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INTRODUCTION          1 

 

1.1 A brief introduction to epigenetics 
 

The term “epigenetics” has Greek origin and literally means above (epi-) the genetics. During the 

last years several definitions of epigenetics have been proposed. In 2003 R. Jaenisch and A. Bird 

defined epigenetics as the “heritable changes in gene expression or phenotype that are stable 

between cell divisions, and sometimes between generations, but do not involve changes in the 

underlying DNA sequence of the organism”.1,2  

Every eukaryotic cell has a specific epigenetic state that changes during the cell differentiation and 

the development of an organism.2 Epigenetic changes are also involved in cellular reprogramming 

and in response to the environment.2 For these reasons, all epigenetic mechanisms may have an 

important role in diseases related to lifestyle, diet, surrounding environment and early life 

experiences.2,3 Hence, epigenetic mechanisms found therapeutic importance in multiple diseases 

like cancer, metabolic diseases, inflammation, neuropsychiatric disorders and in regenerative 

medicine.2,4,5,6 Manipulations of the epigenetic mechanisms associated with cell diseases might 

modify the cell phenotype and restore the original cell function without affecting the DNA 

sequence.  

Up till today epigenetic modifications have been classified into three main mechanisms: DNA 

methylation or hydroxymethylation; methyl groups are added or removed from the deoxyribose 

chain by a group of protein called DNA methyltransferases (DNMTs),7 micro RNAs (mRNAs) 

modifications,8 and N-terminal histone tails post-translational modifications (also named histone 

modifications).  

Nowadays there are several examples of DNA methylation inhibitors and histone deacetylase 

(HDAC) inhibitors that are approved for clinical use in cancer therapy,2,9,10 which confirms the 

importance of the epigenetic regulating mechanisms as new targets for cancer diagnosis and 

therapy. 
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1.2 From DNA to chromosome: the nucleosome complex 
 

In eukaryotic cells genetic information is organized in a basic structure called DNA. The DNA 

molecule is a polymer formed by 3 x 109 nucleotides and a backbone made of sugar and phosphate 

groups joined by ester bonds. This structure forms approximately 25000 genes (the basic units for 

proteins synthesis) and its total length is about two meters. The DNA location is the cell nucleus, 

and for a two-meter long structure, the folding process is a crucial step to maintain the polymer in 

such a limited space. DNA organization into the nucleosome structure is the first step of the folding 

process. The nucleosome has a characteristic structure which consists of four histone proteins: H2A, 

H2B, H3 and H4 (each one in two copies forming an octamer) and ~147 base pairs of DNA 

wrapped around them (figure 1).11  

 
Figure 1: Nucleosome crystal structure (PDB code 3AFA). The histone proteins form the core of the structure. They are represented 

as protein surface and are coloured differently. The DNA structure is represented as a ribbon. 

 

The nucleosome basic units generate a polymeric structure called chromatin. The organization of 

chromatin domains form a structure called chromatid, while two chromatids linked by a centromere 

are organized in a structure known as chromosome. In humans there are 23 chromosomes, carrying 

all the necessary information.12  

Chromatin can be classified into two main structures: highly condensed chromatin fibres 

(heterochromatin) related to transcriptional repression and arrest of cell division; and less 

compacted chromatin fibres (euchromatin), that usually refer to an active transcriptional state. 

Chromatin might be considered as a dynamic polymer whose function is to organize the whole 
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genome, determining which genes have to be expressed or repressed, according to the 

circumstances.12  

 

Figure 2: Graphical representation of nucleosome, chromatin fibre and chromosome (adapted from Arrowsmith C.H. et al.2).  

 

1.3 Histone modifications 
 

Histone proteins show covalent chemical flags. These covalent adducts, called post-translational 

modifications, are present on the amino acids in the N-terminal histone tails or in the histone core, 

therefore they have a direct role in gene expression/repression. The most important modifications 

include phosphorylation, acetylation, ubiquitinylation, methylation, sumoylation and ribosylation.12 

Usually active marks include acetylation, arginine methylation, and some lysine methylations 

(lysine number four on histone number three H3K4, or lysine number 36 on histone number three 

H3K36). On the other hand, repressive marks include lysine methylation of H3K9, H3K27, and 

H4K20.12 All combinations of these modifications that might occur on every histone and/or 

nucleosome generate a specific code that rules the transcriptional properties of the involved genes.2  

Histone modifications are mediated by specific proteins.12 The general classification of the involved 

proteins is according to their functions: “writers” are proteins that form the code attaching the 
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covalent flags (for instance histone acetyltransferases and histone methyltransferases); “readers” are 

proteins that read the histone code without introducing any modification to the covalently bound 

flags (e.g. bromodomains, plant homeodomains (PHDs) and members of the royal family of 

methyl-lysine-binding domains); while “erasers” are all enzymes that remove the covalently bound 

histone marks from the histones (for instance histone deacetylases and histone demethylases) 

(figure 2).2 

 

1.4 Histone lysine demethylases 
 

The first histone demethylase (HDM) was identified in 2004 by Shi and co-workers.13,14 It was 

found to be active on lysine number 4 in histone H3 and was named lysine-specific-demethylase-1 

(LSD1).13,14,15 Besides, it was also found that LSD1 shows a high sequence-homology with FAD-

dependent amine oxidases (Chapter 3.1).13 Two years later another type of HDMs, operating by 

different demethylation mechanism, was identified and termed Jumonji C (JmjC) domain-

containing histone demethylases.13,16  

 

1.4.1 Histone lysine demethylase 1 (LSD1) 
	  

Lysine specific demethylase-1 (also called LSD1, KDM1A, BHC110 and AOF2) is a flavin-

dependent amine oxidase enzyme where the FAD cofactor is reversibly bound to the active site of 

the enzyme.17  

The catalytic mechanism of LSD1 involves an oxidation of the substrate, using one molecule of 

Flavin Adenine Dinucleotide (FAD) as a cofactor, passing through an imine intermediate (figure 

3).17,14,18  

 
Figure 3: Catalytic mechanism of LSD1. 
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For the flavin-catalysed substrate-dehydrogenation reaction three putative redox reaction 

mechanisms were hypothesized (figure 4):19 (i) direct reaction: there is a direct transfer of a hydride 

anion from the substrate to the flavin ring; (ii) radical mechanism: the reaction is characterized by 

the formation of a radical pair at C4a and its subsequent collapse; (iii) carbanion mechanism: in this 

case, an active-side base removes a proton from the substrate and the newly formed carbanion is 

able to donate two electrons to the flavin ring.19  

 

 
Figure 4: Proposed catalytic mechanism19 for the flavin-catalysed substrate-dehydrogenation reaction.	  

	  

During the LSD1 catalytic reaction, a formaldehyde molecule is also produced from one water 

molecule (figure 3) following the cleavage of the imine intermediate.17,14,18 Some suggested that the 

produced formaldehyde might be recycled as a methyl donor (figure 5) for a class of enzymes 

called histone methyltransferases (HTM).20  
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Figure 5: Production of the formaldehyde molecule by LSD1 and recruited by HMT as S-Adenosyl-L-methionine (adapted from 

Bannister A.J. et al.21). 

 

After the LSD1 catalytic reaction is finished, an oxygen molecule is responsible to restore the FAD 

functionality; the FAD isoalloxazine ring transfers two electrons to the oxygen molecule. This 

allows the re-oxidation of the cofactor, which now is ready for another catalytic cycle. However, 

this step generates one molecule of hydrogen peroxide (figure 3) whose role in the cell biology is 

not completely understood. In fact the generation of hydrogen peroxide in the chromatin 

environment might favour oxidative damage of DNA and might be harmful.17 Nevertheless, it has 

been described that hydrogen peroxide acts as a signalling molecule in a variety of physiological 

processes including apoptosis, cell cycle progression, cell differentiation, transcriptional regulation, 

and also in pathological events including neurodegeneration.22,23 

 

LSD1 is a huge protein formed by 852 amino acids and it consists of three separate domains (figure 

6). The catalytic domain of LSD1 is the amine oxidase like (AOL) domain that shares sequence 

homology with other classes of flavin-dependent amine-oxidases.18,24 Here the FAD-cofactor is 

located and the catalytic reaction takes place. Linked to the AOL domain is the so-called SWIRM 

domain. This is the N-terminal region of LSD1 and in contrast to other SWIRM domains present in 

nature, in LSD1 it seems not to be directly involved in the substrate binding and it is only 

responsible for the stabilization of the enzyme.18  
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Figure 6: LSD1 structure interacting with CoREST (PDB code 2UXN). The SWIRM domain is represented as cyan protein surface. 

AOL domain is represented as orange cartoon, while the tower domain is represented as salmon cartoon. FAD is shown as black 
sticks while the substrate is represented as blue surface. CoREST is represented as yellow cartoon, while SANT2 domain is shown as 

purple cartoon. In the bottom part there is a schematic representation of the LSD1 domains according to residues enumeration. 

 

The last domain present in the structure is a double α-helical tower domain; a region found to link 

the allosteric LSD1 modulator like the repressor element-1 silencing transcription factor co-

repressor (CoREST).25,24,18,26  

Co-REST is a protein member of the class of histone modification complexes, and interacts through 

engaging the tower domain of LSD1. The interaction is modulated by three main interfaces (figure 

6): (i): Between Lα1 helix of Co-REST and a loop of LSD1. In this interface there are mostly 

hydrophobic interactions. (ii): Among Lα2 helix of Co-REST and the two α-helices of LSD1 (lα1 

and lα2). In this interface there are not only hydrophobic interactions but also ionic interactions. 

(iii): Between SANT2 and one lα2-helix of LSD1. This interface seems to be unimportant for the 

activity of LSD1. The main function of this domain is to interact with DNA, since the linkage to the 
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nucleosome is required for the in vivo activity of LSD1, even if there is the hypothesis that Co-

REST might enhance LSD1 in a different manner.24,27 

Up to now, several proteins have been found to be LSD1 substrates. The mono- or dimethylated 

lysine 4 on the tail of histone number 3 (H3K4me1/2) active mark is one of the well-known targets 

of LSD1.28 From the shape and the properties of the LSD1 active cavity (Chapter 3.1) and from the 

catalytic mechanism, which requires a protonated nitrogen atom, it could be well demonstrated that 

LSD1 can demethylate only mono- and dimethylated lysine residues.29,30 Considering the 

H3K4me1/2 role in the histone code, demethylation of this target is directly linked to repression of 

the gene expression and for this reason LSD1 is found in co-repressor complexes.28,14 As a 

component of co-repressor complexes, LSD1 might associate with other histone-modifying enzyme 

such as histone deacetylases and methyltransferases.28,29 Interestingly, LSD1 is not acting on 

nucleosome substrates as long as it is not associated with CoREST, but acts only after its 

recruitment by the silencer REST, suggesting that the association LSD1-CoREST is mandatory for 

the in vivo activity of LSD1.26,31,32 BHC80, a protein of one of the complexes that mediate REST 

repression, inhibits the nucleosomes demethylation mediated by the LSD1-CoREST complex 

(figure 7).32 Again, LSD1, is stimulated by the presence of a member family of histone deacetylases 

(HDAC-1), showing a strong relationship between demethylase and deacetylase activities.29 

 
Figure 7: A) LSD1 acts on histone complex in order to demethylate H3K4me1/2 and inactivate the complex. B) LSD1 alone does 

not act on H3K4me1/2 only when complexed with the nucleosome structure (in vivo). C) LSD1-CoREST complex can demethylate 
H3K4me1/2. D) BHC80 works as signal terminator, as its interaction with LSD1-CoREST complex causes the end of the activity in 

vivo (adapted from Wysocka, J. et al.28).  
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Chen et al.33 described that the increase of the androgen receptor (AR) activation and its related 

target genes is an important mechanism for the conversion of methastatic-prostate cancer to a drug-

resistant form.28,33 In 2005 it was demonstrated by Metzger et al.15 that LSD1 associated with AR 

acts as co-activator for the transcriptional activation of AR by ligand-induced demethylation of 

mono- or dimethylated lysine number 9 on histone number 3 (H3K9me1/2).15,28 The interaction of 

LSD1 with AR definitely causes substrate switching of LSD1 from H3K4me1/2 to H3K9me1/2 

(figure 8). Subsequently, the demethylation of H3K9me1/2 promotes hormone-induced gene 

activation especially in those tissues where the androgen receptor has a key physiological role such 

as the prostrate or testis. Other data supporting the role of LSD1 in prostate-cancer was assessed by 

Kahl et al.34 and the overexpression of LSD1 in prostate cancer with high Gleason score, a prostate 

cancer evaluation parameter, could be demostrated.34  

 
Figure 8: LSD1 cannot demethylate H3K9me1/2 in histone complex, as long as is not interacting with AR. Demethylation of H3K9 

causes activation of the gene transcription. 

 

However, the mechanism, that controls the androgen-dependent gene activation in vivo, is more 

complicated and several enzymes participate in the regulation creating a concerted mechanism not 

completely solved until now. For instance the full regulation of the LSD1 switching substrate is still 

unknown. It is well described in literature, that the gatekeeper of the androgen-dependent gene 

expression is the protein kinase C-related kinase 1 (PRK1), which after ligand-dependent 

recruitment of AR target genes, phosphorylates threonine number 11 on histone number 3 
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(H3T11).35 This modification accelerates the demethylation by the JmjC domain-containing protein 

JMJD2C, the first histone tridemethylase regulating AR function, which together with LSD1 

cooperatively stimulate AR-dependent gene trascription.36 On the other hand, androgen-dependent 

recruitment of PRK1, activates protein kinase C beta I (PKCßI) that phosphorylates threonine 6 on 

histone tail number 3 (H3T6), which is considered as the key event that prevents LSD1 from 

demethylating H3K4me1/2 during AR-dependent gene activation.37 In support of this mechanism it 

was demonstrated that the level of PRK1, and its related phosphorylated H3T11, as well as the level 

of PKCßI and the related phosphorylated H3T6 correlates with high Gleason score for prostate 

carcinoma,35,37 and that JMJD2C co-localizes with AR and LSD1 in normal prostate and in prostate 

carcinomas.36 

It has also been recently reported that LSD1 might act on other non-histone substrates.38,39 LSD1 

represses the tumour suppressor and transcriptional activator p53, through demethylation of the 

p53-lysine number 370 (K370).38 Moreover, LSD1 stabilizes the DNA-methyltransferase 1 

(DNMT-1), though DNMT-1 residue-demethylation, inducing progressing loss of DNA 

methylation.39 

Interestingly, in 2009 a second mammalian FAD dependent amine oxidase enzyme was found and 

named LSD2 (KDM1B, AOF1).40,41 The protein shows the same number of residues present in 

LSD1, but rearranged in different domains. Indeed LSD2 is devoid of the tower domain, that 

provides the interaction with the corepressor protein CoREST in LSD1, while is showing a zinc-

finger domain not present in LSD1 with still unknown functionality.40 This new enzyme shows 

substrate-specific properties highly conserved to LSD1 but most probably LSD2 is involved in 

chromatin-remodelling complexes that are different from those involving LSD1,40 increasing the 

complexity of the epigenetic code regulation.  

 

1.4.2 Jumonji C (JmjC) domain-containing histone demethylases  
 

The second class of HDMs was discovered in 2006, when the first member JmjC domain-

containing histone demethylase 1 (JHDM1) was characterized.16 JHDM1 specifically demethylates 

mono-, di- and even trimethylated lysine number 36 on histone tail number 3 (H3K36) in a different 

manner than LSD1. The oxidation of the substrate is allowed by the reduction of an iron atom as co-

enzyme using one molecule of α-ketoglutarate as co-substrate.13,16 During the catalytic reaction 

formaldehyde and succinate are produced (figure 9).13,16 
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Figure 9: Catalytic mechanism of JmjC domain-containing histone demethylase. 

 

Hitherto, 28 members of JmjC domain-containing histone demethylases have been characterized 

and linked to cancer.42 Klose et al.43 divided the members into seven different JmjC domain-

containing histone demethylases subfamilies. For a more complete description and classification see 

Hoffman et al.42. 

 

1.5 LSD1 inhibitors 
 

Until now several histone deacetylase inhibitors are in clinical trials or already on the market as 

anticancer drugs (Verinostat®, Romidepsin®),2 while some HDMs inhibitors are in the pre-clinical 

phase,42 emphasizing the importance of these epigenetic targets as a new therapy approach not only 

for carcinomas, but also for other pathologies such as psychiatric diseases, age-dependent 

neurodegenerative disorders, and neurologic pathologies. 

The generation of the first LSD1 inhibitors was based on the high sequence homology between 

monoamine oxidases (MAOs) and the LSD1 amine oxidase domain (AOD).44 The approved anti-

depressant MAO inhibitors, such as trans-1-phenylcyclopropylamine (PCPA), were found to be 

also active on LSD1.42,2 Subsequently, several well-known small molecule inhibitors of proteins 

carrying a flavin-dependent amine-oxidase domain (AOD) were also tested. Until today, known 

LSD1 active inhibitors are still small in number. They have been mainly derived from existing 

monoamine oxidase, polyamine oxidase or histone methyltransferase inhibitors (MAOIs, PAO, 

HMT respectively). In addition a few reversible LSD1 inhibitors have been described (Chapter 

3.4).45,46 
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1.5.1 LSD1 inhibitors derived from MAOs inhibitors 
 

MAO inhibition has a clinical significance in psychiatry and neurology,47 more precisely, selective 

and reversible MAO-A inhibitors have been widely employed for the treatment of depression and 

anxiety disorder, while MAO-B inhibitors are used as adjuncts in treatments of Parkinson’s disease 

and they might contribute to the treatment of other neurodegenerative diseases such as Alzheimer’s 

disease.48,49,47,50 To date, several MAO inhibitors have been found and they have been classified in 

selective, non-selective, reversible and irreversible inhibitors.47  

PCPA (1) was the first MAO-inhibitor found to be also active in a micromolar range as a covalent 

LSD1 inhibitor (IC50 ~2-21µM).42 Schenk et al.51 demonstrated that the combination of all-trans 

retinoic acid (ATRA) with PCPA decreases the engraftment of primary human acute myeloid 

leukemia (AML) cells in vivo in nonobese diabetic (NOD)-severe combined immunodeficient 

(SCID) mice, demonstrating that the combination of classical therapy plus PCPA which targets 

LSD1 might fight leukemia-initiating cells.42,51 Moreover, inhibition of LSD1 by PCPA causes a 

suppression of AR dependent transcription in bladder carcinoma cells.52 Other covalent MAO 

inhibitors such as pargyline (2) and phenelzine (3) and clorgyline (4) showed inhibitory activity on 

LSD1, but with a greatly decreased potency compared with PCPA.53,54 It has been also 

demonstrated that pargyline decreases the androgen-sensitive human prostate adenocarcinoma cells 

(LNCap) growth, and that it increases the levels of H3K9me1/2 by inhibition of LSD1 function.15,42 

While Benelkebir et al.55 showed that the more potent p-bromo or p-phenyl-analogs of PCPA 

inhibit the growth rate of LNCap cells in a micromolar range.42,55  

 
Figure 10: Well-known MAOs inhibitors active on LSD1. 

