2 mg/ml, lyophilized and stored 

at -20°C. 

1 3 
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3.3 Optimization of the histone purification protocol. 

My research project on the mechanism of nucleosome recognition by LSD2 implied 

large production of semi-synthetic nucleosomes. Given the enormous amount of time 

invested in each single nucleosome preparation, I tried to optimize the protocol in 

order to optimize it and reduce the time required to perform it. I started from a paper 

published by Klinker and colleagues on PLOS one (Klinker et al., 2014), and adapted 

it to the instruments available in the laboratory. Briefly, dry cell pellets, expressed 

following the standard protocol (Dyer et al., 2004) were resuspended in SAU buffer 

(40 mM NaOAc pH 5.2, 1 mM EDTA, 5 mM β-ME, 10 mM Lys), supplemented with 

protease inhibitors, PMSF 1 mM and urea powder up to 6 M. The cell suspension was 

sonicated on ice for a total of two minutes (30% power) till urea powder was 

completely dissolved in buffer. The extract was cleared by centrifugation for 40 

minutes at 56000 g. The supernatant was passed over a Capto-Q column and a SP FF 

16/10 column in series, to bind DNA and histones respectively. After washing in 6 

M urea SAU buffer, the Capto-Q was removed and elution was carried out from the 

SP FF column with NaCl gradient up to 1 M NaCl. Histones were eluting at 200-400 

mM NaCl (Figure 8). Fractions were checked by SDS-PAGE and agarose gel for 

protein and DNA contaminations, pooled and dialyzed O/N against 2 liters of 20 mM 

Tris pH 8.0. The morning after, the sample was passed again over a Capto-Q column 

to remove remaining contaminant DNA. The unbound fraction was concentrated up 

to 10 mg/ml and checked by SDS-PAGE and UV-Vis absorbance spectra. Aliquots 

of 4 mg each were prepared, flash-frozen in liquid nitrogen and stored at -80 °C.  

 

Figure 8. SP FF 16/10 elution profile of the H4 preparation following the new 

protocol from Klinker and colleagues (Klinker et al., 2014). On the right, the SDS-

PAGE analysis of the collected fractions is shown. 
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The main advantage of this optimized protocol, besides saving one day of work 

(Figure 9), is that it enabled me to produce 3-fold more histone protein from a single 

preparation. 

 

Figure 9. Comparison of the two histone purification strategies. On the left: the 

conventional histone purification method according to the Luger’s protocol (Luger, 

Rechsteiner and Richmond, 1999). On the right: the new protocol I adopted 

according to Klinker and coworkers (Klinker et al., 2014). Image from Klinker et al. 

(Klinker et al., 2014).  
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3.4 H3 alkylation 

The histone H3 protein used for the production of semi-synthetic nucleosomes carries 

two mutations: Lys4Cys-Cys110Ala. Mutation of the substrate lysine 4 to cysteine is 

key to provide the anchoring point to the propargylamine-carrying reactive, as 

explained in figure 9 through an acid-base reaction. Such a H3 histone exposing a 

highly reactive chemical moiety at the substrate residue 4, where the flavin-dependent 

enzymes carry out their demethylation reactions, can covalently react with the FAD 

cofactor of either LSD1 or LSD2, ending up in a covalent enzyme-substrate complex 

(for more details, see paragraph 6.1).  The mutation of the cysteine residue at position 

110 to alanine on the other hand, is necessary to avoid attachment of the propargyl to 

the wrong, non-substrate position. The alkylation reaction follows a similar protocol 

to that published by Simon and colleagues for the production of nucleosomes with 

methyl-groups at specific locations (Simon et al., 2007).  

The freeze-dried histone was dissolved in water bath at 40°C in alkylation buffer (1 

M Hepes/NaOH pH7.8, 4 M guanidinium chloride, 10 mM L-Met, 10 mM DTT). 

Alkylation reaction was perfomed in the same buffer using a final 50 mM 

concentration of the N-(2-chloroethyl)-N-methylprop-2-yn-1-amine alkylating agent 

(Simon et al. 2007). Histone concentration was 10 mg/ml (655 μM), and DTT was 

added till 20mM concentration.  The sample was let at room temperature for 2 h, then 

more DTT was added till a final molarity of 30 mM. after 30 minutes, more alkylating 

reagent was added till 75 mM. after 2 hours and 30 minutes, the reaction was stopped 

by adding 50 mM BME. After 30 minutes, the buffer was changed in desalting to 

MilliQ water. Then the sample was concentrated.  

The product of reaction is a histone carrying a propargylamine analogue of dimethyl-

lysine covalently bound with Cys4 (Figure 9). The final outcome was checked by 

ITMS-ESI mass spectrometry. The reaction involves the thiol group of the cysteine, 

which attacks the carbon carrying the chlorine substituent which is a good leaving 

group. The extremely reactive propargyl moiety does not interfere with this acid-base 

reaction. 
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Figure 9. Mechanism of reaction between N-(2-chloroethyl)-N-methylprop-2-yn-1-

amine and cysteine residue in position 4 on H3 histone tail. From Pilotto, 

Speranzini et al. (Pilotto et al., 2015). 

 

3.5 Mass Spectrometry of Alkylated H3  

ITMS-ESI technique was used to check the yield of the H3 histone alkylation reaction 

(Figure 11). Measurements were performed at the laboratory of Federica Corana, 

Centro Grandi Strumenti, Cascina Cravino, Pavia. ESI (ElectroSpray Ionization) is a 

technique to produce ions from macromolecules in solution. The liquid is ionized by 

a high-voltage field, and an aerosol is formed. Each drop carries a charged fragment 

of the macromolecule, so that it can be subjected to the voltage field applied and reach 

the detector. Ion Trap (IT) MS uses a combination of electric and magnetic fields to 

capture charged particles in vacuum. Since all charged fragments are retained in the 

“field” trap, through manipulation of magnetic field forces, subclasses of all possible 

ions present (with a particular charge/mass ratio) can be released and directed to the 

detector in a controlled manner, so that different ions can be distinguished according 

to their charge/mass ratios.  
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Figure 11. Mass spectrum of a typical alkylated H3 sample. The graph reports the 

relative abundance of the species at different calculated molecular masses. 

Calculations are performed starting from the number of positive ions hitting the 

detector, each with its charge-to-mass ratios. Ions were considered as formed by 

fragments of the protein plus one hydrogen or sodium atom. The graph clearly 

shows that Alkyl-K4C-C110A-H3 (MW 15308 Da) is the predominant species (MW 

of the non-alkylated histone K4C-C110A-H3 is 15216 Da). 

 

3.6 Histone octamer refolding 

Lyophilized histones are separately re-suspended in Unfolding Buffer (6M GnHCl, 

20 mM AcONa pH 5.2, 5 mM DTT) and let at room temperature for 1 hour. The 

protein concentration was measured at NanoDrop Spectrometer, looking at 276 nm 

Absorbance. Histones were then mixed at equimolar ratio, and the sample was diluted 

in unfolding buffer till a final concentration of 1 mg/ml of total proteins and 

extensively dylaized at 4°C against 600 ml of Refolding Buffer (2M NaCl, 10 mM 

Tris pH 7.5, 1 mM EDTA, 5 mM BME), changing the dialysis solution three times, 

one every 6 hours. The slow replacement of the unfolding buffer with an high salt 

concentration buffer aims at correctly refold histones.  The sample was then 

concentrated in an Amicon Ultra 10 kDa tube and loaded onto a Superdex 200 16/60 
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gel filtration column (GE Healthcare). The fractions collected were checked on a 

SDS-PAGE, and the ones containing the octamer were pooled and concentrated 

(Figure 12). After addition of glycerol till 50%, the octamers were stored at -20°C. 

 

Figure 12. Elution profile of refolded octamer from Superdex 200 16/60 with its 

corresponding SDS-PAGE analysis. The column separates the refolded octamer 

(elution volume 62 ml, SDS-PAGE lanes 1, 2) from excess of H2A-H2B dimers ( 

elution volume 77 ml, SDS-PAGE lanes 3-4). 

 

3.7 147-bp Widom DNA sequence preparation.  

The DNA sequence for nucleosome reconstitution is carried on a pUC vector 

(Ampicillin resistance) as an array of 15 head-tail multiple copies, separated one from 

the other by an EcoRV recognition site (16 restriction sites /plasmid).  A single 

colony of E. coli DH5α cells was inoculated in 1 ml of LB at 37 °C for 2 hours. Then 

4 ml more were added and the growth continued for 2 hours. 10 ml of LB were added 

and the cells were let grow for 4 h more. Two milliliters of the pre-inoculum were 

transferred into 1 liter of LB and the culture was left at 37°C O/N in a shaking 

incubator.  Cells were harvested by centrifugation and stored at -20 °C. DNA was 

extracted with a MegaPrepKit (Qiagen). Restriction cleavage of the plasmid was 

performed for 24 hours at 37°C, at a DNA concentration of 1 mg/ml, calculating 30U 

Eco RV HF (NEB) for each nmol of restriction sites. To check digestion, few 

microliters were run on a 1.5% (w/v) agarose gel.  

To separate the vector from the digested insert a precipitation step followed. PEG 

6000 up to 6.5% (v/v) and NaCl up to 500 mM were added directly to the digestion 

reaction and the mix was let on ice for 1h. the sample was then transferred in 



Chapter III – Nucleosome recognition by LSD2/NPAC 

86 

 

centrifuge tubes, and centrifugation was done at 20’000g for 20 minutes at 4°C. The 

supernatants were collected and the 146bp DNA sequence was precipitated by 

addition of 2.5 volumes of ethanol at 4°C. As the precipitant was added, the solution 

was placed at -80 °C and let there for half an hour. A final centrifugation step, 

(25’000g, 20’, at 4°C), pelleted the DNA at the bottom of the tubes (Figure 1). The 

supernatants were discarded whereas the pellets were dried and dissolved in sterile 

water. 

                     

Figure 13. Agarose gel analysis of the DNA purified after EcoRV digestion. The first 

lane on the left is the precipitate after PEG 6K and NaCl addition. The right lane 

corresponds to the last pellet obtained. 

 

3.8 Semi-synthetic nucleosome reconstitution.  

Reconstitution of the Nucleosome Core Particle (NCP) occurs during gradual 

removal of salt from the octamer-DNA mixture. As salt ions are stripped off the 

solvation shell of octamers and DNA, the two species can interact and assemble as in 

nuclear chromatin. The speed of the reaction is controlled through progressive 

desalting of the solution. The whole procedure is carried out at 4°C to preserve 

proteins. First, the DNA-containing solution is adjusted to 2 M KCl concentration. 

Then, DNA, octamers, and H2 dimers are mixed at molar ratio of 1.2 : 1 : 0.5 

respectively, reaching a final DNA concentration of 0.7 mg/ml using RB high Buffer 

(2 M KCl, 10 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT). The sample is placed in 

a dyalisys membrane, within a high-salt buffer solution. Then, the high-salt buffer is 

gradually exchanged with a low-salt buffer (250 mM KCl, 10 mM Tris pH 7.5, 1 mM 

EDTA, 1 mM DTT) by a peristaltic pump, working at 4°C, with a flow speed of 0.7 

ml/min, for 36 hours. The sample was finally dialyzed in RB low-salt buffer for 3 
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hours more. To improve correct positioning of DNA on the octamer core, a thermal 

shift is required: 50°C in water bath for 45 minutes. The sample was placed on ice 

for cooling, and then loaded onto a CaptoDEAE anion exchange column (GE 

Healthcare). The basic free dimers and octamers, the reconstituted NCP particles and 

the negatively charged free DNA can be separated according to their electrostatic 

interactions with the weakly cationic resin. The column was pre-equilibrated in TES-

250 buffer (10 mM Tris pH 7.5, 0.5 mM EDTA, 250 mM KCl). After loading and a 

first washing step in the same buffer, a second wash was peformed with 30% TES 

600 buffer (10 mM Tris pH 7.5, 0.5 mM EDTA, 600 mm KCl ), during which free 

dimers and octamers eluted. The elution gradient was performed from 30 to 100% of 

TES 600 buffer, in 3 column volumes. Nucleosomes were eluted during this step, 

while the DNA remained bound to the resin (Figure 15), and a final wash with 1 M 

KCl replenished the column. NCPs were immediately dialyzed overnight against TCS 

buffer (20 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT), in order to remove salt ions 

interfering with DNA wrapping around the octamer. SDS-PAGE and native PAGE 

were run to check purity and homogeneity of the final sample. Purified NCPs were 

concentrated in Amicon Ultra 30kDa and stored on ice, for 2-3 weeks at last. 

               

Figure 15. Elution profile of recombinant reconstituted nucleosomes from 

CaptoDEAE anionic exchange and SDS-PAGe gel of the final sample. After 

nucleosome elution from the CaptoDEAE column, a washing step with 1 M KCl is 

necessary to detach DNA from the resin(second peak). The 280 nm-absorbance 

profile is shown in blue, in brown the conducibility of the buffer. On the right, the 

SDS-PAGE experiment clearly reveals the presence of all four histones in the 

sample. 