 

In 2010 a structurally similar compound was patented (5 is shown in figure 11).56 It showed activity 

in in vitro assays, where it was more potent than PCPA (IC50 PCPA = 15.7 µM; IC50 5 = 96 nM). Ex 

vivo experiments using MLL human AML cell lines,42 showed a significant reduction of the colony-

forming cells and resulted in a more potent inhibition compared to PCPA (IC50 PCPA = 8 µM; IC50 

5 = 50 nM). This compound was able to reduce the clonogenic potential of cells and improve the 

induction of differentiation in murine and primary human MLL leukemia cells.42,57 Moreover in 
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2010 and during the early 2011 other two N-alkylated PCPA derivatives were patented (6 and 7 are 

shown in figure 11).58,59 These compounds inhibit LSD1 with high potency and selectivity over 

MAO-A and MAO-B (Ki 6 LSD1 = 9.0 nM; Ki 6 MAO-A = 15 µM and Ki 6 MAO-B > 40 µM, 

while Ki 7 LSD1 = 5 nM; Ki 7 MAO-A = 16 µM and Ki 7 MAO-B= 74 µM) although full details 

have not been released.60 However, further new covalent inhibitors were presented by Binda et al.41 

(8) that showed inhibition selectivity for LSD1 over MAO-A but not MAO-B, with Ki of 1.1 µM on 

LSD1 (Ki PCPA = 271 µM)41. The selectivity could be attributed to the presence of a bulky 

peptidomimetic moiety in the ortho- or para- position of the phenyl ring of PCPA, as found in 

similar derivatives reported by Ueda et al (9) in 2009.61 Meanwhile, some new derivatives (10) 

described by Mimasu et al.62 in 2010 showed a full selectivity for LSD1 over MAOs and a more 

potent inhibition of LSD1 with an IC50 value lower than 1 µM (figure 11).62  

Novel PCPA derivatives acting as LSD1 inhibitors were presented by Pollock et at in 2012.63 These 

new derivatives are p-phenolethers (11) of PCPA (with an IC50 in the micromolar range) which 

showed an inhibitory activity on the cell growth of estrogen receptor alpha (ERα)-positive and 

ERα-negative tumors.63 Since LSD1 was demonstrated to be mandatory for estrogen-dependent 

ERα-mediated transcription,64 Pollock et al. could argue that inhibition of LSD1 with small 

molecules influence the proliferation of both ERα-positive and ERα-negative breast cancer 

cells.42,63 

 
Figure 11: New LSD1 inhibitors derived from PCPA. 
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1.5.2 LSD1 inhibitors derived from PAO inhibitors 
 

Polyamine oxidases (PAOs) represent a heterogeneous group of enzymes able to catabolise 

ubiquitous amines through oxidative deamination of spermidine, spermine and/or their acetylated 

derivatives.65 The physiological value of PAOs substrates (essential growth factors) and the 

production of cytotoxic derivatives (aminoaldehydes and hydrogen peroxide) during PAOs active 

mechanism, give to these enzymes a strong regulative role in cellular proliferation and cellular 

death.65 Only recently the interest in this class of enzymes was turned from tumour growth 

inhibition through PAO selective inhibitors, to PAOs catabolism pathways inhibition. In several 

tumour cells indeed PAOs catabolism pathways lead to apoptosis through the PAO mediated 

hydrogen peroxide production.65,66,67  

To date, the only three-dimensional structures of PAOs deposited in the PDB data bank have been 

obtained from maize or yeast.68 However, the importance of Zea mays PAO crystal structure as a 

suitable model for designing new inhibitors, appropriate for all animal or plant PAO enzymes, has 

been demonstrated.65,69 

PAO inhibitors are mainly classified into four different classes:65 (I) linear primary diamines,70,71 

(II) agmatine and its analogs,72 (III) diguanidino inhibitors and analogs,72 (IV) polyamine analogs 

lacking terminal amino groups (figure 12).71 Some of the PAO inhibitors, also active as LSD1 

inhibitors, were selected for further computational studies during this work using both PAO and 

LSD1 enzymes in order to figure out the binding differences. Since the similarity of LSD1 amine 

oxidase domain (AOD) to PAO including spermidine oxidase AOD is well demonstrated (Chapter 

3.1), biguanidine (12 as the most active molecule) and bisguanidine (13 as the most active 

molecule) inhibitors were tested on LSD1 enzyme, and they were demonstrated to be non-

competitive inhibitors in vitro.73  
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Figure 12: Classes of PAO active inhibitors and PAO inhibitors active on LSD1. 

 

These two new compounds increased the H3K4 hypermethylation state at the promoter regions of 

the effected genes in HTC116 human colon carcinoma cells through LSD1 inhibition.42,73 Two 

years later the same group published other oligoamine inhibitors (14 is the most active inhibitor) 

with similar effect on human colon carcinoma cells, but with a different active mechanism, indeed 

these new compounds showed reversible and substrate competitive inhibition in in vitro assays.42,74 

It was also shown that the combination of these compounds (13 and 14) with DNMT inhibitors 

significantly reduced the tumour growth in athymic nude mice bearing HTC116 xenografts,42 

indicating a new possible synergic approach for anticancer therapy. 

 

1.5.3 LSD1 reversible inhibitors 
 

In the last years novel small molecules showing a non-covalent allosteric inhibition of LSD1 were 

reported (the most active CBB1007 (15)).46 These compounds contain a guanidino group in their 

structures and were demonstrated to inhibit cancer cells with pluripotent stem cell properties but not 

non-stem cell lineages, with in vivo IC50 values lower than 5.27 µM (selectivity over MAO has not 

been evaluated).46  
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Further reversible LSD1 inhibitor has been presented by Willmann et al.45 in 2012 (Namoline (16)). 

The compound shows a γ-pyrone scaffold and acts as non-covalent and LSD1 selective inhibitor 

with an in vitro activity of 51 µM.45 Treating LNCap prostate cancer cells with Namoline showed 

increased levels of H3K9me1/2, this indicates that the antiproliferative action might be linked to 

LSD1 inactivation and that Namoline has good cell permeability. Moreover, Namoline stops the 

tumour cells growth in LNCap xenografted mice.45 This discovery opens the way to introducing 

new scaffold modifications in order to generate new potent LSD1 active inhibitors (Chapter 3.4). 

 
Figure 13: New non-covalent LSD1 inhibitors. 

 

1.6 Aim of the work 
 

It has been established that targeting the epigenetic code through small molecule inhibitors is a 

promising therapeutic strategy for a wide range of diseases. LSD1 as a well described epigenetic 

target reveals crucial importance in several tumorigenic mechanisms, especially in tissues where 

AR has a key physiological role for example prostate cancer. Up to date, there are only few well-

characterized inhibitors of LSD1 available, and almost all of them show covalent inhibition and low 

selectivity over off-target proteins, such as MAOs or PAO enzymes.  

From the exigency to find new inhibitors, our work was focused on the generation of new LSD1 

inhibitors using bio-analytical and in silico studies. The experimental data were obtained in 

collaboration with Prof. Manfred Jung’s group (University of Freiburg –DE-).75 

Starting from the analysis of LSD1 crystal structures (Chapter 3) the first step was to figure out 

differences and similarity in the binding modes among proteins showing AOD similarity like 

MAOs, and PAO enzymes. Known MAOs, PAOs inhibitors were docked to this target.  

Molecular dynamic simulations were carried out in order to analyse the binding of LSD1 inhibitors 

as well as to discriminate between different binding modes derived by the docking studies. The 

validated models were then used for structure-based virtual screening experiments.  

In order to generate suitable in silico models (descriptive and predictive) able to differentiate among 

LSD1 active and inactive compounds, also binding free energy calculations were carried out.
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MATERIALS AND METHODS        2 

 

Considering the development of rapid computer technology and the exponentially increasing 

number of protein structures deposited into structural databases such the Protein Data Bank 

(PDB),76 it is easy to understand that computer-related disciplines like computer assisted molecular 

design (CAMD) have extremely improved in the last two decades. In this chapter CAMD tools, 

concerning hits selection and characterization, will be described. Binding free energy calculation 

methods used in this work will be also briefly described.  

 

2.1 Quantum mechanics and empirical force field methods 
 

Molecular modelling techniques can be divided into two main groups: 

-Quantum mechanics. 

-Empirical force field methods (molecular mechanics). 

The main difference between quantum mechanics (QM) and molecular mechanics (MM) is the 

accuracy of the system. While QM models are taking into account both position of nuclei and 

electrons of each atom that belongs to the system; MM models simplify the system neglecting the 

electrons according to Born-Oppenheimer approximation.77 This approximation drastically 

decreases the accuracy level (MM models are not able to investigate chemical reactions in which 

bond are broken or formed), but the number of atoms which MM models are able to handle and the 

calculation speed increases exponentially. 

Empirical force field methods evaluate the potential energy of a system considering the position of 

the nuclei only. Two main interactions contribute to the final potential energy: bonded and non-

bonded interactions. Bonded interactions can be further divided into bond stretching, which 

represents the energy to stretch a bond between two atoms, angle bending which expresses the 

energy necessary to modify the bond angle between three atoms compared to the equilibrium value 

and bond torsion, which describes the energy to rotate a torsion angle formed by four atoms. Non-

bonded interactions refer to atoms that belong to the same molecule; separated at least by three 

atoms; or by two atoms that belong to different molecules. van der Waals interactions which 

considers the energy between two atoms not directly bonded and is usually represented by Lennard-

Jones potential, and electrostatic interactions which represents the electrostatic energy between two 
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atoms not directly bonded and evaluated through the Coulombic interaction term are terms that 

belong to non-bonded interactions. The sum of all the contributions gives the potential energy of the 

system according to equation 2.1 (for a more accurate description see Appendix A).  
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Up to now, several empirical force fields have been developed according to different classes of 

biomolecules. 

 
Figure 14: Bonded and non-bonded interactions implemented in a force field potential that contribute to the final potential energy  

 

Warshel and Levitt introduced a good compromise between QM and MM models using QM-MM 

hybrid models.78 In these models the system is divided into two regions: QM region (which is 

usually the inner region of the system) and MM region (which usually surrounds the QM region). 

The division allows the study of relevant processes that need to be accurately described 

electronically by quantum mechanics, for instance the active site of an enzyme, neglecting other 

regions of the system, described with empirical force field methods. The idea is that QM and MM 

atoms can recognize and interact among each other.79 Here the potential energy is the sum of the 

QM energy term and MM energy term. During the calculation of QM energy term, MM atoms are 

considered as point charges, and they can influence the QM region, meanwhile van der Waals 

interactions are electron independent and therefore are calculated by classical molecular 

mechanics.79 

 

2.1.1 Energy minimisation and molecular dynamic simulation 
 

The potential energy of a system is a multidimensional function of its coordinates. For instance the 

potential energy of a system formed by N atoms is a function of 3N Cartesian coordinates.77 For a 
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system with more than one or two coordinates it is impossible to visualize the entire multi-

dimension energy surface. In molecular modelling, the minimum points on the energy surface are 

considered the most interesting ones, because, according to Boltzmann distribution rule (2.2), the 

minimum points of the energy surface are the most populated and stable states of the system.  
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     (2.2) 

 

Two different kinds of minima are present in a multi-dimensional energy surface: a so-called global 

energy minimum that is the very lowest energy point and a local energy minimum. The energy 

minimization process moves the system into the valley of the potential energy, which is located 

closest to the starting point. The energy minimisation procedure does not allow identifying the 

global minimum as long as the starting point is not close to the global minimum and it does not 

allow exploring large portions of the potential energy surface as well. Several algorithms are 

available to carry out energy minimization. These can be grouped into: energy based methods (e.g. 

simplex method) that are taking into account only the system energy value without deriving the 

energy surface; gradient based algorithm (e.g. steepest descent, and conjugate gradient) using the 

first derivative of the multi-dimensional energy surface; and algorithms that use the second 

derivative of the multi-dimensional energy surface (e.g. Newton-Raphson).77,79 

 

Molecular dynamic (MD) simulation generates several molecular configurations of a system, 

characterized by physical movement of atoms and molecules. This technique allows studying the 

atoms movements and the system properties like potential energy, kinetic energy, temperature, 

density, volume, etc. in a specific time range. Numerically, the trajectories obtained during the MDs 

are generated by integrating the Newton’s law of motion: 

 

     (2.3) 

 

The equation describes the motion of a particle  with a mass  and acceleration , with  as the 

force of the particle along a direction .77 MD simulation is a powerful tool that allows exploring 

the multi-dimensional surface of a generated system (conformational space exploring). This useful 

method finds also a wide use in the evaluation of protein models, for instance obtaining the 

energetically most favourable and stable structure. From the first MD simulation (almost 30 years 
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ago)80 several progresses in Newton’s equation integration algorithms and computer performances 

have been reached, allowing this method to handle bigger systems, switching from in vacuum 

simulations to more realistic simulations using explicit water molecules for instance, and longer 

simulations from picoseconds to microseconds in length81. Despite the strengths of MD simulations, 

this technique still has several limitations that must be considered. Electron neglecting does not 

permit studying bonds generations, isomerisation and bond breaking. Neither charge-transfer 

complexes can be simulated. Again, the size of the systems is still limited to “small dimensions” 

and to short time running, causing a limited exploration of the conformational space. Systems with 

high degrees of freedom or high energy barriers in the multi-dimensional surface might represent a 

limitation in the conformational space exploration, where MD simulations are not able to climb 

over energetic picks in relatively short time; especially for big systems.79 For these reasons, the 

quality of the data obtained from MD simulations is strongly correlated with the running settings, 

the accuracy of the force field selected, and the user capabilities.82 The most used MD software are 

AMBER,83 GROMACS84 and CHARMM.85 

 

2.2 Molecular docking  
 

Molecular docking is a CAMD tool that attempts to predict the molecular conformation between a 

ligand and a certain protein.79 Nowadays, there are several algorithms able to solve the docking 

task. They are grouped mainly into deterministic and stochastic approaches.79 However, up to now, 

a substantial problem still exists called the “Docking Problem” as described by Blaney and Dixon in 

1993.77,79 

The docking problem is related to the flexibility and to the high number of degrees of freedom 

considering both the ligand and the protein.79 In order to reduce the degrees of freedom, most of the 

docking algorithms consider the protein as a static object keeping the ligands flexible. Only in the 

last few years the main used docking programs implemented side chain flexibility that allow the 

mobility to some selected protein side chains.  

The main docking algorithms are classified into: Incremental Construction Methods where the 

ligand is divided into small fragments which are rebuilt inside the protein active pocket.79,86 The 

Genetic Algorithm (GA) “mimics the evolutionary process manipulating a collection of structural 

data, called chromosomes”.79,87 Taboo Search (TS) algorithm, starts allocating a completely random 

solution inside the active cavity and through imposing restrictions “enables a search process able to 

handle difficult region”.79,88 Monte Carlo Simulation (MC) samples the conformational space by 
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random movements. Several docking program implement MC search in order to handle the degrees 

of freedom of the ligand.79,89  

 

2.2.1 Scoring functions  
 

In order to rank the docking solutions generated from docking algorithms according to their binding 

constant Ki, every docking program provides a scoring function.79 Ki is related to the Gibbs free 

energy of binding (ΔG) by the equation 2.4.  

 

      (2.4) 

 

Where T is the temperature and R is the gas constant. For every docking software the ΔG 

approximation of a protein-ligand complex is an important goal as the prediction of the right ligand 

geometries inside the active pocket of a protein.79 

For all scoring functions, ΔG prediction is not an easy task. For this reason the accuracy of a 

scoring function is an important parameter that should be taken into consideration during a docking 

procedure.79 Scoring functions are arranged into three main groups: (i) empirical scoring functions: 

they optimize, with a multilinear regression (MRA) the coefficients of every structural functions by 

using a training set of protein-ligand complexes, where the binding free energy has already been 

experimentally evaluated.79,90,91 (ii) Force-field-based scoring functions approximate the protein-

ligand ΔG to the potential energy using the non-bonded term of a classical molecular mechanic 

force field. It uses the Lennard-Jones potential to describe the van der Waals interactions, and the 

Coulomb potential to describe the electrostatic interactions.79 Measurements of the potential energy 

might however represent two disadvantages: on one hand, the entropic component of the binding 

free energy is omitted, on the other hand, the electrostatic term might heavily influence the final 

score.79,92 (iii) Knowledge-based scoring functions use a training set to derive the atom pair 

potentials and the final mathematical function.93,94,95,96 A major limitation, excluding the big 

number of protein-ligand complexes to use as a training set, is the capability for the function to 

rightly estimate the free energy of binding for those complexes that are not present in the training 

set.79  

Empirical scoring functions are fast and show a good prediction for the well-known protein-ligand 

complexes,91,97 meanwhile force-field-based scoring functions are the most computationally 
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demanding.98,99 Up to now, no scoring function is able to fully predict the ΔG for a protein-ligand 

complex,98,99 but all of them are relatively fast compared to other time consuming techniques such 

as energy perturbation100 and are able to nearly estimate the free energy of binding. For this reason 

a combination of two or more scoring functions, so-called consensus ranking, might be a good 

compromise between speed and accuracy.  

 

2.2.2 Docking programs 
 

The following docking software were used in this work: 

Gold (Genetic Optimization for Ligand Docking)87 is based on the GA, which considers the ligand 

orientation and flexibility inside the protein binding pocket as a chromosome. Through 

chromosome genetic rules, like crossover, mutation and translocation, the GA is able to randomly 

create new conformations and positions inside the pocket. Only the favourable modifications, 

characterized by a score able to describe the suitability of the complex generated, are able to 

transfer the information to the next chromosome generations. The software is also provided with a 

force-field-based scoring function that takes into consideration protein-ligand van der Waals 

energy, protein-ligand hydrogen bonding, ligand internal van der Waals energy and ligand torsional 

strain energy.  

 

Glide uses several filters in order to search for the possible ligand poses inside the protein binding 

pocket.90 After the minimization step with a standard molecular mechanic energy function (OPLS-

AA force field101 implemented in the software), only the best poses, i.e. the energetically most 

favourable, which are already located inside the cavity, are processed with MC sampling 

techniques.20 This reduces the computational demand and the calculation time. Glide adopts an 

empirical scoring function that takes into consideration the protein-ligand lipophilic term (ligand-

atom/receptor-atom pair defined as lipophilic), the ligand-protein hydrogen-bonding term, the 

metal-ligand interaction term, the protein polar but non-hydrogen-bonding atoms term, the protein-

ligand van der Waals and Coulomb (electrostatic) interactions energy terms, and the solvation term 

(which uses an empirical scoring term that measures the exposure to explicit water for every atom 

of the ligand).90  

 

ParaDockS is an in-house software developed by René Meier et al.102 The software is available 

online as an open source package, and the download is free of charges. The algorithm of the 
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software follows the particle swarm optimization (PSO)103 as an optimizer implementation. PSO is 

a metaheuristic method of search and optimization, inspired from nature (swarms movement: birds, 

fishes etc.). ParaDockS is also provided with two objective functions: (i) an empirically derived 

energy function (p-Score), which takes into account van der Waals interactions, van der Waals 

clashes, electrostatic interactions; and (ii) a knowledge-based objective function (PMF04).102 

 

2.3 Virtual screening 
 

High-throughput screening (HTS) of chemical libraries is a commonly used approach in drug 

discovery to find new hit compounds.79 However, despite the accuracy of the method, the high costs 

(taking also in consideration increasing size of the available databases) are rendering this 

methodology not affordable to everyone.79 A computational approach, able to pre-select only a 

subset of compounds from the selected main database, might be useful to reduce the HTS costs. 

This approach is well-used and well-known as Virtual Screening (VS).104 Nowadays, several VS 

technologies have been developed and validated. They might be classified into two main groups: 

Ligand-based and Structure-based VS. The first approach involves constraints based on the 

similarity of a set of know actives105 or by using ligand pharmacophores,106 while the second 

method is based on the 3D structure of the target, using docking procedures.107 

Considering both approaches, the preparation of the electronic library is one of the limiting steps for 

the VS success.79 Database selection, among several commercially available screening collections 

that differs in size, type of molecules etc., is the first step that should be applied in a VS 

procedure.79 Other steps should be applied in order to: reduce the number of molecules to screen, to 

reduce the computer resources and eventually to reduce the computational time. A good way of 

acting is to use a series of filters able to select and exclude highly reacting or toxic compounds. Up 

to now, the most used filter is the Lipinski’s ‘Rule-of-Five’,108 which evaluates the bioavailability 

of a compound, through the evaluation of the molecular weight (not over 500 Da), the lipophilicity, 

calculating the octanol-water partition coefficient (clogP; not more than 5), the total number of 

nitrogen and oxygen atoms (not more than 10), and the number of hydrogen bond donors (not more 

than 5) in the molecules. This rule allows keeping compounds in the database with predictable 

molecular absorption and cell permeability in the body compartments. More elaborate and specific 

filters; as filters that take into account ADME (adsorption, distribution, metabolism and excretion) 

properties or knowledge-based binary classification system109 are also applicable during database 

filtering. Finally another filter that excludes the so called “promiscuous binders”110 (molecules with 
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high trend to bind several protein targets) might be also considered for a good virtual screening 

procedure.79  

 

2.4 Binding free energy calculation methods 
 

Finding ligands that can reversibly bind to a specific target (protein agonist/antagonist, enzyme 

inhibitor etc.) is the main goal of every structure-based drug design project.111 Measuring the 

energetics of molecular complexes and the energy prediction of protein-ligand non-covalent 

associations has been shown to be an important procedure in computational chemistry,111 especially 

after demonstrating the agreement of these in silico measurements with experimental data.111 

Several methods have been developed, ranging from rapid methods to highly time-consuming 

methods. The rapid methods for binding free energy estimation are either empirical scoring 

approaches, which are based on a simple energy function,91,97,111,112 or knowledge-based scoring 

approaches, which are based on the frequency of occurrence of different atom-atom contact pairs in 

known structure complexes.95,96,111 The lack of structure sampling and explicit water treatment 

render this methods fast but not accurate.111 More accurate methods are based on molecular force-

fields and involve a structure ensemble of the system studied, which is generated by MD or by MC 

analysis techniques.111 Obviously this causes an increase in the accuracy but also in the calculation 

time-demand, since a large number of pair-wise interactions should be calculated. These procedures 

are mostly used in order to estimate relative free energy differences between two equilibrium states 

of interest, where the relative binding free energy is expressed as ΔG.111 For instance, estimation of 

the differences in the binding free energy between two similar ligands that bind the same receptor is 

one of the main applications of these techniques (figure 15).111 

 
Figure 15: Thermodynamic cycle for two ligands: L1 and L2 to receptor R. L+Rec refers to ligand 1 or ligand 2 in solution. While 

L_Rec refers to ligand 1 or ligand 2 bound to the protein. 
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This application refers to the thermodynamic cycle shown in figure 15111,113 which is used to 

evaluate the binding free energy between ligand L1 and ligand L2, that are able to bind the same 

receptor Rec. ΔG1 and ΔG2 are the corresponding binding free energies of L1 and L2; ΔG3 

corresponds to the free energy differences of the two ligands in solutions meanwhile ΔG4 is the free 

energy differences of the two ligands in complex with the protein. The relative binding affinity of 

L1 and L2 is the difference between ΔG2 and ΔG1, and it is written as ΔΔG. The free energy is a 

state function; it means that its value round the thermodynamic cycle must be zero77 so that the 

ΔΔG can be also written as difference between ΔG4 and ΔG3. 

 

€ 

ΔΔG = ΔG2 − ΔG1 = ΔG4 − ΔG3      (2.5) 

 

Nowadays the most accurate methods to evaluate binding free energies are free energy perturbation 

(FEP) and thermodynamic integration (TI). These methods calculate the binding free energy by 

decomposing the binary system (L+Rec → L_Rec) into several unphysical intermediate-

overlapping states through MD or MC simulations.77,111 Both technologies are not only time and 

computationally demanding, but their applicability expires if the examined molecules differ 

significantly from each other.111 Other methods have been developed, like molecular mechanics 

Poisson-Boltzmann surface area (MM-PBSA, described in the next paragraph)114 and linear 

interaction energy (LIE),115,116 which considers only the physical relevant state (thermodynamic 

cycle corners) and approximates the binding free energy by calculating the electrostatic and van der 

Waals contributions for the ligand surrounded by the solvent and the ligand surrounded by the 

protein. The estimation of non-polar contribution is carried out using an empirically derived 

parameter that scales the van der Waals contribution from the MD simulation.111,115,116 This results 

in a less computationally demanding technique, compared to FEP and TI, keeping a good 

agreement with the accuracy of the calculations. 

 

2.4.1 Molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) 
 

MM-PBSA method and its complementary molecular mechanics Generalized-Born surface area 

(MM-GBSA) method are based on the analysis of MD simulations using continuum solvent 

approach, deriving the free energy average of molecular complexes according to equation 2.6 (for 

more details see Appendix A): 
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€ 

〈G〉 = 〈EMM 〉 + 〈GPBSA 〉 −T〈SMM 〉    (2.6) 

 

Where 

€ 

〈EMM 〉  is the average molecular mechanics energy that includes the internal energies, the 

electrostatic contributions and the van der Waals energies obtained from molecular mechanic force 

field and evaluated with non-bonded cutoff. The 

€ 

〈GPBSA 〉  term is the average estimation of the 

nonpolar free energy contribution. This term is evaluated using the surface area and a numerical 

solution of Poisson-Boltzmann equation.117 The two terms together are usually obtained by 

averaging the most representative geometries from sampled MD trajectories of the system. Both 

terms combined approximate the enthalpy of the system when the simulations are performed at 

constant pressure and constant temperature (NTP, Gibbs binding free energy). The last term 

€ 

−T〈SMM 〉  refers to the solute entropy. This is obtained by the quasi-harmonic analysis of the 

trajectories or by normal mode analysis.118 If initially MM-PBSA approach was used for the 

evaluation of DNA and RNA fragments’ stability,118 nowadays, there are several examples where 

binding free energy calculation of protein-ligand complexes were carried out using MM-PBSA 

method through equation 2.7 (Appendix A).114,119,120 

 

€ 

ΔGBind = 〈Gcomplex 〉 − (〈Gprotein 〉 + 〈GLigand 〉)     (2.7) 

 

There are two available ways to calculate the binding free energy of protein-ligand complexes using 

MM-PBSA method. In the first case the terms for the complex, the protein, and the ligand based on 

separate trajectories are calculated using equation number 2.6 and subsequently, 

€ 

ΔGBind  might be 

calculated with equation 2.7. In the second case, 

€ 

ΔGBind  is calculated determining every single term 

in equation 2.7 based on snapshots from a trajectory of the complex only.111 The first pathway 

seems not to be useful in protein-ligand binding free energy calculations, since 

€ 

〈EMM 〉  term for the 

protein and the complex of the system requires a long computational time to converge. Another 

possibility to calculate the protein-ligand binding free energy using MM-PBSA method is by using 

a single trajectory approach. The latter case is considered only suitable when no important 

conformational changes occur in the protein structure during MD. 

The most difficult task to manage in the MM-PBSA technique is the accurate determination of 

entropy contribution, especially where significant conformational fluctuations occur. This problem 

opens two different scenarios. On one hand the possibility to omit the entropy contribution in case 

the binding free energy values are calculated for a series of ligand with similar size that bind a 
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common protein receptor.111,119,121 On the other hand this term becomes mandatory for a series of 

ligands with different structures and hence different degrees of freedom. 111,119,121 

 

2.4.2 Quantum-mechanics, molecular mechanics Poisson-Boltzmann surface area 

(QMMM-PBSA) 
 

In protein-ligand binding affinity, polarizations contributions and electronic contributions play an 

important role in processes like formation/cleavage of covalent bonds and fluctuation of charge 

during molecular dynamics.121 These contributions are often neglected using MD simulations with 

MM potentials. MM-PBSA and MM-GBSA are also neglecting these two important contributes 

during free energy calculations, especially in protein-ligand binding free energy calculations. In 

order to avoid this shortcome and increase the computational accuracy, several QM/MM models 

were carried out in recent years.121,122,123 Some studies showed better protein-ligand binding free 

energy results, using mixed quantum mechanic/molecular mechanic Poisson-Boltzmann surface 

area models (QM/MM-PBSA), according to equation 2.8 (Appendix A).121,124 

 

€ 

〈G〉 = 〈EQM /MM 〉 + 〈GPBSA 〉 −T〈SMM 〉     (2.8) 

 

The only difference to equation number 2.6 is the presence of a QM region in the term related to the 

potential energy of the system 

€ 

〈EQM /MM 〉 . This new term is calculated according to hybrid QM-

MM models  

 

€ 

EQM /MM = EQM + EMM + EQM /MM + Epol + Eboundaries  (2.9) 

 

Where 

€ 

EQM  and 

€ 

EMM  are the potential energies related to the QM and the MM region, 

respectively, while 

€ 

EQM /MM  is the potential energy at the interface between the two regions. The 

last two terms refer to the influence that one region has on the other one, 

€ 

Epol , and the potential 

energy derived from the boundaries conditions.  

Depending on the acceptable computational cost, a larger QM region might be chosen.124 Including 

some residues that interact with the ligand inside the QM region (from four to six angstrom around 

the ligand allocated inside the binding pocket), can give a better comprehension of the electronic 
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effects involved in the protein-ligand binding and of the polarization due to the residues present in 

the protein binding pocket.124 Sampling the system with MD simulations and using several 

snapshots is also allowed to estimate the binding free energy. One has to keep in mind that when 

sampling through a classical MD simulation each ligand would need to be properly parameterized, 

which is computationally costly.124 Another QM/MM-PBSA approach is to include only the ligand 

in the QM region, enabling the sampling of the protein and removing the mandatory 

parameterization of the ligand.121 Regarding the computational cost and the accuracy in the binding 

free energy calculations, QM/MM-PBSA method still has a considerable scope for improvement.  

 

2.6 In vitro assays for LSD1 demethylases activity 
 

In order to validate random or virtual screening results, in vitro testing are usually conducted, since 

they are easy to manage and allow high throughput. After that, ex vivo testing allows verifying the 

results in a cellular system, bringing them in a functional or phenotypic context and on the other 

hand, they allow avoiding systematic errors (bias) that can easily give false-positive results.125,126 

Here are described briefly the selected LSD1 in vitro assays conducted during this work. 

 

2.6.1 Peroxidase assay 
 

From the demethylation mechanism of LSD1 (figure 3) two low molecular weight products are 

generated which are suitable for quantification: hydrogen peroxide (H2O2) and formaldehyde. 

Horse radish peroxide (HRP) is an enzyme that oxidises one molecule of hydrogen peroxide into 

oxygen with a simultaneous reduction of co-substrate. Now, choosing a co-substrate able to change 

its spectral properties according to its oxidation/reduction form might be useful for the detection of 

the resulting product. Two co-substrate have been described for the measurement of LSD1 activity: 

4-aminoantipyrine and Amplex® Red.17 4-Aminoantipyrine (A) is oxidized in the process, and 

upon reacting with a phenolic compound it generates a quinone structure (C), which has its 

maximum wavelength absorption at 500 nm (figure 16).17 
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Figure 16: Peroxidae assay for LSD1 activity measurement using 4-aminoantipyrine and phenol as substrates of HRP. The 

enzymatic activity is measured through light absorption of the final quinone derivative. 

 

Amplex® Red (D) is the co-substrate selected for the peroxidase assay conducted in this work. This 

molecule in presence of HRP and hydrogen peroxide is converted to resorufin (E) a fluorescent 

agent that has excitation/emission (λex/ λem) maxima at 570/585 nm, representing the most 

sensitive less error-prone method (figure 17).127,128 

 
Figure 17: Peroxidae assay for LSD1 activity measurement using Amplex Red as substrate of HRP. The enzymatic activity is 

measured through fluoresce emission of the final product resorufin. 

 

For the assays details see Appendix A. 

 

2.6.2 Formaldehyde-dehydrogenase-dependent (FDH) assay 
 

Formaldehyde is the second low molecular weight product formed during the active mechanism of 

LSD1 enzyme. This product in presence of NAD+ is oxidized by formaldehyde dehydrogenase 

forming formic acid while the co-substrate NAD+ is converted to its reduced form NADH. Now, 

NADH differs from NAD+ in to its fluorescence spectrum, therefore the final reduced product 

(NADH) might be measured fluorometrically (λex = 330 nm, λem = 460 nm).129 
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2.6.3 Antibody based assay 
 

Another available approach to measure the LSD1 activity is using specific antibodies able to 

recognize the subtle difference between un-methylated and mono-methylated H3K4 peptide. Since 

LSD1 is also active on the C-terminal biotinylated H3K4me1 peptide (biot-H3K4me1) Perking 

Elmer Company took advantage of this feature to develop an AlphaLISA assay (figure 18).130 

Initially the biot-H3K4me0 is recognized and bound by a modified antibody carrying an acceptor 

bead. After that, the donor bead streptavidin is added to the system and binds the biotin structure in 

close proximity to the acceptor bead. Irradiating the system using light with a wavelength of 680 

nm causes the donor bead to release a singlet oxygen, which reacts with the acceptor bead causing it 

to emit light with wavelength of 615 nm. If there is no acceptor bead in close proximity, the singlet 

oxygen reacts very quickly, due to its short half-life and no emitted light is observed.130 

 
Figure 18: Mechanism of LSD1-AlphaLISA-assay developed by Perking Elmer Company. Picture adapted from Martin Leo 

Schmitt, Freiburg. 

 

Perkin Elmer company developed another antibody assay called time resolved-fluorescence 

resonance energy transfer assay (TR-FRET). In principle the assay is very similar to AlphaLISA 

assay and it works with the same antibody that is chelated to an europium atom, which behaves as 

the acceptor bead. Once again the fluorophore donor bead streptavidin is added to the system to 

bind the biotinylated peptide. Now irradiating the system with light causes europium atom 

excitation, which transmits the radiated energy to the nearby fluorophore that emits light with 

wavelenght of 665 nm.  

The most used antibody assay for the detection of LSD1 activity during the work was a modified 

dissociation-enhanced lanthanide fluorescent immunoassay (DELFIA®). The DELFIA® assay is a 

modified sandwich ELISA assay (enzyme-linked immunosorbent assay). Here the peptide substrate 

(H3K4Me1) is immobilized to a streptavidin coated microtiter plate and the reaction is started by 
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the addition of the enzyme (LSD1). Alternatively, the reaction can also be started by adding the 

enzyme to the unbound substrate (H3K4Me1), and after the demethylation reaction is finished the 

demethylated product (H3K4Me0) is immobilized to a streptavidin coated microtiter plate (figure 

19-B). Thereafter a modified antibody binds the modified substrate (H3K4Me0) exposing the 

fragment crystallizable region (Fc-region). This region now can be recognized by another antibody 

labelled with a chelating europium (Eu3+). Eu3+ is then released from the complex by means of an 

enhacement solution, and can be detected by time-resolved fluorescence (λEx: 340nm, λEm: 615 

nm).  

 
Figure 19: DELFIA assay design for a heterogeneous assay LSD1. A: The presence of an active inhibitor the enzyme reaction does 

not take place, thus there is no signal generated. B In case of inactive inhibitor the reaction takes place. The primary antibody 
recognize and bound the substrate fixed to the plate. Primary antibody Fc region is recognized by the secondary antibody and finally 

the europium dissolved out is detected. Picture adaped from Martin Leo Schmitt, Freiburg. 

 

For the assay details see Appendix A. 
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2.6.4 Mass-spectrometry (MS) assay  
 

This assay detects the occurrence of unmethylated H3K4 by measuring the mass of the molecule. 

Here the reaction mixture is embedded in a matrix. The molecules are ionized by matrix-associated 

laser desorption (MALDI) method and the mass of the molecules are determined repeatedly. Potent 

inhibitors of LSD1 result in a change of the H3K4me1/2 signals.37 
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RESULTS AND DISCUSSION        3 

 

3.1 Analysis of LSD1 crystal structures 
 

3.1.1 LSD1 crystal structures 
 

LSD1 X-ray crystal structure was resolved for the first time by Stavropoulos et al in 2006 (PDB: 

2H94) as ‘apo’ structure.18 Eventhough the X-ray crystal structure was obtained with low resolution 

(2.9 Å), it was possible to carry out LSD1 structural analysis. Today 22 LSD1 crystal structures are 

deposited in the protein databank (table 1). According to their co-crystallized ligands, the structures 

might be grouped as: apo-form crystal structures (I), crystal structures binding the N-terminal H3 

histone tail (II), and crystal structures binding covalent LSD1 inhibitors (III). There is no known 

three-dimensional structure showing LSD1 active pocket bound to non-covalent inhibitors. Here 

reported are the crystal structures deposited in the PDB. 

 
Table 1: list of LSD1 crystal structures. Authors, co-crystallized structures and crystal resolutions data are also reported. 

Group PDB code Resolution (Å) Co-crystallized structures References 

I 

2H94 2.90 // (Stavropoulos et al.)18 2006 

2IW5 2.57 CoREST (Yang et al.)24 2006 

2HKO 2.80 // (Chen et al.)131 2006 

2DW4 2.30 // (Mimasu et al.)132 2007 

II 

2UXN 2.72 

CoREST and 7 N-terminal H3 residues 

inside the active site, with K4 covalently 

bound to FAD cofactor.  

(Yang et al)133 2007 

2V1D 3.10 

CoREST and 16 N-terminal H3 residues 

inside the active site, with K4 mutated 

into M4. 

(Forneris et al)25 2007 

2X0L 3.00 

CoREST and 16 N-terminal H3 residues 

inside the active site, with K4 mutated 

into M4. 

(Zibetti et al)134 2010 

2Y48 3.00 
CoREST and 9 N-terminal H3 residues 

inside the active site, with K4 mutated 
(Baron R. et al)135 2011 
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into F4. 

3ZMU 3.20 Short peptide reversible inhibitor. (Tortorici M. et al)136 2013 

3ZMV 3.00 Short peptide reversible inhibitor. (Tortorici M. et al) 136 2013 

III 

2UXX 2.74 
CoREST and tPCPA covalently bound to 

FAD cofactor. 
(Yang et al)133 2007 

2Z3Y 2.25 
tPCPA covalently bound to FAD 

cofactor. 
(Mimasu et al)132 2008 

2EJR 2.70 
tPCPA covalently bound to FAD 

cofactor. 
(Mimasu et al)132 2008 

2Z5U 2.25 
tPCPA covalently bound to FAD 

cofactor. 
(Mimasu et al)132 2008 

2XAJ 3.30 
CoREST and tPCPA covalently bound to 

FAD cofactor. 
(Binda et al)41 2010 

2XAS 3.20 
CoREST and tPCPA analog covalently 

bound to FAD cofactor. 
(Binda et al)41 2010 

2XAF 3.25 
CoREST and tPCPA analog covalently 

bound to FAD cofactor. 
(Binda et al)41 2010 

2XAG 3.10 
CoREST and tPCPA analog covalently 

bound to FAD cofactor. 
(Binda et al)41 2010 

2XAH 3.10 
CoREST and tPCPA analog covalently 

bound to FAD cofactor. 
(Binda et al)41 2010 

2XAQ 3.20 
CoREST and tPCPA analog covalently 

bound to FAD cofactor. 
(Binda et al)41 2010 

3ABT 3.20 
Fluorine substituted tPCPA derivative 

covalently bound to the FAD cofactor. 
(Mimasu et al)62 2010 

3ABU 3.10 
Fluorine substituted tPCPA derivative 

covalently bound to the FAD cofactor. 
(Mimasu et al)62 2010 

 

3.1.2 Structural analysis 
 

All the crystals show a specific folding, characterized by three important domains (figure 20): 

1. Swi3p; Rsc8p; Moira (SWIRM) domain: in LSD1 the SWIRM domain, in contrast to the other 

DNA-binding SWIRM domains, does not show conserved residues.18 For this reason, it seems that 

in this case the SWIRM domain is not directly involved in DNA binding.18 

2. Amine oxidase domain (AOD), which hosts the catalytic site. Two different lobes form the 

catalytic site, the first one recognizes and binds the substrate, whereas the second one binds the 

flavin adenine dinucleotide (FAD) cofactor.18,24 The lobe assigned to recognize and bind substrates 
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might be divided into four major invaginations: A) Catalytic Chamber: in this pocket the 

isoalloxazine ring of the cofactor is embedded, the involved residues are: Val317, Gly330, Ala331, 

Met332, Val333, Asn535, Phe538, Leu659, Asn660, Lys661, Trp695, Ser749, Ser760 and Tyr761. 