3.9 Chicken erythrocyte nucleosome preparation 
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Another method to obtain nucleosomes was purification from chicken blood. Chicken 

blood samples were collected at “Avicola Valtidone” (via Fontanino 6/A, Località 

Campo D’Oro, Castel San Giovanni) and kept on ice until filtered through 4 layers 

of cheesecloth, then centrifuged for 4 min at 1500g at 4°C. The clear supernatant (the 

serum) is discarded, and the erythrocytes are washed three times by centrifuging at 

4°C, speed 1500g in 25 volumes of Buffer A (0.34 M sucrose, 15 mM Tris pH 7.5, 

60 mM KCl, 15 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine, 2 mM EDTA, 2 

mM EGTA, 15 mM BME, 0.1 mM PMSF ). Blood aliquots are then frozen at -80°C. 

All subsequent steps are performed at 4 °C. Pelleted erythrocytes are lysed with a 

mixer in 25 volumes of Buffer N (0.34 mM sucrose, 15 mM Tris pH 7.5, 60 mM KCl, 

15 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine, 2 mM EDTA, 2mM EGTA, 

15 Mm BME, 0.1 mM PMSF, 0.5% Nonidet P-40 ). After centrifugation for 5 minutes 

at 1500g, two wash steps were executed with 50 volumes of Buffer N. After 

erythrocyte lysis, the sample was prepared for chromatin digestion: it was washed 

three times by centrifugation for 4 min at 1400g in 50 volumes of Buffer B (0.34 mM 

sucrose, 15 mM Tris pH 7.5, 60 mM KCl, 15 mM NaCl, 0.5 mM spermidine, 0.15 

mM spermine, 15 mM BME, 0.1 mM PMSF). The pellet was resuspended in Buffer 

B to 20-30 ml final volume. The suspension was then warmed to 37°C and CaCl2 was 

added till 1 mM concentration. Staphylococcus aureus nuclease was added to 45 

U/mL, and the digestion was run for 5 minutes. Addition of EDTA 1.5 mM stopped 

the digestion, and the sample was cooled to 4 °C, and centrifuges again 5 minutes at 

8000g. The pelleted nuclei are resuspended in 5 volumes of 0.25 mM EDTA, pH 7.5, 

and left in gentle stirring for 1 hour. After nuclei lysis, a centrifugation step (20 

minutes at 8000g) separated the nuclear membranes from soluble chromatin 

components. The pellet is discarded and the supernatant kept. The sample is diluted 

in EDTA 0.25 mM, pH 7.5 till A260 around 50. Then 1% Tris pH 8.0, NaCl 75 mM 

were added along with Roche Complete Inhibitors 1X. To strip H1/H5 histones, pre-

equilibrated CM Sepharose FF (GE Healthcare) was added up to 100mg/ml final 

concentration, and the sample was gently stirred O/N. The day after, centrifugation 

25 minutes at 8000g further purified the supernatant, which is collected and spinned 

in Eppendorf for 10 minutes at 10’000rpm. A Second chromatin digestion was 

performed: in Amicon concentrator, CutOff 100KDa, spinning 10 minutes at 3000g, 

we changed the buffer to Buffer C (20 mM NaCl, 10 mM Tris pH 7.5, 2 mM BME). 

After dilution with the same buffer to reach A260 around 25, the suspension was 

warmed to 37 °C. Then CaCl2 was added up to 1 mM final and S. aureus nuclease 

was added up to 50 U/ml final. The digestion was let to proceed for 10 minutes before 

being stopped with the addition of EDTA 1.5 mM final, and cooled again on ice. 

Through an Amicon concentrator (membrane Cut-Off 100kDa) the sample was 

concentrated till 500 μl, and loaded at 0.9 ml/min onto a Sephacryl S-400 (300 ml 

bed volume) in Buffer C supplemented with EDTA 0.2 mM.  Fractions were checked 

for the presence of histones and DNA though SDS and agarose gel electrophoresis, 

and those with polynucleosomes were pooled and digested a third time. After dilution 
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in Buffer C till a final A260 of 10, the suspension was warmed to 37 °C, and CaCl 0.8 

mM, and S. aureus nuclease (50 U/ml) were added. 10 minutes later, the reaction was 

stopped by adding EDTA 1.7 mM and lowering of the temperature to 4°C again. 

Further concentration prepared the sample to be injected onto Sephacryl S-400 Gel 

Filtration column. Again, Buffer C with EDTA 0.2 mM was used for elution, with a 

flow rate of 0.7 ml/min. Fractions collected were checked through SDS-PAGE and 

agarose gels to select those with DNA lengths less than about 160 bp. Finally the 

nucleosomes were concentrated in Amicon Ultra Cut-Off 100kDa in TCS buffer (20 

mM Tris pH 8.0, 0.25 mM EDTA, 3% glycerol). Nucleosomes were kept on ice or 

flash-frozen in liquid nitrogen and stored at -80°C. 



Chapter III – Nucleosome recognition by LSD2/NPAC 

90 

 

4. NPAC protein analysis, cloning, expression and purification 

4.1 NPAC bioinformatics analysis 

NPAC sequence was the subject of various analysis with online bioinformatics tools 

in order to predict the function of the protein and the boundaries between protein 

domains (Jacobson et al., 2014). Homologous sequences to NPAC were searched on 

UniProt (Bateman et al., 2017) and PDB (Berman et al., 2000) databases. PrDOS 

(Takashi Ishida1, 2007) output evidenced a long stretch of disordered amino acids 

starting from residue 100 to 260 (Figure 16). 

 

Figure 16. Disorder profile plot of NPAC, calculated by PrDOS software and 

arranged to evidence the clearly disordered region covering roughly 180 residues 

(evidenced by red lines) and the LSD2-binding linker within (pink area).  Two 

ordered regions constitute the   N-terminal and C-terminal portions. 
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Separate homology search of the N-terminal (105-aa long) and the C-terminal 

(residues 250-553) portions of NPAC were performed with BLAST (Altschul et al., 

1990), Clustal Omega (Li et al., 2015) and ELM (Dinkel et al., 2016)..Representative 

NPAC sequences were selected from Uniprot (Bateman et al., 2017) and compared 

with Clustal Omega (Li et al., 2015) as described in the paper attached (Marabelli et 

al., 2019).   

In order to identify the NPAC domain organization and design the most convenient 

NPAC construct suitable for expression as recombinant protein, NPAC sequence was 

analysed with PhophoSitePlus website (www.phosphosite.org) to look for the 

presence of any physiologically relevant residue.  

 

Figure 17. Phosphosite plus output for human NPAC. On the “y” axis is  the total 

number of references for which each amino acid position of the NPAC protein (on 

the “x” axis) has been found to be phosphorylated. On top of the most prominent 

phosphorylation sites is reported the residue numbering for clarity. Most of the 

phosphorylated residues lie at the boundary between the PWWP domain and the 

flexible linker region. A legend for the PTMs here represented is on the top right 

of the image. 

http://www.phosphosite.org/
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Given the high number of phosphorylated residues between residues 105 and 122 

(Figure 17) and considering that sequence alignment among several orthologs 

revealed the existence of a 98-residue isoform (X3 in Erinaceus species; Figure 56), 

various NPAC constructs including different portions of the PWWP domain were 

tested to delineate the boundary between the N-terminal domain and the linker region 

(Table 3). For clarity, in Figure 18 only the PWWP 1-105 protein is shown (second 

line from the top). 

Regarding the C-terminus of NPAC, two different constructs were designed to 

include the dehydrogenase domain (residues 261-553), with and without the LSD2-

binding linker (residues 214-225; the two proteins are schematized at the bottom of 

Figure 18).  A third protein was designed after the first experiments with NPAC full-

length failed ( the full-length NPAC is the first line from the top), which includes the 

N-terminal PWWP module (residues 1-98) along with the C-terminal portion 

containing both the LSD2-binding linker and the dehydrogenase domain (third 

protein from the top; Figure 18). 

 

Figure 18. NPAC domain organization as evidenced from bioinformatics analysis.  

The constructs designed for expression and analysis are outlined below. N-

terminal and C-terminal residues are indicated. 
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4.2 NPAC-DH plasmid and mutagenesis 

The TEV-cleavable N-terminal 6xHis-tagged NPAC dehydrogenase gene (NPAC 

DH, residues 261-553, Figure 18) cloned in a pNIC28-Bsa4 vector, was a kind gift 

from Structural Genomics Consortium (SGC), Oxford (UK).  NPAC DH mutants 

were obtained through site-specific mutagenesis (Table 3). 

Table 3. Nucleotide sequences of the DNA primers used for site-directed 

mutagenesis of human NPAC dehydrogenase gene. 

M437K FW AAGATGAAGCTGATCGTGAACATGGTCCAAGGGAGCTTC 

M437K RV GATCAGCTTCATCTTGGCTGCATTGCCCACTTC 

M437N FW CAATGCAGCCAAGATGAATCTGAT 

M437N RV ACCATGTTCACGATCAGATTCATCT 

 

4.3 NPAC-DH proteins expression and purification  

E. coli BL21 codon-plus (DE3)-RP (Novagen; chloramphenicol resistant) cells were 

transformed and plated. A single colony was then picked and grown at 37° C, in a 

shaking incubator (200 rpm) O/N in LB medium supplemented with chloramphenicol 

and kanamycin at 37° C. The day after, the pre-inoculum was poured in the ratio of 

1:100 v/v into a fresh TB (Terrific-broth) medium with Kanamycin and 

Chloramphenicol. The culture was grown till the optical density (OD600) reached 0.8, 

and then induced at 17°C with IPTG 0.5 mM for 18 hours. Cells were collected by 

centrifugation at 5000 rpm for 10 minutes. 

Cell pellet was resuspended in Ni-A buffer (50 mM Hepes pH 7.5, 500 mM NaCl, 40 

mM imidazole, 5% (v/v) glycerol), supplemented with protease inhibitors and 1 mM 

PMSF. Resuspended cells are sonicated with a 250 W Branson sonicator set at 30% 

Amplitude, till complete lysis and next centrifuged at 70,000 g for 35 minutes at 10° 

C. The following protein purification is performed at 20°C because of the tendency 

of the protein to aggregate at 4°C. The soluble fraction was filtered with a 2 μm filter 

to remove cell particulate and loaded onto a 5 ml HiTrap column (GE Healthcare), 

pre-equilibrated with Ni-A buffer. After extensive washing, the 6xHis-tagged protein 

is eluted in Ni-B buffer (50 mM Hepes pH 7.5, 500 mM NaCl, 250 mM imidazole, 

5% (v/v) glycerol). The eluate was incubated with TEV protease and dialysed against 
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2L Ni-A buffer without imidazole at 20° C O/N. The second purification step is a 

further affinity chromatography with a HiTrap Ni-column equilibrated in the dialysis 

buffer. The fractions containing NPAC DH are pooled and concentrated with an 

Amicon Ultra concentrator 30 kDa cut-off (Millipore), until a final volume of 5 ml. 

The sample was then loaded onto a Superdex 75 16/60 (Ge Healthcare) equilibrated 

in dialysis buffer. The fractions were anaylilsed by SDS-PAGE (Figure 19), collected 

and concentrated till 10 - 12 mg/ml. The concentration of the protein was determined 

through detection of the absorbance at 280 nm with a NanoDrop spectrophotometer 

(Thermo Scientific). The extinction coefficient of NPAC DH at 280 nm was 

calculated with the ProtParam tool (Wilkins et al., 2005) on the online SIB ExPASy 

Bioformatics Resources Portal (Artimo et al., 2012) and it is 16,305 M−1 cm−1 for the 

wild-type protein. 

 

 

Figure 19. Elution profile of the purified NPAC-DH from a preparative Superdex 75 

16/60 and relative SDS-PAGE analysis. The elution volume is 51.52 ml, which 

corresponds to the molecular weight of the NPAC-DH tetramer (about 120 kDa). 

On the right, SDS-PAGE of the eluted fractions confirms the identity of the purified 

construct (expected MW of the monomer: 34.053 kDa). 
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4.4 NPAC full-length cloning 

The NPAC full length gene was ordered from GeneArt (ThermoScientific), with 

designed 3’ and 5’ 15-bp sequences complementary to the ends of the recipient vector 

pET24a digested with BamHI and XhoI. Recombinase reaction between the synthetic 

gene fragment and the open vector backbone was carried out with the Infusion 

cloning kit (Takara, Clontech). The DNA sample was then used to transform Stellar 

Competent cells (Takara, Clontech), which were subsequently used for DNA 

extraction and sequencing, according to the protocol previously described. The final 

vector contained NPAC full-length with an N-terminal Flag-8xHis-SUMO tag. This 

construct was used as the template for subsequent cloning experiments (Table 4). 

Two-step PCR reactions were performed, as previously described (see LSD2 cloning 

paragraph), digested with DpnI and purified using the commercial kit NucleoSpin 

Gel and PCR Clean-up (Macherey-Nagel). Transformed TOP10 E. coli competent 

cells were plated onto LB agar plates. DNAs from single colonies were extracted 

using the Miniprep kit (Qiagen) and sequenced by GATC Biotech service. 

Table 4.  Nucleotide sequences of the DNA primers used for site-directed 

mutagenesis of human NPAC wild-type full length gene. 