Available mutagenesis data showed that mutation of Asn535 and Tyr761 causes an activity 

reduction of LSD1.30 These residues are important for positioning the cofactor and the lysine group 

of the substrate (N-terminal histone tail H3) in order to generate the optimal geometries for FAD 

nucleophilic attack.18 B) First side chain binding pocket: this site is next to the catalytic chamber 

and is formed by Val334, Thr335, Asn340, Met332, Tyr571, Thr810, Val811 and His812. C): 

Second side chain binding pocket: formed by Phe558, Glu559, Phe560, Asn8, Tyr807, Pro808.18 

D): Third side chain binding pocket: formed by Asn540, Leu547, Trp552, Asp553, Gln554, 

Asp555, Asp556, Ser762, Tyr763, Val764 and Tyr773.18 Here mutagenesis data demonstrated that 

mutation of Asn540, Asp555, Asp556 and Trp552 resulted in a reduction of LSD1 activity.30  

3. Tower domain: this domain is formed by two long α-helices and is a sort of “binding platform” 

for interaction proteins such as Co-Rest (that stabilizes and enhances LSD1).25,24,18,26 

 
Figure 20: LSD1 crystal structure (PDB code 2IW5). The enzyme is coloured according to the domains present in the structure. 

SWIRM domain is coloured pink, amine oxidase domain is coloured green while the tower domain is coloured orange. In the picture 
is also shown the LSD1 binding site in proximity of FAD cofactor. Residues belonging to LSD1 active cavities are coloured grey, 

while FAD cofactor is coloured white. 

 

From the crystal structures of LSD1 co-crystalized with histone H3 peptide (crystal structures that 

belong to group II in table 1), several interactions were described as important binding hotspots. In 

one of these peptides, encompassing the terminal 12 residues of H3, the exchange of Lys4 to a 

methionine resulted in a potent LSD1 inhibitor with a Ki of 0.05 µM.25 In general, the X-ray 

structures of the peptide-LSD1 complexes showed that the peptide adopts three consecutive γ-turns 
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resulting in a perfect fit to the binding pocket (figure 21). The analysis further revealed that only 

three residues of the histone tail can be hosted in the binding pocket (figure 21). Major 

contributions to the peptide binding are coming from ionic interaction of H3-Arg8 with Asp375, 

and hydrogen-bond interaction of H3-Arg8 with Glu379 and the backbone of Cys360 as well as the 

interaction of H3-Arg2 with Asp553 and Asp556 of LSD1 (figure 21).25,30,135 Regarding the crystal 

structures with a covalent inhibitor the first resolved structures showed the well-known MAO 

tranylcypromine (PCPA) inhibitor and its analogues.41,61,62 Eleven crystal structures with this class 

of inhibitors were solved within the last few years (table 1). It was observed that PCPA, which is a 

suicide inhibitor, does not interact strongly with the active site of LSD1. The phenyl ring of the 

FAD-tranylcypromine adduct makes only weak interactions with the methyl groups of Thr335 and 

Thr810. Interestingly, the co-crystallization of PCPA with LSD1 resulted in two different reaction 

adducts. In one complex, a five-membered ring linking C-4a and N-5 of FAD is formed. The other 

reaction product shows a 3-phenylpropanol substituent attached to the N-5 atom of FAD.132 

Increasing the size of the substituent at the phenyl ring of PCPA resulted in more bulky derivatives 

(PDB code 2XAS, figure 21) that could be co-crystallized with LSD1. The crystal structure shows 

that the “head” of the inhibitor is covalently attached to the FAD cofactor whereas the “tail” of the 

inhibitor fills the central part of the substrate-binding pocket. One of the aromatic rings present in 

the ligand is even facing out of the binding pocket. This shows that the fit between the inhibitor and 

LSD1 is far from being perfect.41 In order to fully understand the relevance of different binding 

modes and to design more active inhibitors, the resolution of new crystal structures with non-

covalent LSD1 inhibitors is still mandatory. 

 
Figure 21: A) Crystal structure of LSD1-histone H3 peptide complex (PDB code 2V1D). The co-crystalized substrate 

analogue contains a methionine instead of the methylated Lys4 of H3. The peptide side chains are displayed as orange 
sticks, whereas the FAD cofactor is shown in yellow. Only relevant amino acids are displayed. Amino acids of the 

histone peptide are labelled using single letter code. B) Crystal structure of LSD1 in complex with a covalently bound 
tranylcypromine derivative (PDB code 2XAS). The inhibitor is coloured orange whereas the cofactor is coloured cyan. 

The protein backbone is displayed as green ribbon and only relevant amino acids are shown. 
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3.1.3 LSD1 similarity search 
 

LSD1 is a flavin dependent amine oxidase enzyme and its FAD cofactor is the main actor in the 

active mechanism (Chapter 1). The first goal at the early stages of this work was to find sequence 

similarity between LSD1 and enzymes having FAD as cofactor (amine oxidase domains) in order to 

find differences and similarities among them. The general idea was to use the available structural 

and binding information of similar targets, especially those having AOD, and to apply them on 

LSD1 according to the paradigm “similar receptors bind similar ligands”137. 

Similarity studies taking into account only the residues belonging to the AOD were conducted by 

Forneris F. et al44 based on DALI search138 and demonstrated that LSD1 shows 26% sequence 

identity with maize polyamine oxidase enzyme (PAO) and yeast polyamine oxidase enzyme 

(FMS1). LSD1 showed also 20% sequence identity with human monoamine oxidase enzymes A 

and B (MAO-A and MAO-B),138 also 19% similarity with the fungal monoamine oxidase enzyme N 

(MAO-N) and L-amino acid oxidase enzyme (from Bothrops Jararaca venom, LAAO). 

 
Table 2: AOD of LSD1 similarity studies (adapted from Forneris F., et al.44) 

Protein AOD Similartiy Biological Function 

LSD1 // Chromatin folding regulation 

PAO 26% Metabolism of polyamines 

FMS1 26% Vitamin B5 biosynthesis 

MAO-A 20% Metabolism of neurotransmitters 

MAO-B 20% Metabolism of neurotransmitters 

MAO N 20% Metabolism of amine 

LAAO 20% Amino acids metabolism 

 

Despite similarities, LSD1 shows a binding pocket that is more than double the size observed for 

both MAO and PAO enzymes.44 While the volume of MAO-B pocket is around 637 Å3 and the 

cavity volume of PAO is 601 Å3, the volume of LSD1 binding pocket is more than 1700 Å3.44 This 

big active site renders the identification of putative binding mode of any small molecules inside 

LSD1 active pocket difficult.  

However, several residues and a water molecule are described as conserved residues among MAO, 

PAO and LSD1 active sites.44 A lysine residue (Lys661 in LSD1) is involved in the water molecule 

mediated binding of the FAD cofactor. This lysine residue has been demonstrated to be crucial 



Results and Discussion: Analysis of LSD1 crystal structures 

 38 

through mutagenesis data, causing the inactivation of LSD1 when replaced by an alanine residue.18 

It seems indeed, that this residue is involved in the catalytic reaction of LSD1, activating an oxygen 

atom and allowing the turnover of FAD from its reduced form into the oxidised form, producing 

hydrogen peroxide (Chapter 1).139 In amine oxidase domains there are two other conserved 

aromatic residues that together with the tricyclic isoalloxanizine ring of FAD generate the well-

known feature called “aromatic-cage”.140 MAO-B mutagenesis data has demonstrated that these 

residues might have a steric role in the substrate binding, and they might be also involved in 

increasing the nucleophilicity of the substrate amine moiety.44,141 In PAO, Phe403 and Tyr439 are 

the residues designed for this role, while in MAO-A, MAO-B and MAO-N there are two tyrosine 

residues forming with FAD the aromatic cage. In LSD1 only one residue is conserved (Tyr761) and 

it is still considered to be involved in the recognition of methylated Lys4 amino group.44 

Meanwhile, the other residue is replaced by Thr810, causing the loss of the “aromatic-cage” feature 

(figure 22). 

 
Figure 22: Active cavities of LSD1 (Left, PDB code 2DW4), MAO-B (Middle, PDB code 2C66) and PAO (Right, PDB code 

1B5Q). In yellow are shown the considered conserved residues and the cofactor is represented in green, cyan and purple respectively. 
The conserved water molecule involved in the active mechanism is shown as a red ball, while the interactions are showed as cyan 

dashed lines. 

 

3.1.4 Molecular dynamic simulations  
 

At the beginning of the work, two 42 nanoseconds (ns) long molecular dynamic simulations (MDs) 

of LSD1 without substrate, were carried out using 15 Å radius of explicit solvent around the 

protein. The first system was set including the whole tower domain, while most of the tower 

domain was removed in the second system (residues were removed from Asp425 to Asp518, figure 

23). These two simulations were carried out to understand the influence of the tower domain on the 

whole structure of LSD1.  
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In order to check the stability of the complexes and the differences among the systems in both MD 

simulations, system root mean square deviation (RMSD) values were calculated, compared to their 

respective initial structures. According to the obtained RMSD values, the protein carrying the TD 

appears to be much more flexible, due to the TD oscillations, than the system where the two alpha 

helices were removed. Visual inspection and RMSD calculations, considering only the residues 

involved in the AOD of LSD1, showed no grave structural differences between LSD1 with TD and 

LSD1 without TD during the MDs. The RMSD fluctuations’ average, comparing LSD1 without and 

with TD, jumps from 1.7 Å to 2.7 Å respectively (table 3). On the other hand there is a huge gap 

between the simulations with respect to the computational time. The 42 ns MD simulation using 

LSD1 structure without TD and with 15 Å radius explicit solvent around the protein requires almost 

92 hours using a GeForce GTX 580 with 3GB memory and 1.68 GHz frequency. Considering the 

same work conditions, LSD1 with TD requires almost 263 hours to reach the same MD length 

(table 3). In order to decrease the computational time, LSD1 protein was set without TD in all 

further molecular dynamics simulations. 

 
Figure 23: LSD1 crystal structure (PDB code 2V1D) used during the preliminary dynamics. A) LSD1 crystal structure without the 

TD. B) LSD1 crystal structure with the TD. 
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Table 3: 42 ns MD comparison of LSD1 set without and with the TD. 

 Number of 

Atoms 

RMSD 

AOD (Å) 

Standard Deviation 

AOD (Å) 

Computational 

Time (hours) 

LSD1 without TD (A) 86522 1.693 0.224 ~92  

LSD1 with TD (B) 268726 2.667 0.508 ~263 

 

In order to analyse the stability of LSD1 with its natural substrate and evaluate the main interactions 

between LSD1 active cavity and the N-terminal histone number three tail, several exhaustive 

molecular dynamics simulations were carried out using the crystal structure of LSD1 co-crystallized 

with the histone H3 peptide (15 residues) bound to enzyme’s active site (PDB code 2V1D). To 

assess the stability of the complexes in every MD simulation, systems root mean square deviation 

(RMSD) values were calculated, compared to their respective initial structures. The conserved 

water molecule interacting with FAD and Lys661 (figure 22) was extracted from 2DW4 crystal 

structure and added to the models. 

All simulations were done (PDB code 2V1D) without the TD (from Asp525 to Asp518 residues) 

allowing fast and relatively “light” simulations from the computational point of view. The mutated 

methionine number four present in the co-crystallized N-terminal histone H3 tail was unbound from 

the FAD cofactor, and mutated into a lysine residue (LSD1 natural substrate). Finally, four different 

MD simulations were carried out, according to the different methylation levels found at Lys4’ 

residue on histone tail number 3 (Lys4’, Lys4’-Me1, Lys4’-Me2, Lys4’-Me3). 

 

3.1.4.1 MD simulation of LSD1 complexed with the N-terminal histone tail and unmethylated 

Lys4’  

 

The first simulation was done with unmethylated Lys4’ side-chain. The RMSD plot shows that the 

protein reaches an equilibrium state after 5 nanoseconds (ns) and it oscillates around 2Å for the 

length of the MD (figure 24). Concerning the co-crystallized histone tail, the RMSD plot shows 

high RMSD value during the whole length of MD, due to the H3 tail C-terminal residues, which are 

partially exposed to the solvent. An RMSD plot calculated excluding the last three H3 tail C-

terminal residue, shows lower oscillations. The H3 tail reaches the steady state after 5 ns of 

simulation and it oscillates around 2Å (figure 24). 
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Figure 24: Root main square deviation (RMSD) plots representing LSD1 protein without TD (black trace) and H3 tail (red trace) 
during the MD with unmethylated H3-Lys4’. The plot on the right shows the RMSD values of H3 tail without considering the last 

three histone tail C-terminal residues oscillations. 

 
Table 4: RMSD values of the most stable residues belonging to the H3 tail co-crystallized in the 2V1D crystal structure. 

Structures RMSD average (Å) S.D. (Å) RMSD Min. (Å) RMSD Max. (Å) 

FAD 1.11 0.16 0.44 1.61 

H3-Ala1’ 1.82 0.43 0.32 3.23 

H3-Arg2’ 2.06 0.28 1.01 3,17 

H3-Thr3’ 2.02 0.29 0.99 3.15 

H3-Thr6’ 1.34 0.36 0.26 2.60 

H3-Lys4’ 1.24 0.23 0.37 2.11 

H3-Arg8’ 1.98 0.51 0.43 4.80 

H3-Lys9’ 2.48 0.35 0.57 3.55 

 

MD visual inspection revealed that LSD1 and the N-terminal H3 tail are very stable. RMSD values 

of the most involved residues of the histone tail calculated with respect to the initial structure were 

carried out (table 4). A hydrogen bond analysis on the trajectories obtained during the MD was also 

generated (table 5). A cut off distance of up to 3Å among the H-bond donor and the acceptor groups 

was used, while the bond angle cut off was set to 120° (default values from AMBER package83). 

The N-terminal residue H3-Ala1’ undergoes hydrogen bond interactions with Asn540 side-chain of 

LSD1 active pocket. H3-Arg2’ residue shows interactions with Asp556 side-chain and to a lesser 

extent Asp553 side-chain of LSD1. H3-Thr3’ side-chain forms hydrogen bond interaction with 

Asp555 side-chain during the entire MD simulation. Unmethylated Lys4’ forms hydrogen bond 

interaction with the backbone carboxyl group of Ala809 residue, while H3-Arg8’ side-chain 

interacts through ionic interaction with Asp375 side-chain, and also through hydrogen bond 
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interactions with Glu379 side-chain and the backbone of Cys360 residue (figure 25). This arginine 

residue H3-Arg8’ is strongly fixed in a highly negative electrostatic region of the LSD1 active 

cavity. 

 
Figure 25: Three frames from the MD run on unmethylated H3-Lys4’ N-terminal tail. The first frame (taken after the equilibration 

step) is coloured red, the second frame is taken after 16ns and is coloured white, while the third frame is taken after 40ns and is 
coloured blue. Only the initial LSD1 structure is shown and coloured grey. The most important residues of the tail and the enzyme 

are shown and coloured according to the respective MD frame. Amino acids belonging to the histone peptide are labelled using 
single letter code. 

 
Table 5: Hydrogen bonds occupancy (%) for the histone peptide residues involved in binding with LSD1 active cavity during the 

MD setting with unmethylated H3-Lys4’. 

Donor Acceptor Occupied Distance 

Asn540-OD1 Ala1’-N 97.14% 2.8 

Asp556-OD1 Arg2’-NH1 94.76% 2.8 

Asp556-OD2 Arg2’-NH1 34.29% 3.0 

Asp555-OD2 Thr3’-OG1 98.88% 2.7 

Ala809-O Lys4’-NZ 94.43% 2.9 

Asp375-OD1 Arg8’-NH1 52.44% 2.9 

Asp375-OD1 Arg8’-NH2 54.93% 2.9 

Asp375-OD2 Arg8’-NH1 56.42% 2.9 

Asp375-OD2 Arg8’-NH2 40.08% 3.0 
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Glu379-OE1 Arg8’-NH2 38.9% 2.8 

Cys360-O Arg8’-NH1 34.23% 2.9 

Cys360-O Arg8’-NH2 26.46% 2.9 

Cys360-O Arg8’-NE 48.51% 2.9 

 

3.1.4.2 MD simulation of LSD1 complexed with the N-terminal histone tail and mono-methylated 

Lys4’  

 

The second molecular dynamic simulation was done with monomethylated H3-Lys4’. The RMSD 

plot (figure 26 on the right side) shows that both protein and histone tail reach the equilibrium after 

5 ns of MD, as the previous run. Once the equilibrium is attained, LSD1 structure oscillates at 

around 2 Å for the whole MD. Also here large RMSD fluctuations of the histone peptide are due to 

the last three C-terminal histone tail residues that are partially exposed to the solvent (figure 26).  

 
Figure 26: LSD1 (black) and histone tail (red) RMSD plot, setting H3-Lys4’ as mono-methylated. On the right the RMSD is 

generated without the last three C-terminal histone tail residues. 

 

From the visual inspection more interactions than the previous MD simulation were noticed. Using 

the same setting as previously described, a hydrogen bond analysis was carried out (table 6).  

H3-Ala1’ forms a hydrogen bond interaction with the amide group of Gln554, besides the hydrogen 

bond interaction with Asn540 side-chain described before. H3-Arg2’ side-chain and H3-Thr3’ side-

chain undergo the same interactions previously described, while H3-Lys4’ still forms hydrogen 

bond interaction with the backbone of Ala809 residue despite the presence of a methyl group on the 

nitrogen atom of Lys4’. H3-Arg8’ side-chain as in the previous case, is well stabilized by Cys360, 

Asp375 and Glu379 amino acids. A new interaction was found: H3-Lys9’ side-chain interacts 

through hydrogen bond interaction with Glu559 side-chain due to the movements of the entire H3 

peptide (table 6). 
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Table 6: New hydrogen bonds occupancy (%) for the most involved histone peptide residues with LSD1 active cavity during the MD 
simulation of monomethylated H3-Lys4’. 

Donor Acceptor Occupied Distance 

Asn540-OD1 Ala1’-N 50.29% 2.8 

Gln554-OE1 Ala1’-N 85.36% 2.9 

Asp555-OD2 Thr3’-OG1 99.28% 2.7 

Asp555-OD1 Thr3’-OG1 35.85% 3.0 

Glu559-OE1 Lys9’-NZ 28.63% 2.9 

Glu559-OE2 Lys9’-NZ 28.21% 2.9 

 

3.1.4.3 MD simulation of LSD1 complexed with the N-terminal histone tail and di-methylated 

Lys4’  

 

In the third molecular dynamic simulation dimethylated H3-Lys4’ was studied. Like in the previous 

run, LSD1 reaches the equilibrium after 5 ns, meanwhile the histone peptide reaches the steady state 

only after 9 ns. Both maintain the equilibrium for the rest of the MD with an RMSD around 2.5 Å 

for LSD1 and 2 Å for the histone tail (figure 27).  

 
Figure 27: LSD1 (black) and histone tail (red) RMSD plot, setting H3-Lys4’ as di-methylated. On the right the RMSD is generated 

without the last three C-terminal histone tail residues. 

The RMSD plots show that both the protein and the histone peptide are less stable compared to the 

previous runs. However, visual inspection and hydrogen bond analysis using the same setting 

described before showed that the interactions visualized in the previous two MDs are conserved. 

Furthermore, new interactions between H3 tail and LSD1 active cavity were found (table 7).  

H3-Lys4’ side-chain forms interactions with the backbone of Ala809 and the side-chain of Thr810. 

H3-Thr6’ side-chain undergoes during this simulation interactions with the imidazole group of 
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His564 residue, and H3-Lys9’ side-chain strongly interacts through hydrogen bond with Glu559 

side-chain (table 7).  

 
Table 7: New hydrogen bonds occupancy (%) for the most involved histone peptide residues with LSD1 active cavity during the 

MD, setting H3-Lys4’ side-chain as dimethylated. 

Donor Acceptor Occupied Distance 

Ala809-O Lys4’-NZ 67.18% 3.0 

Thr810-OG1 Lys4’-NZ 45.64% 3.0 

His564-ND1 Thr6’-OG1 67.49% 3.0 

Glu559-OE2 Lys9’-NZ 64.34% 2.9 

Glu559-OE1 Lys9’-NZ 50.14% 2.9 

 

3.1.4.4 MD simulation of LSD1 complexed with the N-terminal histone tail and tri-methylated 

Lys4’ 

 

The last MD simulation was set with trimethylated H3-Lys4’. The RMSD plot clearly showed that 

the histone peptide reaches the steady state after 10 ns MD. Once the equilibrium is reached, the 

RMSD shows high oscillations around 4 Å. Beyond 30 ns the histone peptide RMSD jumps from 4 

Å to 6 Å (figure 28), indicating larger conformational changes of the histone tail.  

 
Figure 28: LSD1 (black) and histone tail (red) RMSD plot, with trimethylated H3-Lys4’. On the right the RMSD is generated 

without the last three C-terminal histone tail residues. 

Through visual inspection it was possible to explain the interactions of the histone tail. The side-

chain of the trimethylated H3-Lys4’ does not have enough space inside the catalytic chamber of 

LSD1, due to the bulky methyl groups covalently bound to the quaternary ammonium. Lys4’ 

projects its side-chain above the isoalloxazine ring of FAD causing the movement of the whole 
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histone tail backbone. Even if the interactions previously described are more or less conserved 

during the simulation, high differences occur regarding the amino acids belonging to the C-terminal 

histone tail. Here the residues that normally interact on LSD1 active cavity surface cannot reach the 

equilibrium, pulling the tail out of the LSD1 binding pocket, which is in agreement with the 

experimental data, which show no LSD1 activity on trimethylated H3-K4.142,22  

 

3.1.5 Discussion  
 

Despite the sequence similarity with MAO-A/B (20%) and PAO (26%) enzymes, LSD1 shows a 

binding pocket that is more than double the size of the other enzymes.44 Deep inside the active 

cavity in proximity of the FAD cofactor’s isoalloxazine ring there are three residues that are 

considered conserved among these structures.44 A lysine residue is involved in the catalytic 

mechanism of the enzyme,139 and two aromatic residues form together  with the isoalloxazine ring 

of FAD the so called “aromatic-cage”.140 LSD1 only partially displays the conserved aromatic 

feature, with a tyrosine residue (Tyr761) involved in the substrate recognition,44 while the second 

aromatic residue is replaced by  threonine (Thr810) in proximity of the isoalloxazine ring of the 

cofactor (figure 22).  

LSD1 crystal structure (PDB code 2V1D) was used to explore the interactions of the histone tail 

through multiple MD simulations. Four different methylation states of H3-Lys4’ side-chain (H3-

K4’; H3-K4Me; H3-K4’Me2; H3-K4’Me3) were studies as LSD1 natural substrates. As shown by 

the performed MDs, the stability of the histone tail inside the active cavity of LSD1 is dependent on 

the degree of methylation on the Lys4’ side-chain. 

Hydrogen bond analysis and exhaustive MDs visual inspection showed conserved interactions, 

between H3 tail and AOD of LSD1.  

The interactions found during the MD simulations, and the mutagenesis data available in 

literature24,30 confirmed the presence of some key-residues inside AOD of LSD1, which are crucial 

for the activity of the enzyme. The found key residues such as Cys360, Asp375, Glu379, Asn540, 

Gln554, Asp555, Asp556, His564, Tyr761, Ala809, and Thr810, might be helpful to further analyse 

and explain the putative binding modes of small LSD1 inhibitors. 
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3.2 Propargylamine derivatives 
 

In 2006 Culhane et al.143 discovered an oligopeptide by combining the inhibitory propargylamine 

group known from MAO inhibitors with the LSD1 substrate histone H3, which appeared to be a 

covalent modifier and thus irreversible inhibitor of LSD1 (figure 29). The found oligopeptide was 

used as a mechanistic tool in biochemical studies and is unlikely to have potential for drug 

development. In order to investigate the biological consequences of irreversible inhibition of LSD1, 

several inhibitors with different warheads (cyclopropylamines vs. propargylamines) were tested 

during this work.144 

 
Figure 29: First oligopeptide as irreversible inhibitor of LSD1 

 

Synthesis of lysine-mimicking small molecules, carrying the propargyl warhead and resembling the 

LSD1 natural substrate (H3K4), was the preliminary step in order to generate new LSD1 inhibitors. 

Four compounds (figure 30) were first synthesised and tested in a biochemical in vitro peroxidase 

assay (Chapter 2).  
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Compound 
IC50 ±	 SE [µM] or Inhib. @ conc. [µM] 

Peroxidase assay 

1a 143.6 ± 16.1 

1b 131.9 ± 15.7 

2a 26% @ 100 µM 

2b 42% @ 100 µM 
Figure 30: Lysine-mimicking small molecules as LSD1 inhibitors and their biological activity in a biochemical in-vitro peroxidase 

assay.  

 

After generating the first inhibitors which showed a potency around 100 µM (figure 30), new 

lysine-mimicking benzamide and anilide derivatives (4a and 4b figure 31) were generated by 

substituting the amino acid core of compounds 2a and 2b by aromatic rings. The LSD1 inhibition in 

vitro peroxidase assay showed that inhibitors of the anilide series were active in the micromolar 

range (figure 31). 

 

Compounds 
IC50 ±	 SE [µM] 

Peroxidase assay 

4a 184.2 ± 16 

4b 93.1 ± 12.8 
Figure 31: Anilide derivatives as LSD1 inhibitors and their biological activity in a biochemical in-vitro peroxidase assay. 
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3.2.1 Docking studies 
 

The molecular structures of all the compounds analysed in the present study were generated using 

the MOE 2011.10 modeling software.145 Initial ligand conformations were obtained from an energy 

minimization using the MMFF94x force field as implemented in MOE. The available crystal 

structures of LSD1 (Chapter 3.1) were used. For the subsequent docking studies, all water and 

ligand molecules were removed and all structures were protonated and minimized using the 

Amber99 force field. Docking studies were carried out to choose appropriate cap groups for lysine 

derivatives. Initially, the anilide derivatives (4a, 4b) and the lysine-mimicking derivatives (2a, 2b) 

were docked into the LSD1 substrate pocket. In the most favoured docking pose Tyr761 forms a 

hydrogen bond with the amine belonging to N-propargylamine warhead and the side chain of 

Asp555 interacts through a hydrogen bond with the amide nitrogen atom of the benzamide moiety 

(figure 32 and 33). The aromatic substituents form extensive hydrophobic and T-shaped aromatic 

interactions with Phe558, Phe560, Tyr807 and His812. The docking protocol was set keeping the 

warhead moiety (N-propargylamine group) constrained to the N5 nitrogen atom of the tricyclic 

isoalloxazine ring of FAD, according to the hypothesis of a covalent inhibitory mechanism.142,19 We 

used the Gold 4.187 docking program, GoldScore, and two LSD1 crystal structures (PDB code 

2XAS41 (figure 32 A-B) and 2DW4132 (figure 33 A-B)). 

 
Figure 32: Most favourable docking solutions of lysine-mimicking small molecules inside LSD1 crystal structure (PDB code: 

2XAS). The ligands are represented as yellow sticks (1a) and pink sticks (1b); respectively. FAD cofactor is shown as orange sticks 
and the most involved residues of LSD1 are shown as cyan sticks. Hydrogen atoms are omitted and hydrogen bond interactions are 

shown as grey dashed lines. 
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Figure 33: Most favourable docking solutions of the anilide derivatives inside LSD1 crystal structure (PDB code: 2DW4). The 

ligands are represented as light orange sticks (4a) and light green sticks (4b); respectively. FAD cofactor is shown as orange sticks 
and the most involved residues of LSD1 are shown as cyan sticks. Hydrogen atoms are omitted and hydrogen bond interactions are 

shown as grey dashed lines. 

 

3.2.2 Virtual screening 
 

In order to identify compounds for further in vitro testing, a substructure based virtual screening 

was conducted. The Enamine database comprising more than 750 000 compounds was chosen for 

this purpose and stored as an MOE database.145 Since the small molecule inhibitors of LSD1 

comprised tranylcypromine and analogues,41,55,61,62 two different moieties were selected for sub-

structure search query: the N-propargylamine and the tranylcypromine moiety (both cases with the 

protonated nitrogen atom). Four compounds were identified (figure 34) and purchased from 

Enamine supplier but only two compounds containing the propargylamine group showed an 

inhibitory activity on LSD1 enzyme (T5342129 (5a) and T5342128).  
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Figure 34: Substructure search protocol using the Enamine database and query compounds 

 

The 3-aryloxy-2-hydroxy-propylamine 5a with an N-propargyl group was identified as an LSD1 

inhibitor with a potency of 44.0 µM (figure 35) in a peroxidase assay and 34.4 µM in a 

formaldehyde dehydrogenase assay (Chapter 2, data of FDH assay not shown).144 

 

Compound 
IC50 ±	 SE [µM] or Inhib. @ conc [µM] 

Peroxidase assay 

5a 44.0 ± 2.2 

T5342128 50% @ 100 µM 
Figure 35: Active compounds obtained from virtual screening procedure, and their biological activity in a biochemical in-vitro 

peroxidase assay. 

 

The docking results showed that the N-propargylamine group of 5a is located near the reactive N5-

nitrogen atom of the FAD cofactor, according to the covalent inhibitor hypothesis (figure 36). The 

hydroxyl group and the amine form hydrogen bonds with the backbone of Ala809 and the side-

chain of Tyr761; respectively. The hydrophobic biaryl group interacts via van der Waals 

interactions with Phe560 and Tyr807. 

T5342129((5a) T5342128

Enamine(Db
~750000(Cmpds

T5342121T5271471
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Figure 36: Most favourable docking solution of the biphenyl derivative 5a obtained through virtual screening inside LSD1 crystal 

structure (PDB code: 2XAJ). The ligand is represented as white sticks. FAD cofactor is shown as orange sticks and the most 
involved residues of LSD1 are shown as cyan sticks. Hydrogen atoms are omitted while hydrogen bond interactions are shown as 

grey dashed lines. 

 

3.2.3 New propargylamine derivatives 
 

Using MOE suite,145 interaction possibilities inside the LSD1 active cavity were identified by 

calculating the hydrophobic contact preferences (figure 37). This step allowed understanding the 

preferred position of the hydrophobic ligand atoms using the 3D coordinates of LSD1 (figure 37).  

Through the visual inspection of the found binding mode it was possible to identify a further sub-

pocket formed by Phe560, Tyr807 and His812, able to host a bulkier lipophilic group than a 

biphenyl moiety (figure 37).  
 

 
Figure 37: A: Docking solutions of compound 4b and 5a inside LSD1 (PDB code 2DW4). The active pocket is shown as surface and 

coloured according the electrostatic potential (blue = positive potential, white = neutral potential, red = negative potential). B: 
Interaction possibilities at the binding pocket obtained by calculating the contact preference using the MOE software. The N-

propargylamine atoms were not considered in the calculation. The favourable hydrophobic interaction preferences are coloed green. 
Hydrogen atoms are omitted in both pictures. 
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In order to increase the LSD1 inhibition, four different series of compounds with bulky lipophilic 

aryl groups were synthesized as suggested by docking studies. The synthesis focused on annellated 

aryl and biaryl structures: 1-aryloxy-3-(prop-2-ynylamino)-propan-2-ols (5a-5r, for structures see 

Appendix B table 1),144 aza-analogues (6a-6b, for structures see Appendix B table 1)144 and 

cyclopropylamine warhead (from tranylcypromine) analogues (7a-7d, for structures see appendix B 

table 1)144. The most potent inhibitor, containing a 6-bromo-2-naphthyl-substituent and N-

methylation was found (5f) with a potency of 22.0 µM when tested in a peroxide assay (figure 38). 

Two potent inhibitors belonging to different series (4b and 5a) were also tested in a cellular assay, 

showing that the inhibitor is affecting the cells and increasing the levels of H3K4me2 (western blot 

analysis).144 

 
 

Compound 
IC50 ±	 SE [µM] 

Peroxidase assay 

5d 51.7 ± 2.4 

5e 92.2 ± 2.3 

5f 22.2 ± 2.1 

7c 111.4 ± 15.5 
Figure 38: Naphthyl derivatives as LSD1 inhibitor and their biological activity in a biochemical in-vitro hydrogen peroxide 

dependent assay. 

 

The synthesized compounds (5b-5r, 6a-6b and 7a-7d) were also docked to LSD1 using the same 

docking settings as previously described. The putative binding mode found for the most active 

compounds (5d, 5e, 5f and 7c) shows the N-propargylamine group (or N-cyclopropylgroup for 7c) 

located near the active nitrogen of the cofactor (N5) while the naphthyl moiety is located in a 
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hydrophobic cavity (figure 39). The hydroxyl and the amine groups of the compounds undergo 

hydrogen bond interactions with Ala809 and Tyr761; respectively. Meanwhile, the naphthyl rings 

shows van der Waals interactions with residues Glu559, Phe560 and Tyr807. The bromonaphthyl 

moiety of 5f fills the sub-pocket more deeply resulting in the best binding interaction and biological 

activity.  

 

 
Figure 39: Most favourable docking solution of the naphthyl derivatives inside LSD1 crystal structure. A: 5d inside 2UXN LSD1 
crystal structure. B: 5e inside 2UXN LSD1 crystal structure. C: 5f inside 2XAJ LSD1 crystal structure. D: 7c inside 2XAJ LSD1 

crystal structure. Ligands are represented as yellow, green, pink and purple sticks; respectively, while the FAD cofactor is shown as 
orange sticks. The most involved residues of LSD1 are shown as cyan sticks. Hydrogen atoms are omitted while hydrogen bond 

interactions are shown as grey dashed lines. 
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3.2.4 Discussion 
 

Synthesis of lysine-mimicking small molecules instead of oligopeptides, allowed developing new 

LSD1 covalent inhibitors active in the micromolar range in in vitro peroxidase assay.146 

The docking studies allocate the benzamide moiety of compounds 1a and 1b in the so-called 

“second side-chain binding pocket” (Chapter 3.1), and the tert-butyloxy group inside the “third 

side-chain binding pocket” (Chapter 3.1). This resulted in an important hydrogen bond interaction 

between the benzamide nitrogen atom and the negatively charged region (figure 32A) well-known 

as an important “hotspot” for the stabilization of H3K4 tail inside LSD1 pocket (Chapter 3.1). 

Compared to the first synthesized ligand (1a, 1b), replacement of the amino acid core by an anilide 

moiety (4a and 4b) did not decrease the activity, when tested for in vitro LSD1 inhibition. 

According to the binding mode found, compound 4a and 4b do not interact inside the “third side 

chain binding pocket” as compound 1a or 1b, but they interact using the anilide nitrogen atom with 

the electrostatically negative region present in the binding cavity (figure 37A).  

Structure-based virtual screening procedure using the Enamine database permitted the selection of 

two new active compounds (T5342129 (5a) and T5342128). The derivatives selected (figures 36) 

occupy the same region inside LSD1 binding pocket when compared to the previous docking 

studies. In contrast to the previously found binding mode, compound 5a does not form any 

hydrogen bond with Asp555, and it does not show any lipophilic moiety interacting inside the 

“third side chain binding pocket”. However, the ligand shows an IC50 value around 44 µM, which 

renders it the second most active LSD1 inhibitor of the studied dataset. Its activity is due to the 

presence of a hydroxyl group (generating two different enantiomers not separated during the 

biological testing) that interacts with the backbone of Ala809 (figure 36). This new interaction 

might allow a better positioning of the N-propargylamine group in order to reach the best geometry 

for the nucleophilic attack on the isoalloxazine (N5) of the cofactor.  

New compounds were synthesized considering the hydroxyl feature present in ligand 5a as an 

important hydrogen bond donor and taking into account the possibility to better fill the “second side 

chain binding pocket” in order to increase the shape complementarity. The compound bearing a 6-

bromo-2-naphtyl group and an N-propargylamine moiety (5f) allocates the bromine atom deep 

inside the “second side chain binding pocket” and proved to be the most active LSD1 inhibitor 

belonging to the propargylamine dataset. 
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3.3 Basic polyamino and guanidino derivatives 
 

The aim of this part of the work was to find new LSD1 inhibitors through exploiting the similarities 

of lysine demethylase enzyme with polyamine oxidase enzymes (PAOs).  

 

3.3.1 Docking studies  
 

Several reported guanidino65,70,71,72 and cyclic guanidino147 ZmPAO inhibitors were used for 

docking studies on LSD1.  

All the derivatives used in this study were generated and minimized (MMFF94x force field) using 

the MOE 2011.10 modelling software.145 The guanidine groups and the amine nitrogen atoms were 

protonated according to their pKb values, while all the crystal structures used were protonated with 

a specific module called “protonation 3D” implemented in MOE suite, and subsequently minimized 

using Amber99 force field.  

Guazatine (compound 17, figure 42) was co-crystallized with ZmPAO (PDB code 1H82148) and for 

this reason it was used as reference structure to derive the best docking setup able to reproduce the 

same binding mode of guazatine inside PAO enzyme. The docking setup obtained during the 

validation step was then used for the docking of the polyamine ligands. 

ZmPAO crystal structure shows specific interactions between guazatine and PAO ’30Å U-shaped’ 

binding pocket (figure 40 and 44).68 The flexibility of the co-crystallized ligand allows a perfect fit 

with the residues of the binding pocket (figure 44). The large entrance of the cavity shows a wide 

negative electrostatic potential formed by charged amino acids (Asp117, Glu120, Glu121, Glu124, 

Asp194 and Asp195)68 (figure 40). The guanidine groups present in guazatine interact with specific 

residues inside PAO’s tunnel. One guanidine moiety interacts through a cation-π interaction with 

the sidechain of Phe189 located close to the main entrance of the pocket, while the second 

guanidine moiety interacts through hydrogen bond with Asn405 and Asn437, which are located at 

the opposite region of the tunnel (figure 40). The central amine moiety of the ligand is positioned 

close to the cofactor and might interact through a hydrogen bond with the side-chain of Tyr298 

(figure 40). The considered conserved residues Tyr439 and Phe403 (Chapter 3.1) forming the 

“aromatic cage” located in the inner region of the ZmPAO cavity accommodate the aliphatic side-

chain of the guazatine ligand (figure 44). 
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Figure 40: 2D representations of guazatine inside ZmPAO crystal structure (PDB code 1H82). 

 

Gold 4.187 (goldscore as scoring function) and Glide90 (glidescore as scoring function) were 

validated using guazatine co-crystallized with 1H82 ZmPAO crystal structure. Both docking 

programs could allocate the ligand in the same position as shown in the original crystal structure, 

obtaining a root-mean-square-deviation (RMSD) value of 1.25Å with Gold and 1.35Å using Glide 

(table 8), when compared to the original crystal structure.  

 
Table 8: Scoring values and RMSD values of the docking softwares used during the validation step. 

Compound Glide (GlideScore) RMSD Glide (Å) Gold (GoldScore) RMSD Gold (Å) 

Guazatine -4.65 1.35 98.33 1.25 

 

After the validation step using PAO crystal structure, a docking study, using 24 guanidino65 and 5 

cyclic guanidino147 PAO inhibitors found in literature, was carried out using nine LSD1 crystal 

structures (PDB codes: 2DW4, 2EJR, 2H94, 2HKO, 2UXN, 2V1D, 2Z3Y, and 2Z5U). The setting 

of Gold (goldscore) and Glide (glidescore) obtained during the validation step was used for the 

LSD1 docking studies. The compounds were now selected according to their scoring values and 
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their capability to reproduce insede the pocket of LSD1, the same binding mode shown by 

guazatine inside the ZmPAO crystal structure (figure 41).  

 
Figure 41: Docking results of ligand 19 for LSD1 and ZmPAO crystal. The top ranked docking poses for the inhibitor are displayed 
showing that the compound can adopt different conformation. Ligand 19 occupies the same region of the active cavity inside LSD1 

and PAO. (PDB code of LSD1: 2UXN; PDB code of PAO: 1H82). 

 

Five compounds were selected and tested in an in vitro peroxidase assay using LSD1 as enzyme 

and H3K4me2 (aa 1-20) as natural substrate (figure 42). Three of them showed an inhibitory 

activity (compound 17, 23, and 22, table 9), while, one of them showed an inhibitory potency in the 

low micromolar range (compound 19, table 9). 

 
Figure 42: Compounds selected after the preliminary docking studies as potentially new inhibitors of LSD1. 
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Table 9: ZmPAO binding constant and LSD1 inhibition values for the five guanidine derivatives selected. 