1- 98 FW GACCAGATAATAACGTCATCCCACAATTCTTCTGATGACAAG 

1-98 RV TATTACTGGTCTTTCCCTTTGGCTCTCCTGAGGAACTCTTC 

1-105 FW CTTCTTAATAAGATGACAAGAATCGACGTAATTCC 

1-105 RV CATCTTATTAAGAAGAATTGTGGGATGACGTCTG 

1-122 FW AGGCCATAATAAAACTCAGGTGATGAGAAGCGCAA 

1-122 RV GTTTTATTATGGCCTACTTCTCTCCTCACTGGAATTACGTC 

Δ99-179 FW GGGAAAGACCAGGATCTCACCATCCCGGAGTCTAGTACCG 

Δ99-179 RV ATCCTGGTCTTTCCCTTTGGCTCTCCTGAGGAACTCTTCGAC 

Δ205 FW ATCCGATCCTCATTTCCATCATTTCC 

Δ205 RV ATCGGATCCACCACCAATCTG 
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4.5 NPAC full length, Δ99-179 and Δ205 proteins expression and purification 

The same protocol was applied for all three proteins  NPAC full length, Δ99-179 and 

Δ205. Representative preparations are showed in Figures 20 and 21 for the full-length 

and Δ205 NPAC proteins respectively. All proteins were expressed with a N-terminal 

8xHis tag. 

E. coli BL21 codon-plus (DE3)-RP (Novagen; chloramphenicol resistant) cells were 

transformed and plated. A single colony was then picked and grown in LB medium 

supplemented with chloramphenicol and kanamycin, at 37° C, in a shaking incubator 

(200 rpm) O/N. The day after, the pre-inoculum was poured in the ratio of 1:100 v/v 

into a fresh TB (Terrific-broth) medium with Kanamycin and Chloramphenicol. The 

culture was grown till the optical density (OD600) reached 0.8, and then induced at 

17°C with IPTG 0.5 mM for 18 hours. Cells were collected by centrifugation at 5000 

rpm for 10 minutes. 

Cell pellet was resuspended in Ni-A buffer (50 mM Hepes pH 7.5, 500 mM NaCl, 40 

mM imidazole, 5% (v/v) glycerol), supplemented with protease inhibitors and 1 mM 

PMSF. Resuspended cells are sonicated with a 250 W Branson sonicator set at 30% 

Amplitude, till complete lysis and next centrifuged at 70,000 g for 35 minutes at 10° 

C. The following protein purification is performed at 20°C because of the tendency 

of the protein to aggregate at 4°C. The soluble fraction was filtered with a 2 μm filter 

to remove cell particulate and loaded onto a 5 ml HiTrap column (GE Healthcare), 
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Figure 20.  Elution profile of the purified NPAC full length from a preparative 

Superdex 200 10/300 (top) and relative SDS-PAGE analysis (bottom). The elution 

volume of fractions [11-18] corresponds to the molecular weight of the full-length 

NPAC tetramer (about 300 kDa). SDS-PAGE of the same fractions confirms the 

identity of the purified construct (expected MW of the full-length monomer: 72 

kDa).  
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Figure 21. Preparative Superdex 200 16/60 elution profile and relative SDS-PAGE 

analysis of the cleaved SUMO-NPACΔ205 protein. The protein of interest (peak1) 

elutes separately from the SUMO tag (found in peaks 2 and 3). The protein 

behaves as a tetramer, with an estimated molecular weight of 140 kDa.  SDS-PAGE 

confirms the expected mass of the monomeric polypeptide (37.54 kDa). 
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4.6 NPAC-PWWP constructs expression and purification 

Three representative PWWP constructs were separately cloned and expressed in 

BL21(DE3) E. coli cells and analysed for the effect of different C-terminal peptide 

lengths. There are evidences indeed, about the strong effect on the stability of small 

chromatin reader proteins exerted by the length of their N-terminal or C-terminal 

peptides (Savitsky et al., 2016). Moreover, Phosphosite Plus output for the amino 

acid sequence of NPAC (Figure 17), showed a putatively important phosphorylation 

sites at residues 113, 114 and 122, very close to the C-terminus of the identified 

PWWP module sequence (residues 1-98). Small-scale expression tests clearly 

showed that the 1-98 and the 1-105 proteins are the best expressing ones (Figure 22). 

 

Figure 22. SDS-PAGE of the small scale purification trials of three NPAC-PWWP 

constructs 98, 105 and 122. The 1-122 construct degrades during the purification, 

whereas the 98 and 105 constructs are more stable. 

NPAC-PWWP 1-95, 1-98, 1-105 and 1-115 were cloned and prepared for 

crystallization trials and biochemical experiments. An additional GFP-PWWP 1-105 

protein was cloned, expressed and purified according to the same protocol with the 

aim to perform binding studies with the nucleosomes. Detection of the GFP 

absorbance signal at 500 nm indeed would facilitate identification of the nucleosome 

species both in analytical chromatographic experiments and in native PAGE assays. 

The same protocol for expression and purification was applied for the preparation of 

the GFP-PWWP 1-105 protein. (Figure 23). Proteins were expressed in BL21(DE3). 

Cells were grown in 2xYT medium supplemented with Kanamycin and 1 % (w/v) 

glucose at 37 °C until OD600 reached 1. Induction was performed with IPTG 0.1 mM, 

for 16 h at 17 °C.  Cells were collected by centrifugation and stored at -20 °C.  

 

Extract Flow-through Elution 

98 105 122 122 122 98 98 105 105 
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Collected cells were resuspended in 50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 5 % 

glycerol, 1 mM PMSF and sonicated. The suspension was centrifuged at 56,000 g for 

1 h and the cell extract was loaded onto a His-Trap column. The resin was washed 

first with 50 mM NaH2PO4 pH 8.0, 1 M KCl, 5 % glycerol and then with 50 mM 

NaH2PO4 pH 8.0, 300 mM NaCl, 5 % glycerol, 50 mM imidazole. Elution was carried 

out in 50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 5 % glycerol, 250 mM imidazole. 

His-tagged Prescission protease was added and the sample was dialyzed O/N in 

resuspension buffer. The sample was then passed a second time through a His-Trap 

column, and the flow-through was collected, concentrated and loaded onto a 

Superdex 75 10/300 in 20 mM PIPES pH 6.5, 200 mM NaCl (Figure 23).  

F 

Figure 23. SDS.-PAGE analysis of the purified PWWP proteins used for 

crystallization trials.  
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Figure 24. SDS-PAGE showing the last steps of NPAC-PWWP (1-105) preparation. 

From left to right, each lane refers to the sample eluted from the first His-trap 

column, the same sample after O/N incubation with 6xHis-Prescission protease, 

the molecular weight standards (in kDa), the sample loaded onto preparative gel 

filtration and the tested aggregate peak (eluting in the void volume) and the first 

and the third fractions of the monodispersed NPAC-PWWP peak. The elution 

profile of the preparative Superdex 75 10/300 is shown below. Collected fractions 

are highlighted in a red box. 
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5. Activity assays  

5.1 LSD2 demethylase activity tests 

All purified LSD2 proteins were tested for their demethylase activity prior to 

analytical SEC experiments aimed at studying the interaction with semi-synthetic 

nucleosomes. These experiments were performed using a 21-aa monomethylated 

H3K4 peptide (mimicking the first 21 residues of histone H3 tail) as substrate and the 

HRP/AR assay to measure the conversion rate as previously done with LSD1 (Binda 

et al., 2010). Briefly, the FAD-mediated demethylation reaction produces H2O2 as 

side product, which is used by Horse Radish Peroxidase (HRP) to convert Amplex 

Red into resorufin. This ancillary reaction (stoichiometrically equivalent to the 

demethylation reaction) can be followed by measuring either absorbance or 

fluorescence of resorufin. The LSD2 reaction was performed in 20 mM HEPES pH 

8.5 by measuring fluorescence using a Clariostar plate reader (Clontech). Although 

the purified wild-type and mutant full-length proteins were equally active, the KM of 

the proteins expressed in E. coli appeared to vary depending on the preparation with 

respect to those expressed in P. pastoris, which was then selected as the standard 

sample for activity assays (in Figure 25, a representative mutant is chosen for all 

LSD2 preparations from E.coli expression system). 



Chapter III – Nucleosome recognition by LSD2/NPAC 

103 

 

 

Figure 25. Apparent kcat values of the full length wild-type LSD2 expressed in E.coli 

(top) and a representative full-length mutant LSD2 (K114E, bottom), also 

expressed in E.coli. In both graphs the activity of LSD2 has been measured in 

presence and in absence of the small 12-aa long NPAC linker peptide, which had 

been reported to influence LSD2 activity (Fang et al., 2013).  No significant 

difference was detected either between LSD2 with and without NPAC linker, 

neither among LSD2 wild-type and mutant proteins. In the K114E graph, samples 

from two different preparations are compared.  
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5.2 NPAC-DH dehydrogenase activity tests 

To investigate the catalytic properties of NPAC-DH, spectrophotometric assays were 

performed with a Cary 100 UV-Vis spectrophotometer (Agilent). In a quartz cuvette, 

NPAC-DH 10 µM was incubated in Tris 20mM pH 7.5 buffer, and a molar excess of  

either NADH, NAD+, NADPH or NADP+ was added. The absorbance at 340 nm was 

monitored to detect any increase/decrease of cofactor concentration. Various 

dehydrogenase substrates were separately added at 1 mM final concentration: acyl-

CoA, alanine, ascorbic acid, ascorbate, citrate, formate, glutamate, glyoxylate, 

malate, malonate, pyruvate, succinate, lactate, glycerol, glyceraldehyde, 

glyceraldehyde 3-phosphate, gluconate, glucose 1,6-phosphate, sorbitol, fructose, 

fructose 6-phosphate, L-arabinose, ATP, ADP, GTP, UDP,  nicotinate. The reaction 

mixture was kept at 25 °C for 30 minutes while constantly monitored, but no activity 

was detected (data not shown). 
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6. Complex formation studies with semi-synthetic nucleosomes 

6.1 LSD2 /NPAC-linker/nucleosome 

In order to stabilize the otherwise short-lived LSD2/nucleosome complex, H3K4-

alkylated nucleosomes were reconstituted (see H3 alkylation, paragraph 3.4).  

The flavin cofactor of LSD2 is attached by the highly reactive propargyl group 

exposed by H3 K4C (Figure 10) and a covalent LSD2/nucleosome complex forms 

(Figure 26).  

 

Figure 26. Alkylated semi-synthetic nucleosomes enable chemical trapping of the 

LSD2/nucleosome transient complex. Covalent binding of the propargyl unit to the 

FAD cofactor produces a shift in its absorbance profile, which can be monitored 

though spectrophotometric methods. Image adapted from Marabelli et al., 2019. 
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The flavin absorbance spectrum changes upon covalent binding, and the maximum 

absorption shifts from 458 nm to 400 nm (Figure 26). If not differently stated, NPAC-

linker is always mixed together with LSD2 and semi-synthetic nucleosomes, at a 

molar ratio five-fold higher with respect to LSD2. The reaction yield can be 

monitored by analytical-SEC experiments (Figure 27). 

 

Figure 27. From top to bottom: elution chromatograms of LSD2 alone, semi-

synthetic nucleosome and sample containing LSD2-NPAC and semi-synthetic 

nucleosomes. In the last chromatogram, four species are present. The identities of 

the last two peaks is gathered from the first two chromatograms, namely LSD2 (Ve: 

8.92 ml) and alkyl-NCP (Ve: 7.73 ml). The first two eluting species are LSD2- NCP 

complexes at molar ratios of 2:1 and 1:1, respectively.  
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As LSD2 is exposed to unsaturating concentrations of the nucleosome substrate, this 

tool allows also evaluation of formation of the catalytically competent complex, that 

mirrors the KM of LSD2 activity on nucleosome but not its product release rate (kcat). 

It was then used to analyze the effect of various parameters on the recognition of the 

nucleosome by LSD2.   

There is an intrinsic limit to the yield of the formation of the LSD2/nucleosome 

complex even in presence of the facilitator NPAC-linker. The free nucleosome peak 

is always present and a 100% yield on LSD2/NPAC-linker/nucleosome complex 

species formation cannot be achieved also after prolonged incubation times (Figure 

28), nor with great excess of LSD2/NPAC-linker. The maximum achievable 

LSD2/nucleosome complex yield depends on the sample of semi-synthetic 

nucleosomes being used. Indeed, different nucleosome preparations tested with the 

same preparation of LSD2 yielded different chromatograms. For this reason, each 

analytical SEC experiment presented in this thesis is always accompanied by and 

compared to the chromatogram of the wild-type LSD2 tested onto the same 

nucleosome preparation in the standard conditions described above. 

 

Figure 28. Effect of incubation time (left) and increasing LSD2/NPAC-linker to NCP 

ratio (right) on nucleosome recognition by LSD2. On the left, Prolonged 

incubation, up to 3 days leads to a small increase of the free nucleosomes/1:1 

complex ratio, but at the expenses of partial precipitation of the sample, as can be 

deduced from the smaller area under the “3 days incubation” curve  than that 

under the standard “1 hour incubation” curve. On the right, LSD2/NPAC-linker (1 

to 5 molar ratio respectively) were incubated at increasing molar concentrations 

with the same amount of semi-synthetic nucleosomes. A significant increase of 

complex yield occurs when LSD2 concentration becomes twice the substrate 

concentration, but increasing amount of the demethylase enzyme do not further 

affect the final result.  
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If not differently stated, the protocol that was finally adopted on the basis of the best 

results is the following: 10 μM semi-synthetic nucleosomes are incubated for 1 hour 

with 20 μM LSD2 and 100 μM NPAC-linker in buffer 20 mM Tris pH 7.5 (4°C), 100 

mM NaCl. Silica gel columns WTC-030N5 or WTC-030S5 (Wyatt Techonology) 

were used in running buffer 15 mM HEPES pH 7.3, 200 mM NaCl.  