Compound ZmPAO Ki [nM] 
LSD1 IC50 ±	 SE [µM] 

Peroxidase assay 

LSD1 % Inhibition @ conc [µM] 

Peroxidase assay 

17 7.5  39% @ 25.5 

19 0.08 12.3 ±	 2.2  

21 0.5 Inactive Inactive 

22 1.0  29% @ 28.3 

23 0.7  73% @ 28.8 

 

For LSD1 two putative binding modes were found for compound 19 (figure 43), 21, 22, and 

compound 23. However, the scoring functions used were not able to rank the compounds according 

to their experimental activity at LSD1 (table 10). 

 
Table 10: Docking studies results reveals two putative bindings. Scoring values are reported for every active inhibitor and for both 

putative binding modes. According to the scoring values it was not possible to decide which is the most probable binding mode. 

Compounds 
LSD1 (2DW4) PAO (1H82) 

Glidescore Goldscore Glidescore Goldscore 

17 -6.26 72.35 -4.65 98.33 

19 BM1 Not Found 75.00 Not Found 99.82 

19 BM2 -4.00 66.88 // // 

21 BM1 Not Found 76.41 -5.61 95.52 

21 BM2 -2.83 Not found // // 

22 BM1 -4.73 87.50 Not Found 99.69 

22 BM2 -4.35 61.94 // // 

23 BM1 -4.93 75.39 -5.82 94.06 

23 BM2 -4.02 64.93 // // 
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Figure 43: Binding mode hypothesis of the most active LSD1 inhibitor picked from the PAO inhibitor datasets present in literature. 

A: binding mode hypothesis one, ligand 19 is shown as yellow sticks, while FAD is shown as green sticks and the most involved 
residues of LSD1 are represented as sticks and coloured brown. The water molecule is shown as a red ball and H-bond interactions 

between ligand and LSD1 active cavity are shown as black dashed lines. B: binding mode hypothesis two, ligand 19 is shown as light 
blue sticks, FAD and the most involved residues of LSD1 are shown as green and brown sticks; respectively. The water molecule is 

shown as a red ball while the interactions involved in the binding mode are shown as black dashed lines. 

 

The hypothesized binding modes of the docked compounds show the same ligand-geometries that 

have been reported for the co-crystallized ligand guazatine in ZmPAO (figures 41 and 43). The 

main difference between the two proposed binding modes is the location of the terminal moiety (for 

instance cyclopropane for compound 19, figure 43).  

The first proposed binding mode shows the terminal moiety exposed to the surface of the cavity and 

the guanidine group is interacting through a hydrogen bond with the carbonyl of Gln358 (figure 

43A). The second guanidine group is interacting with the negatively charged Asp555 and Asp556 

side-chains, and through a hydrogen bond with Asn540 side-chain located deep inside in the active 

cavity. Whereas the second binding mode is showing the terminal moiety deeper inside in the 

cavity, more precisely in the “third side chain binding pocket” (Chapter 3.1). Here the positive 

charge of the guanidine moiety is stabilized by the negative charge of Asp555 side-chain, while the 

second guanidine group interacts with Glu379 and Asp375 side chains and with the backbone of 

Cys360 residue though salt interactions and hydrogen bonds; respectively (figure 43B). 

Binda and co-workers148 demonstrated that some of the basic poly-amino compounds (such as 

CHENS pm, figure 44) are able to covalently bind to the isoalloxazine ring of FAD in PAO (figure 

44). We did not exclude the possibility that all these poly-amino and guanidino derivatives found to 
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be active on LSD1 might show an irreversible binding mode according to the reaction leading to the 

formation of PAO-CHENS pm covalent adduct proposed by Binda et al (figure 45).148 

Based on the docking poses and their corresponding scores, no final decision can be made which 

binding hypothesis is more likely. Further biochemical studies are necessary to derive the real mode 

of action of this class of compounds. 

 
Figure 44: Top: CHEMS pm 2D structure. Bottom: PAO crystal structure superimposition (PDB code 1H82 and 1H84). Crystal 

structure 1H82 is dark green coloured, the considered conserved residues are shown as dark green sticks and named. Guazatine and 
FAD are shown as green sticks. Crystal structure 1H84 is coloured yellow and the considered conserved residues are shown as 

yellow sticks and labelled. CHEMS pm covalently bound to the FAD cofactor is shown as yellow sticks. 

 

 
Figure 45: Proposed reaction for the formation of PAO-CHEMSpm covalent adduct. Picture adapted from Binda et al.148 

 

 

 

H2O

CHEMS'pm

FAD
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3.3.2 Molecular Dynamics simulations 
 

To fully analyse the interactions of the inhibitors inside LSD1, two molecular dynamic simulations 

(22 nanoseconds) of the most active compound (19) were performed (Appendix A). In both 

simulations the tower domain of LSD1 enzyme was not included (Chapter 3.1). 

To assess the stability of the LSD1-polyamine complexes and evaluate the differences between the 

two binding hypotheses, the root mean square deviation (RMSD) values of the ligands, the proteins 

and the cofactors were generated and plotted compared to their initial structures respectively 

(figures 46 and 47).  

Concerning the first hypothesized binding mode, the ligand shows high flexibility during the 

simulation. The RMSD value fluctuates around ~5 Å in the first 10 ns of the MD afterwards it 

decreases to ~4.5 Å staying stable for the rest of the MD (figure 46). The RMSD values for the 

protein and the FAD cofactor are stable around ~2 Å and ~0.8  Å respectively, for the whole 

simulation (figure 46). The high RMSD value of the ligand is due to the rearrangement of the 

polyamine inside the cavity of LSD1. The terminal moiety with the cyclopropane loses the 

interaction with the backbone of Gln358 residue and the whole ligand moves more deeply inside the 

cavity (figure 46). While the second guanidine group keeps the interaction with Asp555 and 

Asp556 side-chain as found in the docking studies (figure 46). 

 
Figure 46: MD analysis of the first binding mode. The left side of the picture shows the RMSD value of the ligand (red) the protein 
(black) and the cofactor (green) during the simulation. On the right side of the pictures are superimposed three snapshots of the MD. 

Ligand 19 before the MD simulation is represented as yellow sticks. Compound 19 after 800ps and 20ns is shown as red and blue 
sticks; respectively. The most involved residues of LSD1 at 800ps and 20ns are shown as red and blue sticks; respectively. FAD 

cofactor is represented as one single structure and coloured black. 
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The second binding mode hypothesis still shows high ligand flexibility but the ligand is more stable 

inside the LSD1 cavity. The RMSD value increases to ~2.5 Å, remaining stable for the whole MD 

(figure 47). The RMSD values of the enzyme and the FAD cofactor are showing the same deviation 

as the previous simulation. The smaller RMSD value of the ligand is due to the stabilization of the 

LSD1-polyamine complex. The terminal moiety with the cyclopropane group is interacting for the 

whole MD with the “third side-chain binding pocket” (Chapter 3.1) with the guanidine group that is 

stabilized by the negatively charged Asp556 side chain. The second guanidine group interacts for 

the entire simulation with Asp375, Glu379 side chain and Cys360 backbone through salt 

interactions and hydrogen bonds, which is in accordance with the binding mode hypothesis (figure 

47).  

Considering the higher stability showed by the second proposed binding mode during the molecular 

dynamic, due to the lack of structure rearrangement, we argue that the second binding mode is the 

putative binding mode of compound 19 (and most probably its derivatives) inside LSD1 crystal 

structure.  

 
Figure 47: MD analysis of the second binding mode. The left side of the picture shows the RMSD value of the ligand (red) the 

protein (black) and the cofactor (green) during the simulation. On the right side of the pictures are superimposed three snapshots of 
the MD. Ligand 19 before the MD simulation is represented as light blue sticks. Compound 19 after 800ps and 20ns is shown as red 
and blue sticks; respectively. The most involved residues of LSD1 at 800ps and 20ns are shown as red and blue sticks; respectively. 

FAD cofactor is represented as one single structure and coloured black. 
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3.3.3 Multi-Step target-based virtual screening 
 

Both proposed binding modes showed one guanidine moiety well positioned nearby the charged 

residues (Asp556, Asp555). This observation was used as hypothesis for a virtual screening taking 

into account the position of this specific feature (figure 49).  

The multi-step virtual screening procedure was carried out using the ZINC Drug-Like database149 

with more than two million compounds. The first step was a database pre-filtering where only the 

compounds having a guanidine group were selected for the docking step. This allowed reducing the 

number of the compounds from 2184729 to 2660, considerably reducing the computational time 

required for the docking runs. The docking step was conducted on four minimized crystal structures 

of LSD1 (PDB codes: 2H94, 2UXN, 2V1D, 2Z3Y) showing an average RMSD value among them 

of 10.74 Å (all backbone atoms, figure 48). 

 
Figure 48: RMSD matrix of the LSD1 crystal structures used for the docking step during the stepwise virtual screening procedure. 

The values are calculated with MOE software after the optimization of the structures. 

 

Gold and Glide were the selected docking softwares while goldscore, glidescore and chemscore 

were the scoring functions used in order to rank the docked compounds. For every crystal structure 

and for every scoring function fifty top ranked compounds were selected. 150 compounds were 

selected for each LSD1 crystal structure. Only the same compounds picked up for each crystal 

structure and for each scoring functions were chosen for the next step. 26 compounds were obtained 

(12 from goldscore, 7 from glidescore and 7 from chemscore). For the selected compounds physico-

chemical properties were calculated: lipophility (logP), exposed surface to the solvent (TPSA), and 

lead-like properties. Compounds violating the Lipinski rules (Chapter 2) were discarded. The last 

step was a visual inspection of the compounds selected inside LSD1 pocket. 12 compounds were 
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selected (figure 50) and only three of them were commercially available (ZINC01607827, 

ZINC02149680, and ZINC01730680). At the end none of the compounds showed any activity on 

LSD1 in the peroxidase assay (Chapter 2).  

 
Figure 49: Schematic representation of the conducted multi-step virtual screening. 

 

 
Figure 50: Compound structures obtained after the virtual screening procedure. Highlighted are the purchased ones.  

 

ZINC04368315
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In order to understand the inactivity of compounds ZINC01607827, ZINC02149680 and 

ZINC01730680, the putative binding mode obtained though the virtual screening procedure was 

analysed (figure 51). 

 
Figure 51: Binding mode representation of the three derivatives, obtained from virtual screening, using LSD1 crystal structure (PDB 

code 2V1D). In picture A ZINC01607827 in B ZINC01730680 and in C ZINC02149680 are shown and they are represented as 
white, purple and orange sticks, respectively. The cofactor is represented as green sticks while the most involved residues of LSD1 

are named and showed as brown sticks. Interactions are shown as black dashed lines while the hydrogens are omitted. 

 

The derived binding mode showed for the three compounds an ionic interaction between the 

guanidine group and the side chain of Asp555. However, for all the derivatives the rest of the 

ligands structure is interacting mainly through hydrophobic interactions with the residues 

delimitating the cavity. Only ZINC01607827 can find a hydrogen bond interaction with Thr335 

(figure 51). All the molecules show a very flexible structure linked to an aromatic bulky moiety 

(benzyl group for ZINC01607827 or naphthyl group for ZINC02149680 and ZINC017330680) 

that in all the cases is projected into the region of the cavity most exposed to the solvent. The lack 
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of strong interactions between LSD1 and the bulky groups of the compounds, that show high 

flexibility, might be responsible for the inactivity. 

 

3.3.4 Discussion 
 

In order to identify new putative LSD1 inhibitors, PAO inhibitor datasets found in literature were 

used for docking studies. Five compounds were chosen and tested in peroxidase assay and one of 

them showed an inhibitory activity in the micromolar range (ligand 19). A putative binding mode 

was derived using molecular dynamic simulations of ligand 19 inside LSD1. From this binding 

mode, a specific feature namely a guanidine group was taken into consideration for a stepwise 

virtual screening (VS) procedure using the ZINC Drug Like database.149 From the VS procedure, 12 

putatively active inhibitors were selected: three of them were commercially available, and none of 

them showed inhibitory activity on LSD1. From the docking poses obtained (figure 51), it was clear 

that the lack of interactions between the bulky group of the ligand and the residues inside the cavity 

of LSD1 was the reason for their inactivity. For this reason increasing the shape complementarity 

and the interactions between the aromatic bulky region of the compounds and the active cavity of 

LSD1 might be useful to define further inhibitors for LSD1.  
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3.4 4H-chromen-4-one derivatives 
 

Since γ-pyrones derivatives have been demonstrated to be a novel class of reversible MAO-A and 

MAO-B inhibitors,150 a γ-pyrone library containing 705 compounds was biologically screened 

against LSD1 enzyme in a peroxidase assay.45,54 From the screening two compounds were 

identified: 3-chloro-6-nitro-2-(trifluoromethyl)-4H-chromen-4-one (named Namoline) and 3-

chloro-6-nitro-2-(pentafluoroethyl)-4H-chromen-4-one (figure 52). The second derivative inhibits 

the LSD1 demethylase activity with an IC50 of 250 µM, while Namoline inhibits the LSD1 activity 

with an IC50 of 51 µM.45 Both derivatives inhibit LSD1 enzyme in a reversible manner, and 

Namoline causes cellular changes in the histone methylation levels at a concentration more than 20 

µM in dose-dependent manner, indicating its inhibitory potential on LSD1 also in cell-based 

assays.45  

 
Figure 52: New non-covalent LSD1 inhibitors found through high throughput screening (HTS). 

 

In order to optimize the hit Namoline a chemical synthesis coupled with a similarity search was 

carried out. To identify in silico models able to describe the binding mode inside LSD1 enzyme and 

to differentiate between active and inactive inhibitors a structure-based modelling was carried out. 

Starting from the Namoline structure, an in silico similarity search screening was conducted. The 3-

chloro-2-(trifluoromethyl)-4H-chromen-4-one was selected as a substructure for similarity search 

using the ZINC database. Tanimoto similarity index was set from 60% up to 90% similarity, and a 

dataset of 26 compounds was obtained. Seven compounds were commercially available (figure 53). 

Three of them showed an inhibitory activity on LSD1 (35a, also named Shaolin; 32e; and 33e. For a 

complete name list, see Appendix B table 2) when tested in in vitro peroxidase assay (Chapter 2).  

 



Results and Discussion: 4H-chromen-4-one derivatives 

 70 

 
Figure 53: Commercially available Namoline analogues obtained by a similarity search. 

 

Through synthesis carried out by Prof. Jung’s group, 13 new compounds were generated and three 

of them were found to be active in the micromolar range when tested in the peroxidase assay (33k, 

33l, 33g table 11 and Appendix B table 2). A new chromane dataset formed by the so far obtained 

seven LSD1 active inhibitors (table 11) and 14 inactive compounds was generated (figure 53 and 

54, for a complete name list of the derivatives see Appendix B table 2). A mass spectrometry assay 

(data not shown) and an in vitro DELFIA® assay were also conducted for some of the compounds 

belonging to the dataset in order to confirm the activity of these new active inhibitors (table 11 and 

Appendix B table 2).  

 

35a 32e 32h

36 33e 32f

32g
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Figure 54: Dataset of six active and 14 inactive Namoline derivatives. Actives are highlighted. 

 
Table 11: IC50 values obtained by peroxide assay and DELFIA assay of the new non-covalent LSD1 active inhibitors. 

Compounds 
IC50 ± SE [µM] or Inhibition @ conc [µM] 

Peroxidase assay DELFIA assay 

Namoline 56.03 ± 1.62 3.80 ± 0.35 

33k 1.43 ± 0.41 44% @ 0.2 

33l 3.93 ± 0.57 0.413 

33g 7.06 ± 1.07 0.859 

33e 26.66 ± 3.90 1.98 ± 0.18 

Namoline,*13

33i 33h

33k 33l 33g 32c

32j 32i

32a 33j 34b 34a

33c 32h 32f 32g

36 32e 33e
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32e 24.55 ± 2.98 Inactive @ 20 

35a 2.47 ± 0.38 Inactive 

33i Inactive @ 50 // 

33h 25% @ 50 // 

 

DELFIA® assay confirmed the inhibitory activity for all the new active inhibitors except for 32e, 

which has been discarded from subsequent studies. Compound 33h has been also discarded from 

the subsequent studies since no IC50 value was determined. 

 

3.4.1 Structure-Based approach 
 

The aim of the structure-based approach was to generate a suitable model able to describe the 

binding mode of the active compounds inside LSD1 and then differentiate between active and 

inactive chromane derivatives. Docking studies and binding free energy calculation methods 

(Chapter 2) were the techniques used to reach this goal.  

 

3.4.1.1 Docking studies 

 

The molecular structures of all compounds analysed in the present study were generated using the 

MOE 2011.10 modelling software.145 Initial ligand conformations resulted from an energy 

minimization using the MMFF94x force field implemented in MOE. Two available crystal 

structures of LSD1 (PDB codes: 2DW4 and 2UXN) were chosen according to their co-crystallized 

ligand and to their crystal structure resolution (Chapter 3.1). For the subsequent docking studies all 

water and ligand molecules were removed except in crystal structure 2DW4, where the conserved 

water molecule (Chapter 3.1) was kept inside the LSD1 active cavity for the whole study. Then all 

the structures were protonated using the “protonation 3D module” implemented in MOE and 

minimized using the Amber99 force field. Two docking softwares were used: Gold87 and Glide90 

packages while the scoring functions selected were Goldscore87 and Glidescore90 standard precision 

(SP). Preliminary docking studies were conducted using three active compounds (Namoline, 33g 

and 33l). The best docking results, obtained with Gold, were analysed and the suitable poses inside 

the LSD1 active cavity were selected. Regarding Namoline , 35 different poses were selected using 

2UXN crystal structure and 17 poses were selected using 2DW4 crystal structure. Concerning 33l, 
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45 suitable poses inside 2UXN and 21 poses inside 2DW4 crystal structure were chosen. Whereas 

for 33g, 44 poses inside 2UXN and 27 suitable poses using 2DW4 crystal structure were selected 

(table 12). It was impossible to identify a common putative binding mode from the obtained 

docking poses, based only on their dockings cores.  

 
Table 12: Putative binding poses selected for three of the active inhibitors inside two LSD1 crystal structures. 

Compounds 2UXN 2DW4 

Namoline 35 poses 17 poses 

33l 45 poses 21 poses 

33g 44 poses 27 poses 

 

3.4.1.2 Binding free energy calculation studies 

 

Since the docking scores did not allow to find a common binding model, we decided to estimate the 

binding free energy values of the obtained docking poses (rescoring process), using MM-

PB(GB)SA and QM/MM-GBSA methods as described in chapter 2. AMBER 1183 was chosen, 

while a single trajectory approach, generated after a minimization step, was the setup selected for 

the whole study. 

These methods usually provide a more accurate description (taking into account a continuum 

solvent electrostatic to calculate the solvation free energy) of the ligand-protein interactions than the 

empirical Gold scoring function. In order to have a better discrimination among all the poses 

selected inside LSD1 crystal structures, two binding free energy calculation methods (MM-PBSA 

and MM-GBSA see Chapter 2) were applied for every ligand-crystal structure obtained from the 

docking studies. Taking into account also the nature of the active inhibitors, comprising two 

aromatic fused rings with a strong electron-withdrawing group in position number five or six or 

eight and several electron donor moieties; a strong role concerning the electrostatic energy of 

binding and the presence of polarizable effects during the interactions between chromane 

derivatives and LSD1 binding cavity was postulated. For these reasons a third protocol able to 

recognize small differences in the electrostatic profiles of the new active inhibitors (QM/MM-

GBSA method) was also considered.  

For all QM/MM-GBSA calculations only the ligand was chosen as quantum-mechanic region (QM 

region) of the system, and the semi-empirical potential Austin Model 1 (AM1)151 was selected. A 

semi-empirical potential with a small QM region (only the active ligand), roughly approximates the 
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binding free energy values, but on the other hand, it allows to drastically reduce the computational 

time of the rescoring calculations and permits to have a better discrimination among all the poses 

generated by the docking. 

At the end of the first rescoring step, five putative binding modes were selected using 2UXN crystal 

structure (table 13), while only three putative binding modes were selected using 2DW4 crystal 

structure (table 14). The selection of the putative binding modes was based on considering the 

enthalpy values calculated with QM/MM-GBSA method and the enthalpy values calculated with 

MM-PB(GB)SA methods.  

 
Table 13: Putative binding mode selection using 2UXN crystal structure, after MM-PBSA, MM-GBSA and QM/MM-GBSA binding 

free energy rescoring. ΔHtot is the enthalpy value of the binding calculated for every method. 

BM Compound 
GoldScore 

(Gold Ranking) 

∆Htot 
(MM-GBSA) 

∆Htot 

(MM-PBSA) 

∆Htot 

(QM/MM-GBSA) 

 Namoline 31.25 (16) -20.28 -10.26 -24.92 

1 33g 34.56 (08) -22.48 -9.60 -26.28 

 33l 34.68 (06) -24.53 -15.82 -34.15 

 Namoline 33.82 (05) -28.54 -15.72 -31.55 

2 33g 31.72 (04) -25.40 -12.29 -27.60 

 33l 39.46 (01) -27.29 -14.12 -28.26 

 Namoline 33.84 (04) -20.12 -11.32 -18.97 

3 33g 40.81 (01) -27.32 -18.07 -36.78 

 33l 37.58 (04) -25.26 -14.62 -32.78 

 Namoline 31.13 (18) -18.30 -9.90 -21.51 

4 33g 31.25 (34) -25.96 -11.15 -28.72 

 33l 31.19 (30) -21.59 -11.75 -24.43 

 Namoline 32.02 (12) -15.33 -6.65 -20.97 

5 33g 33.34 (18) -21.75 -15.73 -28.09 

 33l 34.17 (09) -18.23 -7.15 -26.59 
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Table 14: Putative binding mode selection using 2DW4 crystal structure, after MM-PBSA, MM-GBSA and QM/MM-GBSA binding 
free energy rescoring. ΔHtot is the enthalpy value of the binding calculated for every method. 

BM Compound 
GoldScore 

(Gold Ranking) 
∆Htot 

(MM-GBSA) 

∆Htot 

(MM-PBSA) 

∆Htot 

(QM/MM-GBSA) 

 Namoline 29.75 (15) -21.77 -12.12 -23.61 

1 33g 35.07 (12) -22.05 -15.85 -26.57 

 33l 34.77 (11) -21.19 -15.57 -25.36 

 Namoline 43.94 (01) -26.33 -21.28 -30.02 

2 33g 42.42 (01) -25.80 -20.45 -30.25 

 33l 44.14 (01) -26.59 -19.90 -29.84 

 Namoline 34.21 (08) -21.93 -8.23 -22.51 

3 33g 37.27 (05) -25.77 -8.43 -26.16 

 33l 38.62 (03) -24.57 -10.38 -28.55 

 

Based on the in vitro data of the peroxidase assay a training set, formed by four active inhibitors 

(33l, 33g, 33k, and Namoline) and seven inactive compounds (32i, 32j, 32h, 32c, 32a, 34b, and 

33j) was picked up. The selected compounds were docked inside LSD1 crystal structures (PDB 

codes: 2UXN and 2DW4). Then the MM-PB(GB)SA and QM/MM-GBSA protocols previously 

described were applied generating the binding free energy value for all the compounds belonging to 

the training set, according to the binding modes found (table 13 and 14). 

In order to increase the accuracy of QM/MM-GBSA calculations, an increased QM region, taking 

into account the ligand and the residues within 4.5 Å around it, was selected for all the calculations. 

Through this approach we could hypothesize a reasonable binding mode, able to distinguish 

between active and inactive compounds, inside LSD1 (table 15). 

The binding free energy values obtained with the previously described three methods (MM-

PB(GB)SA and QM/MM-GBSA) for the compounds belonging to the training set using the five 

selected putative binding modes inside 2UXN crystal structure did not show any discrimination 

between active and inactive inhibitors (data not shown). On the other hand, the binding mode 

hypothesis 1 inside 2DW4 crystal structure (table 14) showed discrimination between active and 

inactive inhibitors using QM/MM-GBSA rescoring method (table 15). For this reason this 

hypothesis was selected as putative binding mode of the new chromane derivatives (figure 55). 
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Figure 55: Superposition of three active compounds inside LSD1 crystal structure (PDB code: 2DW4), according to the putative 
binding mode. Namoline is represented as white sticks, 33g is shown as yellow sticks, 33l is represented as pink sticks. The most 
involved residues are named with three letters code and shown as green sticks, while FAD cofactor is represented as orange sticks. 

The water molecule is represented as red ball while the main interactions are shown as black dashed lines. Hydrogen atoms are 
omitted. 

 
Table 15: Final hypothesized binding mode. Enthalpy contributions were obtained by MM-PBSA, MM-GBSA and QM/MM-GBSA 
(considering all the residues within 4.5 Å around the ligand as QM region) of the chromane training set (pdb code 2DW4). ΔHtot is 

the enthalpy value of binding for every method. In addition the Goldscore is shown. Actives are listed as the first four compounds in 
the table.  

Compound 
GoldScore 

(Gold Ranking) 
∆Htot 

(MM-GBSA) 
∆Htot 

(MM-PBSA) 
∆Htot 

(QM/MM-GBSA) 

Namoline 29.75 -21.77 -12.12 -0.59 

33g 35.07 -22.05 -15.85 -4.62 

33l 34.77 -21.19 -15.57 -3.50 

33k 31.61 -21.03 -10.15 -2.34 

32a 33.28 -20.42 -9.20 2.60 

32i 33.77 -19.12 -10.07 0.27 

32c 30.95 -16.21 -8.75 4.11 

32j 35.14 -19.16 -10.83 -0.90 

32h 36.15 -21.82 -16.08 0.63 

34b 35.84 -21.89 -15.07 -1.80 

33j 33.41 -23.43 -17.19 0.05 

 

The binding mode shows the chromane ring allocated directly in front of the FAD cofactor 

isoalloxazine ring (figure 55). Here the carbonyl group present in the chromane structure interacts 

through a hydrogen bond with the water molecule present in the crystal structure. The other 
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residues delimiting the binding area (His564, Thr335, Val333, Ile356, and Tyr761) interact through 

hydrophobic and electrostatic interactions (figure 55). The calculated enthalpy obtained with 

QM/MM-GBSA calculations showed favourable energy values for all the active inhibitors while it 

rescored the inactive compounds with unfavourable energy values except for compound 32j and 

compound 34b (table 15).  

 

The last stage of the study was to rescore the docking poses of the entire dataset using the QM/MM-

GBSA method. Two main QM/MM-GBSA settings were used in this step. In the first case the QM 

region included the ligand and all the residues within 4.5 Å around it as calculated for the training 

set (data not shown), meanwhile in the second case the calculations were carried out considering the 

ligand and all the residues within 6 Å around the ligand as QM region (table 16). This allowed 

increasing the accuracy of the binding free energy estimation even if it slowed down the calculation 

time for every complex (the time needed for the generation of binding free energy was about 15 

minutes per complex). The AM1 pseudo potential was selected for the rescoring of all complexes 

(figure 56). 

 
Figure 56: Residues selected as QM region during the QM/MM-GBSA calculations. The residues located up to 4.5 Å around 

namoline are shown as orange sticks and named using one letter code (orange). The residues located up to 6 Å around namoline are 
shown as green sticks and named using one letter code in green. Namoline is shown as white sticks, FAD as black sticks, while the 

water molecule is shown as red ball. 
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Table 16: Energy contributions to the free energy of binding of the whole chromane dataset inside LSD1 crystal structure (PDB code 
2DW4) using QM/MM-GBSA rescoring method (6 Å around the ligand as QM region) ΔEvdw are the van der Waals energies of 

binding; ΔGsolv are the contributions of the solvation free energy; ESCF are the self-consistent field method energies obtained from 
the QM region of the system; ΔHtot are the enthalpy values of the binding, while ΔGcalc are the binding free energy values taking into 

account enthalpy and entropy contributions. Bonds are the number of rotatable bonds present in the ligand structure. 

Compounds ∆Evdw ESCF ∆Gsolv ∆Htot Bonds ∆Gcalc IC50 [µM] 

Namoline -10.85 -7.42 20.65 2.38 0 2.38 51 

33g -9.28 3.99 3.52 -1.80 1 -2.80 7.06 ± 1.07 

33l -9.65 6.44 2.78 -0.46 1 -1.46 3.93 ± 0.57 

33k -8.01 1.20 7.77 0.94 1 -1.94 1.43 ± 0.41 

33e -10.94 -11.08 24.99 2.97 1 1.97 26.66 ± 3.90 

32a -10.02 -0.44 16.14 5.65 0 5.65 Inactive 

32i -8.73 15.03 -2.86 3.45 0 3.45 Inactive 

32c -6.63 -8.64 22.69 7.39 1 6.39 Inactive 

32j -8.31 9.20 1.01 1.90 1 0.90 Inactive 

32h -10.28 -13.07 26.90 3.55 1 2.55 Inactive 

34b -9.05 -14.10 24.49 1.40 1 0.40 Inactive 

33j -10.73 -18.49 32.30 3.11 1 2.11 Inactive 

33c -8.52 -4.24 14.48 1.69 1 0.69 Inactive 

34a -9.30 -14.95 26.49 2.18 1 1.18 Inactive 

33i -9.64 -20.68 28.82 -1.49 1 -2.49 Inactive 

32f -7.21 -18.45 31.94 6.29 0 6.29 Inactive 

36 -10.14 0.01 15.48 5.41 1 4.41 Inactive 

32g -7.74 -22.81 37.07 6.51 1 5.51 Inactive 

 

After the ∆Htot was calculated for each LSD1-ligand complex, the binding free energy values 

(∆Gcalc) were also approximated taking into account the entropy (T∆S) data. As reported in 

literature there is a linear correlation between the entropy values and the number of rotatable bonds 

present in a ligand structure.124 Several authors also argued that including the entropy values 

approximated from the number of the ligand rotatable bonds might increase the correlation between 

the approximated binding free energy value calculated and the experimental activity data.124,152,153 

For this reason we decided to approximate the entropy value from the number of rotatable bonds 

present in each active inhibitor structure (1 kcal/mol for 1 rotatable bond).124  
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Summing then the enthalpy values (∆H) and the approximated entropy values (T∆S) we could 

estimate the binding free energy for every LSD1-chromane derivative complex (∆G, Chapter 2), 

with a reasonable computational time.  

 

3.4.1.3 QM/MM-GBSA model and new putative in silico generated LSD1 inhibitors activity 

prediction. 

 

Through structure-based approach several descriptive models were generated according to the 

binding mode selected. The binding free energy values obtained for every model (MM-PB(GB)SA 

and QM/MM-GBSA) were correlated to the activity values in order to check the quality of the 

models obtained. It is important to note that since in vitro assay data are used instead of 

thermodynamic values (as by calorimetric studies), the correlation of the binding free energies with 

the activity values is in any case an approximation. However neither MM-PBSA nor MM-GBSA 

model were able to rank the new inhibitors according to their in vitro activity. Both models indeed 

rescore all compounds with favourable binding free energies. For example, the ∆Gcalc values 

calculated with the MM-PBSA approach for the active compounds lie between -11.15 Kcal/mol (for 

33k) and -16.85 Kcal/mol (for 33g). Concerning the inactive compounds the ∆Gcalc values range 

from -9.20 Kcal/mol (for 32a) to -19.97 Kcal/mol (for 33i). Active and inactive inhibitors are 

ranked in the same range of values, and so no differentiation was achieved between active and 

inactive compounds. 

 

The energy data obtained from the QM/MM-GBSA model was also examined. The generated 

model can roughly discriminate active and inactive inhibitors (figure 57 and table 16), even if it is 

not ranking the compounds according to their experimental activity (there is no correlation between 

experimental data and in silico binding free energy). 
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Figure 57: Correlation between the binding free energy values obtained by QM/MM-GBSA method and the activity data. Active 

inhibitors are represented as green dots, while inactive inhibitors are represented as blue dots. Namoline and 33e are represented as 
yellow dots, and compound 33i is represented as red dot. pIC50 is the negative logarithm form of the IC50 normalized to the ligand 

IC50 (pIC50 = -log10(IC50*10-6)). 

 

The active inhibitors show ∆Gcalc values ranging from -2.80 Kcal/mol (33g) to 2.38 Kcal/mol 

(Namoline), while the inactives’ ∆Gcalc values are from -2.49 Kcal/mol (33i) to 6.39 Kcal/mol 

(32c). The model obtained is able to discriminate between highly active and inactive compounds 

giving them an unfavourable binding free energy value (all the energy scores are included from zero 

to positive values) except for 33i that shows negative ∆Gcalc (-2.49 Kcal/mol). The negative binding 

free energy of 33i is mainly due to a hydrogen bond interaction between the amine moiety present 

in compound 33i and the backbone of Ala809 residue present in the active cavity of LSD1 (figure 

55) which increases the enthalpy of binding. Concerning the active compounds, the model 

generated cannot properly classify Namoline and 33e active inhibitors with an IC50 of 51 and 26.66 

µM; respectively.  

 

In order to investigate the binding role of the nitro group at the chromane scaffold and in order to 

understand the role of the polarizable effects inside LSD1 active cavity, new proposals for 

Namoline analogues were generated in silico (figure 58), docked inside LSD1 active cavity 

according to the selected putative binding mode, and their binding free energies were calculated 

using the selected QM/MM-GBSA rescoring model. 
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Figure 58: Proposal for novel LSD1 inhibitors. 

 

The generated structures showed a common 3-chloro-8-nitro-2-(difluoromethyl)-4H-chromen-4-one 

scaffold, like the most active inhibitors present in the dataset (with different electron withdrawing 

or electron donor groups in position 6 of the chromane scaffold) except for compound 01 which is 

unsubstitued at position six. 

 
Table 17: Binding free energies of the in silico generated putative LSD1 inhibitors using QM/MM-GBSA rescoring method (6 Å 

around the ligand as QM region). ΔEvdw are the van der Waals energies of binding; ΔGsolv are the contributions of the solvation free 
energy; ESCF are the self-consistent field method energies obtained from the QM region of the system; ΔHtot are the enthalpy values 
of the binding, while ΔGcalc are the binding free energy values taking into account enthalpy and entropy contributions. Bonds are the 

number of rotatable bonds present in the ligand structure. 

Compounds ∆Evdw ESCF ∆Gsolv ∆Htot Bonds ∆Gcalc 

01 -9.77 -0.72 10.28 -0.17 1 -1.17 

03 -10.90 4.13 8.81 2.01 1 1.01 

04 -9.51 8.18 0.88 -0.44 2 -2.44 

06 -9.48 4.33 5.20 0.10 2 -1.90 

07 -7.40 3.43 4.54 0.57 3 -2.43 

08 -9.28 11.84 -2.88 -0.38 2 -2.38 

09 -9.57 11.53 -0.67 1.20 1 0.20 

 

The calculated ∆Gcalc values were favourable for all the new in silico-generated compounds except 

for compound number 03 and compound number 09. This indicates that compounds bearing a 
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strong electron withdrawing groups like nitro and trifluoromethyl in position 6 of the 3-chloro-8-

nitro-2-(difluoromethyl)-4H-chromen-4-one scaffold might be not active as inhibitors on LSD1. 

While compounds with a strong or medium electron donor in position six (compounds 04, 06, 07, 

08) might result as new LSD1 active inhibitors. Moreover, compound 01 also showed a favourable 

∆Gcalc value indicating a putative inhibition on LSD1.  

 

3.4.2 Structure activity relationships (SAR) of chromane derivatives 
 

According to the models generated by the structure-based approach we were able to describe some 

preliminary SAR of the new LSD1 non-covalent chromane inhibitors.  

In position number two of the chromane scaffold a difluoromethyl group (33e, 33g, 33k and 33l) is 

more favourable than a trifluoromethyl (Namoline) or a monofluoromethyl (33j). While in position 

number three the chlorine group is preferred (Namoline, 33e, 33g, 33k and 33l) to a hydrogen atom 

(32a, 32h, 32i, and 32j). At position number six of the chromane scaffold a nitro group is a more 

favourable substitution (Namoline) than the corresponding compound without nitro group (33c). 

With the concomitant presence of a nitro group in position number eight of the chromane scaffold 

(33g, 33l and 33k), in position number six a hydrogen atom is more favourable (33k) than a bulky 

weak electron donor as a methyl (33l) or a bulky weak electron withdrawing group as a chlorine 

(33g). Again an amino group in position number eight with a concomitant presence of an electron 

donor as a methyl group in position number six (33h) and an amino group in position number six 

with a concomitant presence of a hydrogen atom in position number eight (33i) indicates inactivity 

for LSD1 inhibition. 
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3.4.3 Discussion 
 

Through the combination of computational methods and experimental in vitro testing five new non-

covalent chromane scaffold inhibitors active in the micromolar range were found. 

In order to obtain more information about the LSD1-ligand complex binding affinity Gold and 

Glide docking solutions were rescored by three main binding free energy calculation methods 

(MM-PBSA, MM-GBSA and QM/MM-GBSA), based on a single protein-ligand complex 

trajectory obtained after minimization. The mixed quantum mechanics/molecular mechanics 

method (QM/MM-GBSA) generated the most reliable structure-based model, since it takes into 

account polarizable effects, providing a putative binding mode able to discriminate between active 

and inactive compounds inside LSD1 active cavity.  

Nine putatively active non-covalent chromane-scaffold-based LSD1 inhibitors were generated in 

silico and the calculated binding free energy values according to the generated model showed 

favourable energy scores for most of them. 

However, one should keep in mind that QM/MM-GBSA score is not the absolute binding free 

energy value and it should not be used as a quantitative value because the method definitely 

depends on the initial docking pose, on the dataset and on the setting parameters chosen (force 

fields, dimensions QM region and MM region, etc.). 

Here was showed that for the chromane inhibitors a structure-based approach might result partially 

reliable approach. However the model is not validated yet and the characterization of new LSD1 

inhibitors chromane-scaffold based is still mandatory in order to improve the reliability and 

predictively of the model. 
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3.5 Coumarine derivatives  
 

Coumarine derivatives are well-known MAOs inhibitors.154 In this chapter a similarity screening 

approach is proposed in order to find new putative LSD1 inhibitors based on a coumarine scaffold.  

 

3.5.1 Preliminary similarity search  
 

A coumarine derivative (HR47) has been synthetized in Prof Jung’s group and showed micromolar 

inhibitory activity on LSD1 (table 18) when tested in an in vitro peroxidase assay (Chapter 2). A 

similarity search procedure using HR47 as query structure, MACCS fingerprints and the 

Chembridge database155 was carried out. 19 molecules were selected (Tanimoto coefficient 0.80) 

and purchased (for a complete list of the purchased compounds see Appendix B table 4). Three of 

them showed an inhibitory activity in the low micromolar range when tested on LSD1 in the in vitro 

peroxidase assay (figure 59, table 18, and Appendix B table 4 for the complete list). 

 
Figure 59: identified Coumarine derivatives showing inhibitory activity at LSD1. 

 
Table 18: in vitro peroxidase assay activity data of the new coumarine-scaffold based LSD1 inhibitors. 

Compounds 
IC50 ± SE [µM] or Inhibition @ conc [µM] 

Peroxidase Assay 

HR47 90% @ 50 µM 

CB5325408 ~ 5 µM 

CB6670945 100% @ 50 µM 

CB7785969 ~ 3 µM 
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3.5.2 Docking studies  
 

The available crystal structures of LSD1 with PDB code 2DW4132 and 2UXN133 were chosen for 

the docking studies. For the subsequent docking studies, only the protein and one conserved water 

molecule were retained. The protein structures were protonated using the “protonation 3D module” 

implemented in MOE and minimized using the Amber99 force field. Two docking software were 

used: Gold87 and Glide90 while Goldscore87 and Glidescore90 were selected as scoring functions. 

The new coumarine derivatives were also docked to MAO-B. The preliminary cross-docking step 

using the co-crystallized MAO-B non-covalent inhibitors (PDB structure 1OJA,156 2V60157 and 

2V61157) allowed to choose the best docking setting to use for the docking of the obtained 

coumarine inhibitors. Cross-docking studies using four water molecules in the MAO-B active site 

and Gold87 software showed the best performance (tables 19, 20 and figure 60). 