 

6.2 NPAC-DH analytical SEC 

In order to assess the NPAC oligomerization state, a SEC step is performed with the 

Superdex 200 5/150 (GE Healthcare) using the ÄKTA Micro system (GE Healthcare) 

in analytical scale (Figure 29). Elution profile is monitored by UV absorbance at 280 

nm, 260 nm and 348 nm. 348 nm corresponds to the wavelength to detect the reduced 

form of the nicotinamide cofactor, 260 nm to monitor the nucleic acid content (the 

ADP bound to nicotinamide), 280 nm corresponds to the wavelength at which 

tryptophan residues absorb. The column is equilibrated with the Dialysis-GF Buffer 

reducing NaCl to 100 mM. The salt content has been decreased to favour cofactor 

binding inside the enzyme active site.  

 

Figure 29. Analytical Superdex 200 15/150 of the purified NPAC-DH.  
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6.3 LSD2/NPAC Δ205 

LSD2 Δ30 (in 20 mM Tris pH 8, 100 mM NaCl, 1 mM TCEP) was mixed with NPAC 

Δ205 (in 50 mM HEPES pH 7.5, 500 mM NaCl, 5 % glycerol, 0.5 mM DTT) at 

different molar ratios in 100 mM NaCl final concentration. LSD2 Δ30 was incubated 

with NPAC Δ205 and semi-synthetic nucleosomes for one hour in 20 mM Tris pH 

7.5, 1 mM EDTA, 1 mM DTT.  The mixtures were loaded onto silica gel columns 

WTC-030N5 or WTC-030S5 (Wyatt Techonology) equilibrated in 15 mM HEPES, 

pH 7.3 (25 °C), 200 mM NaCl. The elution profiles were recorded at 214, 260, and 

280 nm.   
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7. Thermostability assays 

7.1 NPAC DH Thermofluor protocol set up 

Thermofluor (Biorad) is a useful technique to assess protein stability. The instrument 

actually consists of a thermocycler coupled with a fluorescence detector. The sample 

is warmed up from 20° C to 90° C, whereas the fluorescence emitted at a specific 

wavelength is detected and registered throughout the experiment. The protein of 

interest is incubated with a particular dye, able to couple absorption to a  fluorescent 

emission only when bound to  hydrophobic aminoacids. Such residues are usually 

hidden within the interior, hydrophobic core of folded proteins in solution, and they 

become exposed only upon protein unfolding. As heat denatures the protein, the dye 

has access to the hydrophobic patches of the polypeptide, and thus its fluorescence 

increases. In a standard Thermofluor experiment, the fluorescence intensity is plotted 

against the temperature (Figure 30). Through calculation of the first derivative, 

Temperature of melting (Tm) is assessed, which corresponds to the temperature at 

which the protein unfolds more rapidly, and is a measure of the protein stability. 

Thermofluor experiments allow characterization of the protein behavior in different 

conditions: buffer, pH, in presence of ligans, inhibitors or cofactors as well. The 

higher the Tm, the higher the stability of the protein. After extensive screening for 

the optimal conditions of protein and dye concentrations, I selected those samples 

exhibiting a melting curve with minimal influence from the Sypro Orange signal at 

around 58 °C (Figure 30). Therefore, the final protocol was set up as follows:  25 μM 

NPAC DH is mixed with the fluorescent dye SYPRO Orange (Invitrogen), provided 

5,000x concentrated in DMSO and diluted 1,000 times till 5x final concentration, in 

a final volume of 20 μl in Dialysis-GF buffer. Once the microplate has been filled, it 

is sealed with optical-clear quality sealing caps (Biorad). Thermograms are recorded 

using the Opticon software (BioRad) which allows to monitor fluorescence of HEX 

which is compatible with SYPRO Orange maximal absorption at 470 nm, and its 

maximal emission at 569 nm. A temperature gradient is applied, starting from 20° C 

and increasing till 90° C, measuring the fluorescence signal every 0.5° C. NPAC DH 

thermostability was also measured in presence of the cofactor NADH or NADPH in 

a molar ratio of 1:2, with the aim to establish which of them is better retained by the 

protein. The analysis was performed in triplicate. 
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Figure 30. Thermal Denaturation Assays on NPAC DH using Thermofluor. Various 

protein concentrations were tested in presence of various dilutions of the 

fluorescent dye Sypro Orange and heated up to 90 °C.  here are shown the most 

representative ones. Fluorescence signal is a sigmoidal curve against temperature 

(X axis).  As shown by the image on the top, with increase in temperature protein’s 

hydrophobic regions become gradually more exposed to the dye, wich regains its 

fluorescence once bound to the protein. Maximal fluorescence intensity is 

obtained when the protein unfolds completely.  The two-step shape of the curves 

reflects in part the signal from the sypro orange dye alone (see SO 6x sample), and 

in part the quaternary conformation of NPAC DH. Indeed hydrophobic interactions 

between NPAC DH monomers are the first ones to be disrupted by temperature. 

Hence the hydrophobic monomer-monomer interface is exposed to the dye and a 

first increase of fluorescence is seen. The second slope detected is the one 

effectively correlating to the protein melting temperature, as no further increases 

in fluorescence are seen at higher temperatures.  
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8. Electrophoretic methods 

8.1 Native page 

Acrylamide gels were prepared with 6% (w/v) liquid acrylamide in TBE buffer (17.8 

mM Tris pH 8.2, 17.8 mM Boric Acid, 0.4 mM EDTA). Otherwise, a Mini-

PROTEAN TGX Precast gel (Any-KD, BIO-RAD) was run without samples for 3 

hours at 4°C, at 150 V. Then the samples were loaded using as sample buffer a 

solution containing 5% (w/v) sucrose in TCS buffer and run for 1 hour and 30 minutes 

at 150 V for the pre-cast gels, and at 100 V for the 6% acrylamide gels at 4°C in TBE 

buffer (22.5 mM Tris/borate pH 8.3, 0.5 mM EDTA). To follow the run we also 

loaded few microliters of glycerol and Coomassie Blue in a separate well. As the run 

ended, the gel was stained with Sybr-Safe to check for DNA, and then with 

Coomassie Blue for proteins. 

 

8.2 Western Blot 

Western blots were performed to check the integrity of octamers and nucleosomes 

stored at -80°C.  First, an SDS-PAGE was run with a coloured marker (we 

preferentially used precat gels, AnyKD from BioRad). With Turbo-Transfer 

(BioRad) apparatus, we transferred the proteins to PVDF membrane. The membrane 

was blocked in TBS-T buffer (Tris 100mM pH 7.5, NaCl 150 mM, Tween20 0.1%, 

using MIlliQ water) with 6% of milk, for 1 h at rt. Then the primary antibody was 

added, diluted in TBS-T + milk 5%. After one hour, three washes were performed in 

TBS-T, leaving the membrane for 10 minutes in the washing buffer, each time. Then 

the secondary Ab previously diluted in TBS-T + milk 5% was incubated for 30 

minutes at rt. Three washes with TBS-T, 10 minutes each cleaned the membrane. For 

the photographic plate development, at darkness, the following steps were done: 

preparation of fresh reactive solutions Immuno-Star HRP Luminol/Enhancer and 

Immuno-Star HRP Peroxide Buffer. For each solution 1 ml was added directly on the 

membrane, possibly were the proteins (bound by the conjugate antibodies) should be. 

After 5 minutes the excess is rapidly removed and the membrane is covered by a plate 

for 10 seconds (more or less, varying with the efficiency of the luminol production). 

The plate is immediately put in developer Buffer, and, as the bands appear, washed 

in water and placed in Fixer Buffer.  
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9. SPOT-assay 

9.1 Characterization of NPAC-PWWP histone-binding properties 

In order to characterize the hypothetical chromatin-binding abilities of NPAC PWWP 

domain (see homologous sequence alignment in NPAC PWWP cloning section), we 

went for a high-throughput assay to detect typical protein-protein interactions 

between chromatin readers and histone peptides. Our collaborators, Panagis 

Filippakopoulos and Sara Picaud at the Structural Genomics Centre in Oxford, 

prepared an array of H3.1, H3.3 and H4 peptides, each one synthetized over the same 

amino-functionalized cellulose membrane (Whatman™ Chromatography paper 

Grade 1CHR, GE Healthcare Life Sciences #3001-878, Little Chalfont, UK). We 

selected H3 and H4 histone tails, as they were the most promising candidates for 

binding by NPAC, mainly because homologous PWWP domains were known to 

recognize H3K36me3 and H4K20me3 (Weaver, Morrison and Musselman, 2018). 

Once the freshly prepared membrane was ready, I went through the blotting protocol 

with the 6xhis-Flag-SUMO-NPAC PWWP (1-105) protein, according to sections 2.5 

and 2.6 of the Materials and methods section published by our collaborators (Picaud 

and Filippakopoulos, 2015). Briefly, the His-tagged protein was blotted onto the 

membrane, pre-blocked with 5% BSA. After washing, an anti-his antibody, coupled 

to HRP was incubated on the membrane, washed, and eventually detected with a 

Pierce® ECL Western blotting Substrate (Thermo Scientific, distributed by Fisher 

Scientific). The resulting chemiluminescence signal (Figure 48) from each peptide-

spot was quantified with the Kodak 1D V.3.6.2 Scientific Imaging System and the 

data were exported on Microsoft Excel. 
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10. Fluorescence polarization 

10.1 Characterization of DNA binding by LSD2 and NPAC-PWWP 

To measure the binding affinities of LSD2 for DNA sequences or histone peptides, 

FP assays were carried out on Clariostar plate reader (BMG Labtech), monitoring the 

change in polarization properties of fluorescently labelled DNA or H3(1-21) 

peptidewith tetramethylrhodamine (TAMRA). Fluorescent molecules are able to 

adsorb and re-emit photons in a characteristic polarization plane. The emitted photon 

has a lower energy, because of the fact that part of the energy is retained by the excited 

electron of the fluorophore. When fluorescent molecules are excited in solution, they 

continuously move and rotate, and that is why the emission spectra won’t be in the 

same lane of polarization, but it will be mostly depolarized. As the speed of molecular 

rotation decreases, because of size and shape of the molecule itself, scattering of the 

re-emitted light is lowered. On the contrary, excitation of small molecules, able to 

rapidly rotate and move with more freedom degrees, will produce a greater proportion 

of scattered light. Fluorescence polarization is based on the relative amount of 

scattered and polarized light. It is a measure of the freedom degrees of a fluorescent 

molecule. The rotation speed is directly dependent on both size and shape of the 

labelled compound, and they change after complexing of the fluorophore to another 

molecule. To perform DNA and histone binding assays, we used this quick and 

sensitive method, with a Clariostar instrument. All experiments were perfomed at 

room temperature and in the same buffer (15 mM KH2PO4 pH 7.2, 1 mg/ml BSA, 5% 

glycerol and 0-100 mM KCl), in order to have comparable results. Two DNA 

sequences, differing by a G/T mismatch at position 7, were covalently labelled with 

TAMRA at their 5’ at the peptide synthesis facility of Netherlands Cancer Institute, 

The Netherlands. Here are the sequences of the oligomers: 

DNA 1: 5’-TAMRA-AGTCGCCAGGAACCAGTGTCA-3 

DNA 2: 5’-TAMRA-AGTCGCCAGGGACCAGTGTCA-3’ 

To prepare the affinity assay with histone N-terminal tail, peptides we used the 

following primary sequence:  

A R T Kme2 Q T A R K S T G G K A P R K Q L A 

The peptide was purchased from Sigma, already covalently labelled with TAMRA 

fluorophore at its C-terminus. Briefly, experiments were carried out in 15 mM Tris 

pH 8, 0.01 % Tween 20, at 25°C,with at 0 mM and 100 mM– 100 - 150 mM NaCl 

and 5 nM DNA. for LSD2.  
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For the PWWP domain, the assay was performed with 5 nM labelled DNA in 15 mM 

Tris pH 8, 0.01 % Tween 20 at 25 °C, at 0 - 50 - 100 - 150 mM KCl using serial 

dilution of PWWP starting from 16 μM in the first well. All the experiments were 

done in triplets. Dissociation constants were calculated from the regression curve, 

measured by fixing fluorophore concentration value with GraphPad Prism. 
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11. Crystallographic studies  

11.1 Introduction to the method 

“All the methods were then available for studying protein structure by X-ray 

crystallography were [thought] bound to fail”.  (John C. Kendrew during his Nobel 

lecture, December 2, 1962) 

John Kendrew was the first to unlock the structure of a protein from X-ray diffraction 

data in 1957, and since then X-ray crystallography became widely used to gain 

insights onto a protein’s structure and hence its function. As X-rays cross an ordered 

array of atoms (a protein crystal for example), the electromagnetic wave sums up at 

particular positions of space and time, exactly where the distance between the 

encountered atoms equals an integer number of the wavelength pace. This results in 

a significant increase of the amplitude of the wave only along specific directions 

(angles of diffraction). The more the atoms encountered in this periodic array, the 

higher the amplitude of the sum.  As the X-ray wavelength ranges between 0.7 to 1.5 

Å, the diffracting objects have to be in the same order of magnitude, exactly as atoms, 

molecules and eventually proteins. Actually, it is not “atoms” giving rise to X-ray 

diffraction, but electrons.  Hence the more electron-dense is a particular position of 

the crystal lattice (for example, a methionine sulfur atom, with respect to an arginine 

nitrogen atoms for example), the higher the contribution to diffraction spots. This 

proved to be particularly helpful in the reconstruction of unknown proteins and 

nucleic acid structures (the phosphate backbone of DNA diffracts stronger than the 

inner bases), for which the starting, electron-rich atom coordinates could have been 

set. At Kendrew’s time, the main problem of the technique was the solution of the 

diffraction pattern and the reconstruction of the diffracting object present in the 

crystal lattice.  

Nowadays the bottleneck of crystallographic studies is the quality of protein crystal. 

This means that all proteins in a crystal lattice have not only to be arranged in an 

extremely regular three-dimensional pattern, but also they have to assume in the 

same, identical conformation and orientation. This can be really more difficult than 

expected, because even very small proteins are composed by hundreds of atoms, 

connected by hundreds of bonds, with hundreds degrees of freedom (Ramakrishnan, 

2018). Only repetitive units in an ordered lattice, can give rise to the amplification of 

the diffracted X-ray (Smyth and Martin, 2000). In order to obtain the highest quality 

possible protein crystals, a drop of the sample protein in solution has to be dried, 

slowly enough to allow proper interaction and positioning of the single polypeptides 

with respect to each other, but faster than the lifetime of the protein stability itself. 

Moreover, it has to be taken into account that the rate at which the first crystal nuclei 

form is different for the various proteins and governed by thermodynamic forces that 



Chapter III – Nucleosome recognition by LSD2/NPAC 

117 

 

are not identical to those determining the rate at which these nuclei can grow to pure, 

diffracting protein crystals. The concentration of the protein in solution, as well as 

the presence of salts and other chaotropic agents, are the mainly used adjustable 

parameters for the crystallization process (Figure 31). Control of contaminants, ions, 

protein ligands and cofactors, other additives and protein stabilizing agents, along 

with pH, temperature and humidity is also part of the routine setting of a 

crystallization experiment. However, no clear rationale still is able to predict the 

crystallization conditions of a new protein. The widespread use of semi-automated 

robots for crystallization allows high-throughput screening of hundreds of 

crystallization conditions, which greatly slows down the time-consuming preparation 

and set up of crystallization trials. Once crystals have grown, they must be harvested 

from the droplets using a nylon loop, into which a drop containing the protein crystal 

is hold by capillarity. The crystal is protected from possible cryogenic damages 

through a brief immersion in a solution, identical to the crystallization mix, but 

containing 20% v/v cryo-protecting agents, such low molecular weight PEG or 

glycerol. Formation of ice around the crystal must also be avoided during following 

transfer step, for example during crystal mounting on the goniometer of the beamline 

(Karplus and Diederichs, 2012).  

 

Figure 31. Crystallization phase diagram.  The protein crystalizes at 

supersaturating concentration. Crystallization methods aim at placing the protein 

at the conditions of the nucleation zone, where crystal nuclei form. As the 

concentration of the monodispersed protein in solution decreases (black arrow), 

crystal growth occurs. At undersaturating conditions, the protein remains in 

solution. Adapted from Pichlo et al., 2016. 
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11.2 NPAC-DH crystallization 

Crystallization trials were set up with the purified protein at 10 mg/ml concentration. 

For each condition, a drop was also prepared with the buffer in which the protein was 

dissolved, as a control in case of salt crystals formation. The drops were checked the 

following days after their deposition for the first week and then once per week. 

Depending on the results, the most promising conditions were optimized by manual 

crystallization in vapour diffusion. 

The best condition turned out to be 0.2 M (NH4)2tartrate, 19% PEG 3350. Crystals 

were long, thin, extremely fragile during fishing and poorly diffracting (Figure 32). 

Microseeding proved to be the right strategy to obtain a crystal diffracting at 3.6 Å 

resolution. Microseeding proved to be the right strategy to obtain a crystal diffracting 

at 3.6 Å resolution. Co-crystallization of NPAC-DH with either NADH or NADPH 

in molar excess did not give any promising result. The cryo-protectant solution was 

freshly prepared before fishing the crystals, and it contained 0.2 M (NH4)2tartrate, 

19% (w/v) PEG 3350 and 20% (v/v) glycerol. X-ray diffraction data on crystals of 

NPAC-DH were collected on Dectris detectors of the Pilatus generation at the ESRF 

(Grenoble, France) and the SLS (Villigen, Switzerland) synchrotron beamlines. 

 

Figure 32. NPAC-DH crystals in 0.2 M (NH4)2tartrate, 19% (w/v) PEG 3350 are 

needle-shaped, transparent and extremely fragile. 
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12. Cryo-electron microscopy 

12.1 Introduction to the method 

Cryo-EM is the new emerging method for structural analysis of macromolecular 

assemblies, which is expected to supersede X-ray crystallography in the next few 

years. Indeed, the number of cryo-EM structures published from since 2013 is already 

equal to those obtained by crystallography in the 90’s (Savva, 2019). Cryo-EM 

generally describes any miscroscope experiment performed at low temperatures. 

Joachim frank, Jacques Dubochet, and Richard Henderson received the Nobel prize 

in Chemistry 2017 for their contribution to the current “resolution revolution” in 

microscopy. Actually cryo-EM developed from electron crystallography of 2D-

crystals, no more than few unit cells thick. Differently from X-ray crystallography 

indeed, electron crystallography uses images as primary data, since the specimen is a 

weak phase object, with zero amplitude effects. The first alpha-helices were 

visualized in 1975 by Henderson and Unwin, for 2D-crystals of rhodopsin (Schertler, 

Villa and Henderson, 1993). As specimen damage and motion are greatly reduced in 

cryo-genic temperatures, a method for plunge-freezing protein samples on the grid 

while preserving their native states was implemented by Dubochet and colleagues 

(Adrian et al., 1984). Joachim Frank studies on single particle alignment and 

superposition (Frank, 2010), further projected the cryo-EM method into the future of 

structural biology. In the last years, more powerful methods for single-particle image 

processing were developed, with a particular mention to Sjors work (Scheres, 2012). 

However, the breakthrough came with faster and more powerful CCD cameras and 

microcircuitry, which really paved the way to the current “resolution revolution” in 

cryo-EM. The advantage of cryo-EM over X-ray crystallography and NMR is that 

huge protein complexes can be studied. Moreover, sample preparation is significantly 

less expensive and time consuming, as only 4 microliters of a low-concentration 

(typically around 50nM for a 100 kDa protein) specimen are required (Table).  

Moreover, small impurities and disordered regions of the protein sample are not an 

issue as big as in crystallography and NMR. On the contrary, new techniques are 

capable of providing dynamic information based conformationally different 

structures. The only limitation for cryo-EM was thought to be the size of the target 

structure, as structures below 100 kDa were thought to be very difficult to align. In 

the particular case of our project on LSD1 and LSD2, since various attempts to co-

crystallize either of these enzymes with NCP failed, we moved to cryo-EM to 

undertake structural studies. The size of the complex (about 300 kDa) and the 

nucleosome symmetry were considered advantages for particle picking and 

alignment. To this aim, the first step was to optimize the preparation of the sample as 

described in the next section.
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12.3 Sample preparation.  

Milligram quantities of the LSD2/NPAC-linker/NCP complex were obtained from 

incubation of 20 μM semi-synthetic nucleosomes and 30 μM LSD2Δ30/NPAC-linker 

(1:5 molar ratio) in their storage buffers for 2 hour on ice. The sample was then 

purified on Superdex 200 10/300 (three columns connected in series, for a total bed 

volume of 72 ml) equilibrated in 15 mM Tris pH 7.5, 0.4 mM EDTA, and 200 mM 

KCl. The elution profile was recorded at 260 nm, 280 nm and 400 nm using an 

AKTApurifier10 (GE Healthcare). Four species were eluting in the following order: 

(LSD2/NPAC-linker)2/NCP; LSD2/NPAC-linker/NCP, NCP, LSD2. The identity of 

the peaks was obtained through comparison of the relative 260nm/400nm absorbance 

ratio, which reflects the DNA to covalently bound flavin of LSD2 ratio (Figure 33).  
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Figure 33. Elution profile of the LSD2/NPAC-linker/NCP sample used for cryo-EM 

studies. Protein, DNA and the flavin covalent adduct were detected monitoring 

the absorbances at 280, 260 and 400 nm respectively. Three Superdex 200 10/300 

columns (GE healthcare) connected in series were used, in running buffer 20 mM 

tris/HCl pH 7.5 (4°C), 200 mM KCl. 

We isolated the factions corresponding to the LSD2/NPAC-linker/NCP 1:1 peak. The 

running buffer of the preparative gel filtration is 15 mM Tris/HCl pH 7.5, 0.4 mM 

EDTA, 200 mM KCl. Eluting fractions of interest were immediately mixed with an 

equal volume of 15 mM Tris/HCl pH 7.5, 0.4 mM EDTA buffer. The sample was 

then concentrated by centrifugal ultrafiltration with an Amicon Ultra 30 KDa cut-off 

(Merck Millipore, Germany), and stored on ice for a maximum of 2-3 weeks (storage 

buffer is 15 mM Tris/HCl pH 7.5, 0.4 mM EDTA, 100 mM KCl).  
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12.4 Grid preparation.  

Just before blotting of the cryo-EM grid, the sample was diluted in 15 mM Tris/HCl 

pH 7.5, 0.4 mM EDTA buffer to reach a final concentration of about 3 μM in buffer 

10 mM KCl, 20 mM Tris pH 7.5 (4°C). The grids used for the high resolution data 

collection were prepared at the Grenoble Instruct Center (Grenoble, France). We used 

copper grids covered by a layer of holey carbon of the Quantifoil type (400 mesh, 

R2/1, Figure 34), glow-discharged for 5 minutes before use. Glow-discharging 

employs the reactivity of ionized water (present in the normal atmosphere, but also 

specific mixtures are used) over the surface of the grid to be cleaned. Hydroxy and 

Hydride ions react with the exposed grid surface to form aldehydes, alcohols, 

carboxylic acids and other types of hydrophilic moieties, also depending on the 

plasma composition. In this way, the surface of the carbon layer on the grid is 

rendered entensively hydrophilic, to allow the distribution of the sample in acqueous 

solution equally over the grid squares. On the contrary, the sample drop would 

minimize its contacts with the hydrophobic surface of the carbon, and subsequent 

drying with filter paper would remove the entire drop.   

Drying of the blotted grid is a very important step to control the concentration of the 

particles on the grid, and the thickness of water in between carbon holes. Indeed, to 

control evaporation of water molecules and consequent concentration of the sample, 

we kept the grid in a 90% humidity camera. Blotting with a filter paper removes 

excess of solution, and this step also is quite delicate. Nowadays, robotization of the 

entire process between blotting and freezing of the grid made it a more reproducible 

process. In a Vitrobot (FEI), we placed 4 μl of sample onto the grid, blotted for 2 

seconds in 100% humidity atmosphere at 20°C and plunged into liquid ethane.  

Liquid ethane or liquid propane are the elements of choice to rapidly cool down 

samples as they have a thermal capacity much higher than liquid nitrogen (106 

degrees/second), despite being at the same temperature (-185°c for liquid helium, 

whereas liquid nitrogen is usually at – 190°C). 
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Figure 34.  The holey carbon grids purchased from Quantifoil. On the left, the box 

containing the grids, which have to be handled carefully with special tweezers, in 

order not to kink the plane of the grid and not to scratch the holey carbon side. 

On the right, a zoomed view of one single square of the grid: the copper support 

holds a very thin layer (about 20 nm thick) composed roughly half of plastic and 

half of the carbon cover evaporated on it. Images taken from Quantifoil 

commercial website (www.quantifoil.com). 

 

12.5 Data acquisition.  

The screening and the first datasets collected to evaluate the feasibility of the project 

were carried out on a 200 kV microscope (Tecnai Arctica, FEI) equipped with a 

Falcon II camera (FEI) at the cryo-EM unit of the Nanyang Technological University 

(Singapore) and on a 300 kV microscope (Polara, FEI) equipped with a K2 Summit 

(Gatan) at the Grenoble Instruct Center (Grenoble, France). The frozen grids were 

clipped and loaded on a 300 kV TEM microscope (Titan Krios, FEI/Thermo 

Scientific) equipped with a K2 Summit (Gatan) at the eBIC of Diamond Light Source 

(Didcot, UK).   

Once the grids were loaded onto the stable microscope, we selected those “holes” 

onto which promising images could be collected. Best grid squares and holes were 

selected among those without contaminants, ice crystals, and scratches, kinks or cuts 

on the grid support. For each of the holes (Figure 34, right) we collected three 

micrographs (an example micrograph is hown in Figure 35), taking care that in each 

of the micrograph was included also part of the carbon support. This strategy allows 

a more precise calculation of the experimental defocus for each image. 
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 For the dataset with proposal number em16082, the images were recorded at 130 kX 

magnification in electron counting mode, pixel size of 1.06 Å, energy filter of 20 eV 

and defocus range between 0.7 and 3.05 μm. A total of 2078 40-frames movie stacks 

were collected with a flux of 50 e-/A2 over a total of 8 sec of exposure time (fluence 

6.25 e-/A2 per sec). Electron counting detectors are the latest innovation in detector 

technology. Counting of single electron events at a specific pixel, instead of 

integrating the signal over the affected pixels, significantly increases the DQE 

(Detector Quantum Efficiency, that is the probability to detect any electron event), at 

any frequency till the Nyquist. The significant improvement of signal-to-noise ratio 

due to the new generation of electron detectors is thought to have been the main driver 

of the recent success of cryo-EM. Together with high-speed microcircuitry, which 

can collect many frames per image (up to 400 frames per second), the high sensitivity 

of a detector allows data collection at lower doses, that means lower sample damage. 

 

Figure 35. An example image used collected at the eBIC facility in Diamond under 

the proposal ID em16082. Single nucleosomes and complex particles in various 

orientations can be very easily detected by eye. Scale bar size is 50 nm.  

50 nm 
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12.6 Data processing.  

The preliminary 840 images collected during sample optimization at the cryo-EM 

unit of the Nanyang Technological University in Singapore were converted in hdf 

files in EMAN2.12. Particles were picked up manually in e2boxer.py and the good 

micrographs were converted back to .mrc files (64MB) in e2proc2d.py. CTF was 

corrected with CTFfind3 (Rohou and Grigorieff, 2015) and further processing was 

performed in RELION 1.4 (Scheres, 2012). After 3D refinement, a low resolution 

map (17 Å) was obtained and used for design of mutational experiments. Thanks to 

our collaborators Sriram Subramaniam and Sagar Chittori, we could perform image 

processing of our tricky data, eventually in the most unbiased way.  

All movie frames were aligned and corrected for beam motion using MotionCor2 

(Zheng et al., 2017). In particular, this software takes into account the initial beam-

induced specimen motion (there is indeed a usual first “jump” of the specimen as it 

receives the first 2-4 e-/A2), and of the significant degradation of the sample, further 

motion and charge accumulation, in the last frames of the movie. By weighting the 

information of each frame, depending on its relative quality, over the final alignment, 

the final result is usually more reliable. As previously stated, images were collected 

in defocus, ranging from 0.7 to 3.4 micron. Actually all cryo-EM samples are studied 

in defocus, since the sample is a weak phase object, and no amplitude contrast would 

be present in a focused image. Defocusing allows to detect phase interference effects 

between the waves carrying the image of the object potential, and the unscattered 

wave. When certain ranges of object periodicities are present in the image, there are 

contrast enhancements relatively to the frequency of the wave, the defocus plane and 

the spherical aberration of the microscope optics. The amplitude of the phase contrast 

lowers with increasing frequencies, that means resolution. In essence, this means that 

the furthest the defocus, the higher the contrast, with major losses of high-resolution 

information (Getting started to cryo-Em. Online course by Grant Jensen at Coursera, 

CalTech). Viceversa, the closer to the focus an image is collected, the higher the 

proportion of high-resolution information, at the expenses of lowering the contrast.  

For a typical cryo-EM experiment, images are collected in a range of defocus values, 

in order not to lose too much high-resolution information, while at the same time 

retaining the capability of visually detect the individual particles. The CTF (Contrast 

Transfer Function) is the Fourier transform of the Point Spread Function of the 

experimental image. The CTF describes how the information present on the image is 

affected by interference with the unscattered wave, defocusing and spherical 

aberrations. Other microscope optical aberrations among the Zernike polynomials 

could be taken into account, yet chromatic aberration, “coma”, and astigmatism 

should be corrected before data collection, during the microscope alignment 

procedure (cryoEM course published by Cambridge LMB institute in 2017 on 
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youtube. Classes by Sjors, Savva and Russo). CTF correction of the images is 

necessary to recover those negative contribution of the wave carrying the image of 

the object potential, to the detected signal, and correct the image accordingly. We 

also used the images of the Thon rings calculated from each micrograph, to select and 

discard those with evident spherical aberration (usually referred to as simply 

“astigmatism”), or ice present. We used CTFFIND4, implemented in Grigorieff lab 

(Rohou and Grigorieff, 2015).  

After various attempts of manually picking particles, which resulted in ambiguous 

outcomes, we used a Gaussian blob as reference to proceed with automated particle 

picking in RELION 2.1 (Scheres, 2012). Proper particle picking and alignment are 

essential to obtain high-resolution data, as these processes are usually performed in 

Fourier space, with low-pass filtering. Hence, un-biased particle picking was 

definitely an important choice in our case, where the clearly recognizable nucleosome 

shape would have hampered recognition of all those complex particles in which the 

nucleosome low-frequency characteristics were not recognizable. Multiple rounds of 

2D- and 3D-classification yielded the final five classes, as explained in the paper here 

attached (Marabelli et al., 2019). 
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Results and discussion 

 

1. NPAC-linker facilitates nucleosome demethylation by LSD2 

Investigation on the LSD2/NPAC-linker system through a combination of 

mutagenesis, fluorescence polarization and analytical SEC methodologies revealed a 

new mode for nucleosome recognition, as described in detail in the following sections 

and reported in the attached article (Marabelli et al., 2019). 

 

1.1. First cryo-EM studies of the LSD2/NPAC-linker/nucleosome complex 

Thanks to our collaboration with the group of Daniela Rhodes and Sara Sandin at the 

Nanyang Technological University in Singapore, we had the possibility to optimize 

the sample purification and grid preparation conditions.  A preliminary low-

resolution (about 17 Å) cryo-EM map of the covalently attached LSD2/NPAC linker-

semisynthetic nucleosome complex showed that LSD2 is lying at the edge of the 

nucleosome, where the only interaction possible could have been that with DNA 

(Figure 36). However, given the low resolution of the map, it was not possible to 

evaluate the orientation of LSD2/NPAC-linker with respect to the nucleosome. 

Given the homology between LSD2 and LSD1, where LSD1-CoREST1 is known to 

recognize the nucleosome through DNA binding (Pilotto et al., 2015), our hypothesis 

was contemplating a similar DNA-mediated mechanism for LSD2. LSD1/CoREST1 

has higher nucleosome affinity for an NCP with protruding DNA strands (Kim et al., 

2015).  

Thus, we firstly investigated LSD2/NPAC-linker binding of the more physiological 

167-bp NCP. However, probably because of the DNA sticky ends, the LSD2/NPAC-

linker/NCP complexes were not eluting separately from the free nucleosome sample 

(Figure 37). For the same reason, and also because of the variability among alkylated 

nucleosomes preparations, we could neither conclude anything on the effect of 

nucleosomal DNA on complex formation. We then focused our efforts on the study 

of the 147-by NCP recognition and binding by LSD2/NPAC-linker.  
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Figure 36. Cryo-EM map of the LSD2/NPAC-linker/NCP complex at 17 Å resolution. 

A tentative fitting of the PDB structures of the single 147-bp nucleosome (PDB: 

6ESF), and of the LSD2/H3(1-26)/NPAC-linker (residues 214-225) crystal structure 

(PDB:4HSU), was performed in Chimera. Nucleosomal DNA is coloured in gold, 

histone proteins H2A, H2B, H3 and H4 are in dark grey, light grey, violet red and 

pink respectively. LSD2 is coloured in cornflower blue, NPAC linker segment is 

purple and the H3 tail is violet red for consistence with the nucleosome. 

 

Figure 37. Elution profile from an analytical SEC column (Wyatt 030N5) of the 

mixture LSD2:NPAC-linker:NCP incubated at 2:10:1 molar ratio for 1 h on ice. 

Running buffer is 15 mM HEPES pH 7.3, 200 mM KCl. The peaks corresponding to 

LSD2/NPAC-linker/NCP and free NCP species overlap. 
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1.2 LSD2 alone binds DNA with nanomolar affinity 

Binding of human full-length LSD2 to DNA and substrate peptides, with and without 

the NPAC-linker cofactor, were assayed through fluorescence polarization. In 

standard experiment conditions (i.e. without NaCl; see paragraph 10 in theMaterials 

and Methods section), LSD2 has ana dissociation constant (kD)for DNA of about 133 

nM, significantly higher than the affinity for the 21-aa long histone H3 N-terminal 

peptide (900 nM; Figure 38). In addition, experiments in presence and in absence of 

NPAC-linker revealed that there is no change in affinity for either DNA nor the H3 

substrate tail peptide, differently from what had been stated before (Fang et al., 2013).  

 

Figure 38. LSD2 FP binding profiles for short stretch of DNA or histone tail peptides 

at different concentrations. The calculated affinity of LSD2 for DNA oligos is 133 

nM, whereas that one for H3 histone N-terminal 21-mer peptides is 900 nM. 
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1.3 LSD2 unspecifically interacts with nucleosomal DNA                                                                                                                                 

To have a first indication of the surface patches which might be involved in DNA 

binding I then used the online software DNAbinder (Kumar, Gromiha and Raghava, 

2007), whose output is a list of prediction scores for the DNA-binding ability of each 

protein amino acid. Among these, on the basis of LSD2 structure I finally selected 9 

positively charged amino acids for mutagenesis studies, which likely form stabilizing 

interactions with the DNA phosphate backbone of the nucleosome. Most of these are 

Lys and Arg residues that locate on the rigid Zn-finger domain. Further side chains 

were selected in the surroundings of the H3/NPAC binding cleft. We also deleted the 

positively charged N-terminus of LSD2, and part of the structurally disordered but 

conserved loop connecting the SWIRM and the Zn-finger domains (Figure 39).  

To dissect the molecular interactions between DNA and LSD2 surface electrostatics, 

I tested the retained DNA-binding ability of the mutants through fluorescence 

polarization (Figure 40, left; Table S1 in Marabelli et al., 2019). At the standard assay 

conditions (no salt) the only significant difference in DNA affinity was detected for 

the N-terminally deleted protein (Figure 40, right). Then I tested the specificity of 

DNA recognition by the N-terminal tail, by increasing the ionic strength (Figure 40, 

right). It appears evident that DNA binding by LSD2 is strongly dependent on 

unspecific electrostatic interactions, mainly driven by the N-terminal tail and not by 

any specific patch on LSD2 surface. 
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Figure 39. Overview of the selected target site for mutagenesis onto the LSD2 

electrostatic surface, view from the substrate-binding site (left) and rotated by 

180° (right). The ten mutagenized residues (whose alpha-carbons are evidenced as 

red spheres) are all exposed on the H3-tail binding side of LSD2 (left), mostly on 

the positively charged surface of the Zn-Finger domain. Red coloring refers to 

negatively charged atoms (-7 kcal/(mol*e)), whereas positively charged areas are 

coloured blue (7 kcal/(mol*e)). Various combinations of the mutations were 

tested: seven single point mutations, two double and two triple mutations, along 

with two deletions (evidenced in green).  
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Figure 40. Fluorescence polarization DNA binding experiments. On the left, 

experimental curves are shown for few representative LSD2 mutants in 

comparison with LSD2 wild-type protein (blue). For a more detailed list of the 

resulting affinities for LSD2 mutants, please refer to the attached paper (Marabelli 

et al., 2019). On the right, DNA-binding curves for the the Δ30 mutant in the 

standard assay condition and the wild-type protein at physiological salt 

concentration (100 mM NaCl) are shown in comparison to the wild-type LSD2 in 

the standard 0 mM NaCl assay condition (blue curve). 
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1.4 LSD2 surface charges do not affect nucleosome recognition 

Analytical gel filtration chromatography of LSD2 proteins with nucleosomes was 

performed as described in the Materials and Methods section to dissect the 

mechanisms of NCP recognition of this enzyme. Briefly, each LSD2 mutant was 

incubated for one hour with NPAC-linker and alkylated nucleosomes. The mixture 

was then loaded onto Wyatt WTC-030S5 or WTC-030N5 columns and the elution 

profiles were compared to those of the wild-type, full-length protein (Figures 41, 42 

and 43).  

 

Figure 41. Effect of LSD2 mutations in protein domains other than the Zn-finger 

motif: Arg302 lies close to the H3-tail binding surface, Lys481 and Arg482 are on 

the Amino-oxidase domain, whereas deletions of residues 241-258 and 1-30 cover 

a flexible loop and the N-terminal tail of LSD2.  For each graph, the comparison 

between the 260 nm absorbance elution profiles of the alkylated nucleosome 

complexes for LSD2fl wild-type (red) and each mutant (blue) is shown. The molar 

ratio of the mixture is 2: 1: 5 for LSD2fl : alkylated nucleosomes : NPAC-linker 

respectively.  
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Figure 42. Effect of Zn-finger domain single point-mutations.  The 260 nm 

absorbance elution profiles of each experiment is compared to that with LSD2 

wild-type. The molar ratio of the mixture is always 2: 1:  5 for LSD2fl : alkylated 

nucleosomes : NPAC-linker. 
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Figure 43. Effect of Zn-finger domain double and triple-mutations.  For each graph, 

it is shown the comparison between the 260 nm absorbance elution profiles of the 

alkylated nucleosome complexes for LSD2fl wild-type and mutant. The molar ratio 

of the mixture is 2: 1:  5 for LSD2fl: alkylated nucleosomes: NPAC-linker 

respectively. 

Differently from LSD1-CoREST system, for which single-point mutations on the 

DNA-binding surface of CoREST1 were sufficient to affect nucleosome recognition 

(Pilotto et al., 2015), none of the tested mutants, either single-point mutations or 

double and triple mutations revealed any significant defect in nucleosome recognition 

(Figure 44). For comparison of the LSD2/nucleosome complex formation 

efficiencies, the ratio between the 260 nm absorbance value of the free nucleosomes 

peak to that of the 1:1 complex was calculated for each experiment, and then 

compared to that of the wild-type in the same conditions (incubated onto the same 

semi-synthetic nucleosomes sample and tested onto the same Wyatt SEC column on 

the same day, as described in the Materials and methods section). 
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Figure 44. Bar-chart of the effect of surface LSD2 mutations on nucleosome 

complex formation efficiency as measured by analytical SEC experiments with 

semi-synthetic nucleosomes. Complex formation efficiency is calculated as the 

ratio between the 260 nm absorbance peak of the 1:1 complex eluting (refering to 

one LSD2/NPAC-linker to one alkylated nucleosome) to the 260 nm absorbance 

peak of free nucleosomes. The ratio is reported here as a percentage of the 

efficiency of the wild-type LSD2 with the same semi-synthetic nucleosome 

preparation, and tested on the same day. 
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1.5 NPAC linker is necessary for LSD2-nucleosome complex formation 

As shown previously, all chromatographic experiments had been performed in 

presence of the synthetic 12-aa long linker peptide of NPAC, known to be essential 

for the demethylase activity on nucleosome substrate (Chen et al., 2013; Fang et al., 

2013). As I tested the effect of NPAC-linker (12-aa long) on nucleosome recognition 

by wild-type LSD2, I discovered that it is essential for complex formation, as shown 

in Figure 45. The flavin absorption spectra of LSD2 after incubation with semi-

synthetic nucleosomes with and without NPAC-linker were significantly different 

(Figure 26). The analytical SEC chromatograms of the LSD2/semi-synthetic 

nucleosome mixtures with and without NPAC-linker are also evidently different 

(Figure 45, right). If we consider the ratio of peak absorbance of the LSD1/NCP 1:1 

complex to the one of unbound NCP as a measure of the yield of covalent complex, 

we can conclude that NPAC promotes NCP recognition by a factor 5 (Figure 44).   

 

Figure 45. The effect of NPAC-linker on nucleosome binding by LSD2. Elution 

profiles of LSD2 and semi-synthetic nucleosome samples incubated with and 

without NPAC-linker. 

NPAC-linker does not alter LSD2 abilities to bind either DNA oligos nor the H3 21-

mer substrate peptide (Figure 38), and these data are also in accordance with 

previously published  ITC experiments in which LSD2 affinity for H3 1-21 peptide 

(0.99±0.06 µM) increases only by a factor 1.5 in the presence of NPAC-linker 

(0.68±0.07 µM; Fang et al., 2013). Such a small increase in substrate recognition by 

LSD2 cannot account for the 5-fold NPAC-linker effect on nucleosome 

demethylation observed, and makes even more intriguing the NPAC-linker role in 

nucleosome recognition by LSD2. 
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To further exclude that the effect of NPAC-linker relies on the electrostatic 

interactions with either DNA or the positively charged H3 tail in the highly charged 

context of the nucleosome, complex formation efficiency was tested at varying ionic 

strengths, both in absence and presence of NPAC (Figure 46).  The experiments 

definitely proved that the molecular interaction between LSD2 and its nucleosomal 

substrate, and the NPAC-linker effect as well, does not depend on electrostatics. 

 

Figure 46. Comparison of LSD2/NPAC-linker/NCP complex formation efficiencies 

at low and high salt concentrations (see legends).  The curves are standardized 

from the peak of free NCP. Incubation buffer was used as a running buffer too, 

which explains the different peak resolutions of the experiments. 

Kinetic assays performed in our lab greatly helped in defining the role of the very 

short NPAC-linker in nucleosome recognition (see Table 1 in the attached paper: 

Marabelli et al., 2019). Briefly, NPAC hydrophobic interaction with the H3 peptide 

is essential in minimizing the salt-dependence of positive substrate recognition by 

LSD2, and thus winning the competition for the H3 tail between the highly charged 

catalytic pocket of LSD2 and nucleosomal DNA. 
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2. Full length NPAC sustains LSD2 processivity 

The multidomain protein NPAC hosts both chromatin-related modules as a PWWP 

and an AT-hook, together with a typically cytosolic dehydrogenase domain (Figure 

1). We investigated the physiological function of NPAC at the single domain level, 

because of the impossibility to study a stable form of the full-length protein (data not 

shown). We kept a particular focus on its role within the LSD2 system and in the 

context of transcriptional elongation by  RNA-Pol-II (Fang et al., 2010; Fei et al., 

2018). Paragraphs 2.2 and 2.3 contain unpublished data, not presented in the attached 

paper (Marabelli et al., 2019) and are therefore marked with an asterisk (*). 

 

2.1 NPAC-PWWP unspecifically binds DNA and the H3 histone tail 

The N-terminal PWWP domain of NPAC has been found at H3K36me3-rich 

chromatin loci, and in particular within actively transcribed regions (Vermeulen et 

al., 2010), but it is not able to specifically recognize H3K36me1/2/3-nucleosomes 

over unmodified ones (Sankaran et al., 2016).  A more recent study on full-length 

NPAC also states no significant preferences were observed for nucleosomes carrying 

particular PTMs, and that it facilitates nucleosomes disassembly upon direct 

interaction (Fei et al., 2018). In my hands, NPAC-PWWP exhibited a very high 

affinity for DNA oligos, in the low nanomolar range. The ionic strength-dependency 

mirrors an electrostatic type of interaction (KD at 0 mM NaCl is 0.4 nM, at 50 mM 

NaCl is 39 nM, at 100 mM NaCl is 676 nM whereas at 150 mM NaCl is almost 4 

µM). NPAC-PWWP reveals thus strong DNA-binding properties, differently from 

LSD2 whose DNA-binding ability was significantly affected at physiological salt 

concentrations (Figure 47).  

The methodology developed by Panagis Filippakopoulos and Sarah Picaud at the 

Structural Genomics Consortium in Oxford, was key to complete the scenario on the 

characteristics of the putative chromatin reader NPAC-PWWP. The SPOT-assay is a 

high-throughput analysis of the binding efficiencies between a proband protein and 

histone peptides with up to 700 different combinations of PTMs (for further details 

refer to paragraph 9 of the Materials and Methods section,). NPAC-PWWP exhibited 

no marked affinity for any histone PTM in particular. On the contrary, its binding 

pattern over a membrane blotted with H3 and H4 peptides revealed a “sticky” 

behavior with all histone fragments and PTMs combinations (Figure 48). In 

particular, NPAC-PWWP bound on the most positively charged patch, which on 

membrane corresponds to residues 40-45 of histone H3 (Figure 48 and Table S2 in 

Marabelli et al., 2019).  
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Figure 47. Fluorescence polarization curves of DNA-TAMRA oligo bound by NPAC-

PWWP at varying salt concentration.  

 

 

Figure 48. Peptide-SPOT assay on NPAC PWWP (residues 1-105) on H3.1, H3.3 and 

H4 peptides carrying various combinations of epigenetic moieties. 
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2.2* NPAC-PWWP binds to and destabilizes nucleosomes 

Electrophoretic mobility assay in native conditions (native-PAGE) revealed 

interestingly that nucleosomes are somehow destabilized and aggregate in presence 

of increasing concentrations of GFP-tagged NPAC-PWWP (Figure 49). 

 

Figure 49. EMSA experiment on the effect of increasing concentrations of GFP-

tagged NPAC-PWWP on chicken erythrocyte nucleosome. From top to bottom, the 

same gel was: stained for and imaged for SyBr-safe, whose fluorescence mirrors 

the presence of DNA; imaged for the presence of aromatic amino acids, which 

highlight the positions of proteins ad protein complexes, imaged for the intrinsic 

fluorescence of GFP, which colocalizes with the NPAC-PWWP protein. 
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Analytical SEC experiments on the same species, incubate for one hour on ice, also 

confirmed the PWWP-driven destabilization of nucleosomes, along with the fact that 

higher ionic strength values amplify this effect (Figure 50). 

 

Figure 50. Elution profiles of mixtures containing NPAC-PWWP and chicken 

erythrocyte nucleosomes at varying molar ratio (0:1, 5:1, 10:1 and 20:1 

respectively). The experiments were repeated at increasing NaCl concentrations 

(from top to bottom). Curves are referred to the 260 nm absorbances, except for 

the 10:1 and 20:0 NPAC-PWWP: chicken NCP experiments, for which the 260 nm 

curve absorbs too little and the 214 nm absorbance profile is showed instead. 
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However, none of the previous experiments showed the presence of any PWWP-NCP 

complex. To determine the presence of such a species, milligram-scale quantities of 

GFP-NPAC-PWWP were incubated for one hour with chicken erythrocyte 

nucleosomes at 2:1 stoichiometric ratio, in 100 mM NaCl final concentration buffer. 

The sample was then loaded onto a cation exchange Capto-DEAE column (Figure 

51). The cationic exchange Capto-DEAE allows separation of the  histone/DNA 

species according to their surface charge: therefore histones, tetrasomes, hexasomes, 

nucleosomes and free DNA can be separated. Increase or decrease of any of the 

detected species because of the presence of the NPAC-PWWP can be monitored 

through comparison of the NPAC-PWWP/nucleosome mixture elution profikle to 

that of GFP-NPAC-PWWP and chicken erythrocyte nucleosomes alone (Figure 51) 

IN presence of the NPAC-PWWP a new species appeared, eluting at lower ionic 

strength than nucleosomes, but at a higher ionic strength than that of free histones.  
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Figure 51. Capto-DEAE elution profile of the chicken erythrocyte NCPs incubated 

with the GFP-tagged NPAC-PWWP. The stoichiometric ratio is 1: 3 for the NCP and 

the PWWP species respectively. For comparison, the above graphs show the 

elution profiles of the single species alone; GFP-tagged NPAC-PWWP elutes in the 

flow through, as histone proteins. 
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Figure 52. SDS-PAGE analysis of the fractions elution from the captoDEAE showed 

in Figure 51. The identity of the peak for each group of samples is highlighted by 

coloured boxes. From top to bottom, the same gel is stained with and imaged for 

Coomassie blue, for protein detection; Sybr Safe, whose fluorescence mirrors the 

presence of DNA; intrinsic fluorescence of GFP, which colocalizes with the NPAC-

PWWP protein. 

SDS-PAGE analysis of the eluting peaks confirmed, as expected, that GFP-NPAC-

PWWP mostly elutes in the flow-though, whereas the nucleosome and DNA species 

eluted at high ionic strength (Figure 52). Peak 2 contained histones but not detectable 

quantities of nucleosomal DNA, which is in line with the fact that elution at lower 

ionic strength than nucleosomes imply a lower negative charge of the species. The 

most interesting, and unexpected, signal was the GFP fluorescence of NPAC-PWWP 

within peak 2 and 3 fractions (Figure 51).  
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2.3* NPAC-PWWP effect on nucleosomes is not hampered by the DH domain 

Due to the intrinsic instability of NPAC full-length, I tested the effect of the NPAC-

PWWP on nucleosomes in presence of the LSD2-binding linker and the DH domain. 

I incubated the NPAC Δ99-179 protein (containing the PWWP, the LSD2-binding 

linker and the dehydrogenase domain, see Figure 18) with increasing concentration 

of chicken erythrocyte nucleosomes, to test for the nucleosome destabilization effect 

by a longer construct of NPAC than the already tested PWWP domain (Figure 49). It 

appears that the presence of the LSD2-binding linker and the dehydrogenase domain 

do not affect nucleosome destabilization by NPAC-PWWP (Figure 53). 

 

Figure 53. EMSA assay on nucleosome destabilization by NPAC Δ99-179. Chicken 

erythrocyte nucleosomes were incubated for one hour on ice with increasing 

concentrations of NPAC Δ99-179. Both Coomassie Blue and Sybr Safe stains reveal 

the fading of the nucleosomes (red box) band with increasing NPAC Δ99-179 

(green box). 
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2.4 NPAC-DH is a NADPH/NADP+-binding tetramer 

Based on structural homology, the C-terminus of NPAC belongs to the β-hydroxyacid 

dehydrogenase (β -HAD) family (residues 261-553, from now on named NPAC-DH). 

NPAC-DH crystal structure has been already resolved at 2.5 Å of resolution by the 

SGC Toronto (PDB 2UYY, Figure 54). Similarly to the other β-HAD family 

members, NPAC-DH is a tetramer, where each subunit is essentially composed of 

two globular domains connected by a long α-helix (Figure 54).  

 

Figure 54. NPAC-DH crystallographic tetramer (on the left)  and monomer ( on the 

right, PD code 2UYY).  Colors are referring to the distinct regions of the monomer 

NPAC: the Rossman fold (purple), the bound NADPH/+ cofactor (green), the long 

interconnecting alpha-helix (orange) and the second globular domain (pink). 

One of the two domains stabilizes the quaternary structure of the dehydrogenase, 

whereas the second is a Rossman fold, which typically binds nucleotides such as ATP 

or NAD+ cofactors. Evidences revealed that cofactor binding also has a stabilizing 

effect on the typically tetrameric structure of β-HAD enzymes (Njau, Herndon and 

Hawes, 2001). Differently from similar dehydrogenases, NPAC-DH crystal structure 

shows a low-resolution map for a NADPH-like molecule. Missing electrondensity for 

the nicotinamide ring and the impossibility to stabilize the oxidative state of the 

cofactor might imply weak cofactor binding. However, the experiment was reported 

to be performed in co-crystallization with the NADH cofactor, and there are no clues 

about the origin the bound molecule.  
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To clarify the identity of the cofactor bound to the unpublished structure (PDB 

2UYY) of NPAC dehydrogenase domain, I moved to reproduce the crystals of 

NPAC-DH. The protein was purified from E.coli cells at room temperature as 

described in the Materials and methods section. SDS-PAGE confirmed the identity 

of the NPAC-DH with its expected MW of 31 kDa, but SEC analysis showed a unique 

monodispersed species with a molecular mass of 120 kDa, corresponding to that of 

the NPAC-DH tetramer.  Also, UV-Vis absorption spectra of the purified construct 

revealed a peak absorbing at 348 nm, indicating that a nicotinamide-containing 

cofactor, either NADH or NADPH is bound (Figure 55).  

 

Figure 55. Top left) Pure NPAC-DH behaves as an oligomer of 120 kDa in solution, 

as revealed by analytical chromatography. The SDS-PAGE gel shows the band of 

the sample used, which corresponds to the monomeric NPAC-DH (31 kDa). NPAC-

DH in solution is then a tetramer (31 kDa x 4 = 124 kDa). On the top right) Spectra 

of the purified NPAC-DH. The absorbance peak of a nicotinamide cofactor is visible 

at 348 nm. On the bottom left) electrondensity of the cofactor bound within the 

NPAC-DH structure  on PDB site (code 2UYY). The nicotinamide moiety is not 

present, as it can be seen from the comparison with the molecular structure of the 

NADPH cofactor on the bottom right. 
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I tried to identify the proband substrate both through thermal denaturation 

experiments and spectrophotometric activity assays with no results. To clarify the 

identity of NPAC cofactor, I then moved to reproduce the crystals of NPAC-DH, both 

with and without the addition of possible cofactors (see Material and Methods). I 

obtained an electron-density map at 3.6 Å for the native protein, for which the refined 

structure perfectly fitted with the map from SGC Toronto (PDB code 2UYY). The 

unit cell hosts four monomers, interacting with each other through hydrophobic 

interactions. Two opposite subunits of the native NPAC tetramer bind NADP+- 

molecule, whose electron-density for the nicotinamide moiety is still missing (Figure 

55).  

2.5 NPAC-DH is an inactive enzyme  

During the analysis of the solved structure, we noticed that a conserved lysine, crucial 

for the catalysis in all β-HADs (Hoover et al., 2013; Zhang et al., 2014), is mutated 

to methionine. The mutation lies on the long α-helix connecting the domains 1 and 2 

(Figure 54). This helix is very conserved among β-HADs. It always positions exactly 

in front of the cofactor where it shapes the substrate-binding pocket.  In the crystal 

structure of NPAC the cleft in between the NADP+/NADPH cofactor and the helix 

appears very narrow because of the steric hindrance of the long protruding amino acid 

side-chains. 

Intriguingly, bioinformatic analysis revealed that the catalytic lysine mutated during 

evolution since the appearance of a chromatin-related module within NPAC, being it 

either the PWWP, the AT-hook, or the LSD2-binding linker. Plant sequences in 

plants (A.thaliana, S. microadriaticum, A. Amnicola), which are missing the NLS and 

all nuclear domains conserve the catalytic lysine and their cytoplasmic activity on 

glyoxylate has been demonstrated (Hoover et al., 2007, 2013; Simpson et al., 2008; 

Allan et al., 2009). The insect NPAC orthologues (A. glabripennis, B. dorsalis, C. 

capitata) carry a lysine-to-asparagine mutation but not the LSD2-binding linker and 

their role has not been investigated yet (Figure 56). 

To better understand the physiological role of a nuclear inactive dehydrogenase, we 

characterized the effect of the residue 437 mutations observed among NPAC 

homologs. The purification and study of the two NPAC-DH mutants M437K and 

M437N was performed in our lab, with very interesting results, explained in the paper 

here attached (Marabelli et al., 2019). The presence of a methionine instead of a 

lysine, at that particular position on the α-helix between the two globular domains, 

strongly stabilizes the tetrameric structure of NPAC, independently on the presence 

of the cofactor (Marabelli et al., 2019). 
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Figure 56. Multiple Sequence Alignment of NPAC orthologs from different species (named on the left column)  with conserved residues evidence in 

blue through Jalview software. Residues are coloured with different grades of blue depending on their percentage identity scores (the darker the 

higher). Portions of the sequence alignment are shown, corresponding to the characteristic features of the PWWP domain(dark red), the AT-hook 

(yellow), the LSD2-binding linker (bright red) with its nearby nuclear localization signal (NLS, violet) and the portion of the dehydrogenase domain 

containing the lysine-to-methionine mutation at position 437 ( methionine mutations are evidenced in yellow, arginine mutations typical of insect 

homologous proteins are evidenced in gold). 
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Taken together, these observations suggest that the evolution of NPAC-DH from a 

cytosolic enzyme, as it is in A. thaliana (Hoover et al., 2007; Simpson et al., 2008; 

Allan et al., 2009) to a nuclear factor has surprisingly been driven by a hyper-

stabilizing single-point mutation.  

It is also interesting to observe that within the DH domain the most conserved 

residues lie at the interfaces between α-helices, and in particular in the inter-subunit 

interface of the crystallographic tetramer (Figure 57).  The weaker selective pressure 

on specific cofactor-binding residues also is evident, which seems to confirm that 

NPAC has been selected to be a NADPH-independent stable tetramer.  

 

Figure 57. NPAC-DH crystallographic tetramer (left) and monomer (right) 

represented with round ribbons, with increasing thickness depending on the 

conservation of the amino acid, and depicted in gradient of color (from blue to 

red) to further evidence the most conserved residues (red). The NADPH binding 

pocket is the least conserved element of the NPAC-DH structure.  

Dead enzymes are usually thought to be evolutionary relics, whose role is limited to 

their ability to sequester a particular substrate molecule, and in turn affect the 

catalysis of active homologs.  NPAC is not only confined to a completely different 

cellular compartment than its counterparts, but it also assumed a new role, with 

seemingly no direct correlation with the metabolic pathways of cytosolic 

dehydrogenases: it is an allosteric modulator of nucleosome demethylation by LSD2.  
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The NPAC-DH evolution is a case study in the analysis of functional innovation in 

enzymes and proteins (Tawfik, 2014; Jackson et al., 2015). In this perspective, the 

interesting dynamic effect of the NPAC-DH lysine-to-methionine single-point 

mutation on its quaternary structure has been beautifully investigated in collaboration 

with Professor Giorgio Colombo of the University of Pavia. It appeared that the single 

lysine-to-methionine mutation, in the middle of the inter-domain α-helix, destabilizes 

the interaction between the two globular domains of NPAC-DH (Figure 50). This in 

turn affects the quaternay structure of the pseudo-dehydrogenase. Results have been 

published in the paper here attached (Montefiori et al., 2019). 

 

2.6 The NPAC tetramer hosts multiple LSD2 

To investigate the function of NPAC as oligomerization centre, NPAC proteins 

containing both the LSD2-binding linker and the dehydrogenase domain were cloned, 

expressed and purified as described in paragraphs 4 of the Materials and Methods 

section. These NPAC proteins were incubated with LSD2 and semi-synthetic 

nucleosomes at different molar ratios and complex species formation were analysed 

through measurement of the absorption spectrum and analytical-SEC experiments. 

NPAC-DH does not inhibit the ability of NPAC-linker to bind LSD2 and promote its 

activity towards the nucleosome, because the 400 nm characteristic absorption 

spectrum of the covalently bound flavin was observed after incubation of LSD2 with 

both nucleosomes and either NPAC Δ205 or Δ99-179, but not after incubation of 

LSD2 and the nucleosome alone  (data not shown).  

Even more interesting, we found that varying concentrations of NPAC Δ205 lead to 

formation of different complex species with very high yet distinct molecular weights 

(Figure 58). The impossibility to separate the peaks allowed us just a merely 

qualitative evaluation of the species. Based on the ratio between the absorbance 

measured at 214 nm (proportional to peptide bonds) and 260 nm (for the DNA 

content), we speculate that the peak at 2.2 ml corresponds to a complex composed by 

one tetramer of NPAC, one LSD2 and one nucleosome, whereas the peak at 1.98 ml, 

with a lower protein content, is compatible with one NPAC tetramer, two LSD2 

copies and two nucleosomes in complex. 
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Figure 58. Analytical SEC analysis on LSD2/nucleosome complex formation in 

presence of NPAC Δ205. Complex species are monitored by the 400 nm 

absorbance (right Y axis), and elute at significantly smaller volumes than the 

LSD2/nucleosome/NPAC-linker complexes. The experiments were performed 

with identical quantities of LSD2, nucleosomes and NPAC-linker or NPAC Δ205. 
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Conclusions 

 

1. A tail-based mechanism for nucleosome recognition by LSD2 

It is evident from the presented data that, differently from its homologous LSD1, the 

DNA-binding capacity of LSD2 is not the main player in nucleosome recognition. 

The very short NPAC-linker also does not have an influence on nucleosomal DNA-

binding properties, neither it significantly affects recognition of the substrate H3 

peptide, as revealed by fluorescence polarization experiments. The NPAC-linker 5-

fold enhancement of complex formation might thus be due to its positive effect on 

the acquisition by the H3 tail in the catalytically competent orientation and position. 

Indeed, similarly to LSD1, the substrate-binding cleft of LSD2 recognizes the first 16 

amino acids through electrostatic interactions, whereas the H3 residues exposed to 

the solvent (in particular at positions 16-21, as shown in Marabelli et al., 2019) are 

oriented through salt-sensitive, hydrophobic interactions. In the highly-charged 

nucleosome context, it appears evident that the stabilizing effect of the NPAC-linker 

on this specific portion of the substrate peptide might greatly influence its orientation 

and proper stabilization within the active pocket.   

Surface mutagenesis experiments with semi-synthetic nucleosomes further revealed 

that none of the surface exposed LSD2 patches is specifically involved in nucleosome 

approach and/or docking. Cryo-EM experiments confirmed that LSD2 can indeed 

approach its substrate with multiple orientations, all seemingly equally competent, as 

the LSD2/nucleosome structures all were obtained through site-specific crosslinking, 

requiring formation of a catalytically reactive encounter complex. It appears then that 

only the extensive and high-affinity interaction between the demethylase and the full 

40-aminoacids long H3 N-terminus is sufficient to trigger complex formation and 

catalysis. In this context, the DNA-binding capacity of LSD2 might facilitate 

formation of the encounter complex, which in turn facilitates the capture of the 

histone tail by the demethylase. The key aspect of the cryo-EM experiments is that it 

allowed in silico isolation and analysis of different complex conformations, which 

would have been unfeasible with other techniques. Moreover, it is the first time that 

a nucleosome modifier is found not to stable dock onto the nucleosome through 

recognition of specific structural/chemical decorations (Zhou and Luger, 2018). 
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2. NPAC regulates nucleosome processing by multiple chromatin modifiers  

Given the strong positive effect of NPAC-linker on LSD2 demethylation activity of 

nucleosome substrates, it was intriguing to discover that other domains of the LSD2 

physiological partner also influence the characteristics of H3 demethylation within 

the same context. 

The dehydrogenase domain of NPAC, at the C-terminal side of the LSD2-activating 

peptide, was selected during evolution for an inactivating mutation and became a 

tetramerization module. SAXS analysis of LSD2/NPAC stable complex indicated a 

complex stoichiometry between the two, as they form huge oligomers in presence of 

nucleosomes. The N-terminal PWWP chromatin-binding domain of NPAC probably 

has also an effect on the demethylation reaction, probably through stabilization of a 

more “open” state of the nucleosome substrate, which increases both H3 tail and DNA 

availability. 

Taking into account the context in which the LSD2/NPAC system operates, which is 

during gene trasnscription elongation by RNA Pol-II, the effect of both N- and C- 

terminal domains of NPAC appear even more intriguing. The stable NPAC tetramer, 

determined by the dehydrogenase domain, holds multiple copies of active 

demethylases, thus increasing the avidity and processivity of the system. The fact that 

such a stable core has been selected by evolutive pressure in eukaryotes further sheds 

light on the importance of this oligomerization module, whose flexible linkers might 

function as a docking platform for many chromatin factors other than LSD2 and p38. 

Moreover, the nucleosome destabilizing effect of the NPAC-PWWP also might 

favour chromatin processing in actively transcribed gene bodies, were DNA needs to 

be more accessible by RNA Pol-II.  

It is inevitable to do a comparison between the mechanisms of nucleosome 

recognition by the two homologous demethylases LSD1 and LSD2. Despite sharing 

the same catalytic properties, recognition of the same substrate occurs through 

different mechanisms, both of which involving a protein partner. DNA recognition 

by CoREST1 allows stable clamping of the nucleosome and consequent silencing of 

gene promoters, whereas LSD2/NPAC-linker only rapidly and flexibly interacts with 

the nucleosome core, of which the only recognized feature is the protruding substrate 

H3 tail.  These opposite strategies for demethylation of the same residue H3K4me1/2 

might reflect the diverse needs of the accompanying machineries and/or the 

epigenetic and accessibility states of the substrate nucleosomes within the two 

contexts: silencing of gene promoter versus actively transcribed gene bodies. 
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 Table S2: quantification of NPAC PWWP1-105 binding to histone modified peptides 

This table does not correspond to the published one. For the aim of this thesis, I choose not to show the numerical values (published by Marabelli et al., 2019), 

but to represent them on a histogram table in order to facilitate visual inspection of the results obtained from the SPOT binding assay.  
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