 

Table 19: Cross-validation step using Gold docking software and three MAO-B crystal structures (PDB codes 1OJA, 2V60 and 
2V61). The rank of the poses with the lowest RMSD is given in brackets. 

Gold Score RMSD Matrix (Å) 

Ligand/Protein 1OJA 2V60 2V61 

1OJA 0.54 (1) 3.22 (6) 4.53 (13) 

2V60 5.54 (3) 0.55 (1) 1.30 (2) 

2V61 5.93 (10) 1.24 (1) 2.47 (11) 

 

Table 20: Cross-validation step using Glide docking software and three MAO-B crystal structures (PDB codes 1OJA, 2V60 and 
2V61). The rank of the poses with the lowest RMSD is given in brackets. 

Glide Score RMSD Matrix (Å) 

Ligand/Protein 1OJA 2V60 2V61 

1OJA 0.43 (1) 2.38 (1) 0.95 (1) 

2V60 Not Found 0.76 (3) 2.49 (Last) 

2V61 Not Found 1.22 (1) 2.69 (2) 
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Figure 60: Best docking pose overlapped with the co-crystallized ligand inside MAO-B (PDB code 2V60), obtained with Gold 

software. The FAD cofactor is represented as orange sticks. The best docking pose is shown as yellow sticks while the co-
crystallized ligand is shown as white sticks. Some of the main-involved residues are represented as cyan sticks and the water 

molecules are shown as red balls. Hydrogen atoms are omitted. 

 

After the cross-docking step, the coumarine scaffold-based inhibitors (figure 59) were docked to 

MAO-B. A putative binding mode inside MAO-B was found for the most active compound 

(CB7785969) of the dataset. In the hypothesis compound CB7785969 adopts the same 

conformation of the coumarin as in the co-crystallized ligand present in the PDB crystal structure 

2V60 (figure 61). Compound CB7785969 interacts through electrostatic and van der Waals 

interactions with Tyr326, Leu171 and Gln206 side chains, and with the backbone of Ile199 and 

Leu164 like the co-crystallized ligand (figure 61A). The chlorine atom present in the structure 

might also find a halogen bond interaction with the backbone carbonyl group of Leu164 residue 

(figure 61C). Also this last interaction is found with the co-crystallized ligand of the crystal 

structure 2V60 and for these reasons the found binding mode has been considered as putative 

binding mode of compound CB7785969 at MAO-B. Moreover compound CB7785969, due to its 

molecular length (it is longer than the co-crystallized ligand present in MAO-B crystal structure 

2V60), might find new water molecule mediated hydrogen bond interaction with the N5 atom of 

FAD cofactor (figure 61B).  
s 
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Figure 61: A Binding mode of the co-crystallized ligand with PDB code 2V60. B Putative binding mode of compound 7785969 
inside MAOB active cavity (PDB code 2V60), found through docking studies. C Halogen bond interaction with the backbone 

carbonyl oxygen of Leu164, which both ligands might find. FAD cofactor is coloured as orange sticks, compound 7785969 is shown 
as brown sticks. The co-crystallized ligand is coloured as white sticks. Some of the most involved residues of MAO-B are 

represented as cyan sticks while the water molecules are shown as red balls. Hydrogen bonds are shown as black dashed lines, while 
hydrogen atoms are omitted. 

 

In case of LSD1 both docking softwares were able to identify a common putative binding mode 

even if no scoring function correctly ranked the derivatives according to their experimental activity 

obtained from in vitro peroxidase assay. The putative binding mode identified for LSD1 (figure 62) 

showed a similar orientation of the coumarine ring when compared to the binding mode of 

compound CB7785969 in MAO-B.  

The hypothesis shows the same water-mediated interaction between the N5 atom of the FAD 

isoalloxazine ring and the carbonyl oxygen of the coumarine ring (figure 62). Other interactions are 

mainly electrostatic and van der Waals interactions with Phe538, Ala539, Asp555, Trp695, and 
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Ala809 residues (figure 62). However, compound CB7785969 shows an additional hydrogen bond 

interaction with the backbone of Ala809 residue (figure 62D).  

 
Figure 62: Hypothesis of binding for the new coumarine derivatives. A: HR47, B: CB6670945, C: CB5325408 D: CB7785969. 

FAD is represented as black sticks; the coumarine derivatives are represented as cyan, yellow, light blue and purple sticks 
respectively. The most involved residues of LSD1 are named and shown as pink sticks. Water molecules are shown as red spheres, 

while hydrogen bond interactions are represented as black dashed lines. 

 

3.5.3 Similarity search 
 

In order to identify further coumarine-based LSD1 inhibitors a second similarity search virtual 

screening was carried out. Derivative CB7785969 was selected as a query structure (figure 63) 

while the virtual screening was conducted using MACCS fingerprints within MOE2011.10.145 
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Chembridge compound collection (590029 compounds) was selected and a Tanimoto coefficient of 

0.85 was taken as cutoff value.  

 
Figure 63: Coumarine derivative query structure used for the similarity search virtual screening. 

 

24 hits (figure 64) were identified and docked into MAO-B (PDB code 2V60) and LSD1 (PDB 

code 2DW4) binding pockets. For docking Gold software and GoldScore was used and finally the 

top ranked compounds, which showed the same interactions (calculated with the MOE protein-

ligand interaction fingerprint, data not showed) as compound CB7785969 were retrieved and 

purchased (figure 64).  
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Figure 64: Coumarine derivatives obtained through the similarity search virtual screening using compound CB7785969 as query 
structure. 
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The selected compounds were tested in an in vitro peroxidase assay and showed an inhibitory 

activity on LSD1 (table 21). However some of the compounds showed an abnormal LSD1 

inhibition of over 200% in the peroxidase assay (in figure 65A is reported as example the inhibition 

values of compound CB7785969 and compound CB7787513). The reactivity of those compounds 

was proved to be mainly towards hydrogen peroxide itself (H2O2) (in figure 65B is reported as 

example the reactivity of compound CB7785969 and compound CB7787513). Therefore the 

compounds were incubated with only H2O2 (5 µM) and the peroxide concentration was detected. A 

concentration dependent change in signal was observed suggesting that these compounds react with 

hydrogen peroxide, which obfuscates potential LSD1 inhibition. When compounds CB7785969 and 

CB7787513 were tested in the DELFIA® assay no LSD1 inhibition was detected, which shows that 

these compounds have no effect on LSD1 demethylation at a concentration of 20 µM. Also 

compounds CB5325408, CB6670945, and some of the new derivatives found through the second 

virtual screening (table 21) were tested in the DELFIA® assay, showing in the best case (compound 

CB7991902 and CB6835740) an inhibitory activity of 20% at a concentration of 20 µM, which is 

not enough to consider the derivatives as promising LSD1 inhibitors.  

 
Table 21: in vitro peroxidase assay activity for the new coumarine derivatives obtained with the similarity search virtual screening 

procedure. For some of them also the activity values concerning the in vitro DELFIA assay are reported. 

Compound 
Inhibition @ conc [µM] 

Peroxidase Assay DELFIA Assay 

CB7799868 124.1% @ 50 µM // 

CB7930465 32.7% @ 50 µM // 

CB7788596 118.5% @ 50 µM // 

CB7821436 105.6% @ 50 µM // 

CB7800770 123% @ 50 µM // 

CB7798329 97.2% @ 50 µM // 

CB7824193 116.5% @ 50 µM // 

CB7799353 89.1% @ 50 µM // 

CB7833564 112.2% @ 50 µM // 

CB7991902 61.4 % @ 50 µM ~20% @ 20 µM 

CB6835740 65.6% @ 50 µM ~20% @ 20 µM 

CB7789976 90.1% @ 5 µM // 

CB7795134 125.9% @ 50 µM // 
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CB7836510 113.5% @ 50 µM // 

CB7841389 137.2% @ 50 µM // 

CB7784053 138.4% @ 50 µM // 

CB7810602 152% @ 50 µM // 

CB7817054 57.6% @ 5 µM // 

CB7807166 173.5% @ 50 µM // 

CB7785969 188.8% @ 50 µM // 

CB7811551 90.2% @ 5 µM Inactive @ 20 µM 

CB7823526 160.8% @ 50 µM // 

CB7810147 163.0% @ 50 µM // 

CB7836019 145.2% @ 50 µM // 

CB7787513 83.7% @ 5 µM Inactive @ 20 µM 

 

 
Figure 65: A Apparent inhibition potency of compounds CB7785969 and CB7787513 against LSD1 using the peroxidase assay. B 
H2O2 consumption of compounds CB7785969 and CB7787513; 100% represents no consumption; 0% full consumption. C Potency 

of CB7785969 and CB7787513 against LSD1 in DELFIA assay. 
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3.5.4 Discussion 
 

Since namoline (Chapter 3.4) has been identified as LSD1 inhibitor based on a protein similiarity 

analysis followed by focussed library screening of a MAO based chromane library, we applied a 

similarity based screening to look for new potential LSD1 inhibitors among coumarin derivatives. 

The analysis of the available X-ray structure of MAO-B co-crystallized with a coumarine derivative 

and the docking poses obtained for the virtual screening hit CB7785969 and its derivatives (figures 

66 and 67) at LSD1 showed similar interactions. These compounds interact with the FAD cofactor 

as well as with conserved residues of the substrate binding pocket. A similar orientation of the 

coumarine ring within the binding pocket was observed (figures 66 and 67). Due to the structural 

similarity and the conserved binding mode it was suggested that compound CB7785969 and its 

derivatives might be active as LSD1 inhibitors. However, this was not supported by the newly 

developed DELFIA® assay. Due to the larger binding cavity of LSD1 (1700 Å) compared to MAO-

B (637 Å) (Chapter 3.1), it is possible that these new compounds adopt another orientation, which is 

not sufficient to block the enzymatic activity. Another reason for the inactivity of the identified 

coumarine derivatives compared to the known MAO-B inhibitor might be the higher polarity of the 

VS hits (logP differences between cumarin co-crystallized into MAO-B active cavity (4.26 

logP(o/w)) and VS hits CB7785969 (3.33 logP(o/w) and CB7787513 (2.83 logP(o/w) ). 

Finally it has been demonstrated that DELFIA® assay (Chapter 2) can be used to test reference 

inhibitors and potential new LSD1 inhibitors that were identified from a virtual screening 

campaign. The developed assay showed that the identified coumarins were false positives. 
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CONCLUSION AND OUTLOOK       4 

 

As a very new anticancer potential target LSD1 did not carry any information about binding small 

inhibitors at the beginning of the work. For this reason the strong connection between in vitro and 

in silico studies conducted for the whole thesis was crucial for the identification of novel active 

LSD1 irreversible and reversible inhibitors.  

 

The computational method mainly conducted during the work has been the docking procedure. By 

means of docking studies suitable binding modes of the active inhibitors on LSD1 were generated 

using several datasets. Docking approaches are the fastest computational methods able to allocate 

small molecules inside a receptor binding cavity according to suitable molecular interactions 

between the environment of the protein and the functional groups present in the active compounds. 

During the work Gold,87 Glide87 and ParaDockS102 were the docking softwares used, even if none 

of their scoring function was able to properly rank the docking solutions according to the in vitro 

activity data on LSD1. This was mainly caused by the type of interaction inside LSD1 binding 

cavity: small inhibitors inside an extremely huge cavity namely the AOD of LSD1, which is 1700 

Å3,44 resulting in a multitude of poses ranked as putative binding mode in every docking run (due to 

the limitation of the scoring function). To overcome this problem docking studies with constrains 

resulted in a good compromise for the dataset formed by covalent inhibitors carrying a well-known 

reactive group able to covalently bind the isoalloxazine ring of the LSD1 cofactor, for instance the 

propargylamine derivatives (Chapter 3.2).  

 

Through ligand-based virtual screening procedures two new LSD1 active propargylamine 

derivatives and three new LSD1 active chromane derivatives have been identified. Concerning the 

performed structure-based VS procedure (Chapter 3.3) no suitable results were found; the 

compounds obtained were inactive when tested at LSD1. Even if some of the compounds of the 

obtained dataset still have to be tested on the epigenetic target, the main limitation of this VS 

approach was due to the uncertainty of the binding mode found. This uncertainty was also coupled 

with the uncertainty of the mode of action of the known active compounds, which are generally 

considered as reversible inhibitors, however the hypothesis that these compounds might covalently 

bound LSD1 FAD cofactor is also suggested (Chapter 3.3)). This is considered as a weakness of a 
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structure-based virtual screening procedure. For the derivatives obtained through VS, the presence 

of highly flexible compounds, which are hardly stabilized inside a huge, mostly neutral region of 

LSD1 binding cavity (Chapter 3.3) might be the reason of their inactivity, even if the in silico 

binding mode showed a strong ionic interaction between the guanidine group present in the 

compound and a negatively charged region present in the LSD1 binding pocket. A molecular 

dynamic simulation might be useful to understand the behaviour of the new compounds inside the 

LSD1 binding cavity.  

 

Other techniques have been also explored during this work. Molecular dynamic (MD) simulations 

were widely used for the whole work. Through this technique most of the involved protein residues 

in substrate-binding were identified and their importance was confirmed by mutagenisis data found 

in literature (Chapter 3.1). MD methodology also allowed selecting between putative binding 

modes of polyamine inhibitors (Chapter 3.3), but classical MD showed also some restrictions in 

model generation. For instance using the chromane dataset (Chapter 3.4) it was not possible to 

assess the stability of the suggested binding mode, apparently due to the presence of polarizable and 

strong electrostatic effects that characterize the way of binding for these compounds. To overcome 

this restriction, more computational demanding, mixed quantum mechanics/molecular mechanics 

(QM/MM) MDs might prove to be a better methodology to assess the stability of the proposed 

binding mode.  

 

Binding free energy calculations allowed carrying out a partially descriptive structure-based model 

using chromane preliminary dataset (Chapter 3.4). The calculations were carried out using the 

minimized LSD1-chromane inhibitor complex generated from docking studies (single trajectory 

approach, see Chapter 2). These allowed a good compromise between accuracy and calculation time 

required for every LSD1-chromane inhibitor complex (Chapter 3.4). MM-PBSA and MM-GBSA 

calculations showed no reliable results, most probably due to the fact that they are not taking 

polarizable effects into consideration, and on the other hand, we should consider that a single 

trajectory approach might not be the best set up for this type of calculations. QM/MM-GBSA 

calculation with QM region increased to 6 Å around the ligand using AM1 as pseudopotential was 

found to be the most reliable approach for the differentiation of putative binding modes inside 

LSD1 and for the discrimination between highly active and inactive chromane inhibitors. The 

generated QM/MM-GBSA model was also used to predict the activity for some new in silico 

generated chromane derivatives. They showed a calculated binding free energy in the same order of 

magnitude as the most active compounds present in the initial chromane dataset, which might be 
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indicative for putative LSD1 inhibition. However, here the identification of new chromane scaffold-

based inhibitors with activity data spanning around two or more orders of magnitude still remains 

the first mandatory step in order to generate more descriptive and predictive models. Then more 

accurate and computational time demanding binding free energy calculation methods (like LIE or 

TI) might be the best way to improve the model. Once a suitable dataset has been generated, also a 

ligand-based approach (for example a 3D-QSAR technique) might represent a good strategy for the 

identification of new non-covalent chromane-scaffold-based inhibitors.  

 

During the work, the selection of a suitable assay for the activity detection of novel LSD1 inhibitors 

was a key step in order to avoid false positive/negative results. We faced the problem when two 

entire dataset of compounds (coumarine derivatives (Chapter 3.5) and a second dataset of chromane 

derivatives obtained from a similarity search campaign using compound 35a as query structure 

(Appendix B table 3) were identified as positive under peroxidase assay condition, but when tested 

in in vitro DELFIA® assay they did not show any inhibitory activity on LSD1. More deep 

observations showed that these new derivatives might react with H2O2 (the secondary product 

generated by the LSD1 enzymatic activity, see Chapter 1) when tested in in vitro peroxidase assay, 

obfuscating the potential LSD1 inhibition (Chapter 3.4, Chapter 3.5 and Appendix B table 3). 

 

Finally, it has been demonstrated that even if nowadays there are only little information about 

interactions between LSD1 binding cavity and small non-covalent inhibitors (no LSD1 crystal 

structures with small non-covalent inhibitor has been deposited in the protein crystal structure 

database yet), a structure-based approach might be the best approach to identify new LSD1 active 

inhibitors. With our work we mainly focused on the development of new LSD1 in silico leads 

which, through future optimization, might become potential drug candidates for the treatment of 

hormone-dependent cancer targeting on epigenetic mechanism.  
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SUMMARY            5 

 

It has been demonstrated that the epigenetic code might be involved in several types of human 

diseases and that targeting the proteins involved in the generation/regulation of the code may 

represent a new pharmacological strategy against some of the most important diseases of the XXI 

century, such as cancer. For instance, some inhibitors of DNA methylation, or histone deacetylation 

(HADC) are already approved for the clinical use of cancer therapy.2,9,10  

 

Lysine histone demethylase one (LSD1) is one of the proteins that are involved in the regulation of 

the epigenetic code, it belongs to the flavin oxidase enzyme family and it shares sequence similarity 

with other FAD-dependent amine oxidases such as MAOs and PAO. The role of LSD1 is to remove 

methyl flags on mono- or dimethylated lysine on histone number three (H3KnMe1/2). According to 

the targeted lysine, LSD1 shows a dual role in gene regulations: when it acts on the active mark 

H3K4me1/2, it causes inactivation of the gene transcription, while the concomitant interaction with 

AR causes LSD1 substrate switching, demethylating the inactive mark H3K9me1/2 and promoting 

hormone-induced gene activation, especially in those tissues where AR has a key physiological 

role. Up to date several data also confirmed the activity of LSD1 on non-epigenetic targets, such as 

p53 protein and the involvement of LSD1 in several cancer diseases. The main aim of the work was 

to assess the structural information available on LSD1 and develop new leads able to show 

inhibitory activity on the epigenetic target.  

 

Initially MDs and mutagenesis data present in literature, allowed identifying some key residues 

involved in the binding of the H3K4me1/2 substrate (such as Cys360, Asp375, Glu379, Asn540, 

Gln554, Asp555, Asp556, His564, Tyr761, Ala809, and Thr810). Then several molecular dataset 

carrying preliminary inhibitory data on LSD1 were used as a starting point for the generation of 

new putative lead compounds.  

 

We described four putative binding modes (each one specific for the molecular dataset used) inside 

LSD1 active cavity by structural studies, docking studies and MDs. Concerning the chromane 

derivatives dataset, a QM/MM-GBSA binding free energy protocol, showed a rough differentiation 
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between active and inactive derivatives inside LSD1. This allowed the in silico identification of 

seven new chromane scaffolds as putatively active inhibitors on LSD1.  

Using ligand-based VS methods two new LSD1 inhibitors, propargylamine derivatives with activity 

values in the micromolar range were identified. While nine propargylamine derivatives were found 

as putative LSD1 inhibitors by a multistep structure-based VS procedure.  

 

All the computational studies conducted during this work allowed identifying new LSD1 features 

and new active leads, confirming the potentiality of CAMD in medicinal chemistry as potent tool 

for the identification of new active compounds. 
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APPENDIX A 

 

Force Field Terms 
 

Bond Stretching term 
 

Represent the energy to stretch a molecular bond and is giving by equation A.1: 

 

EStretching =
1
2
k(d − d0 )

2∑     (A.1) 

 

Where k is the bond stretching force constant between two atoms present in the molecule 

(expressed as kcal/mol* Å2). d is the length of the atoms (expressed in Å), and d0 is the reference 

length of the described atoms.  

 

Angle Bending term 
 

Bond angle vibrations among a triplet atoms is represented, like the previous case, as a harmonic 

potential (A.2): 

 

EBending =
1
2
k(θ −θ0 )

2∑     (A.2) 

 

Where k is the bending constant of the angle. θ is the angle value between two contiguous atoms 

(expressed in degrees). θ0 is the reference angle of the described atoms. 
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Torsion angle term 
 

Expresses the energy to rotate a torsional angle and is described as cosine function (A.3): 

 

ETorsion =
1
2
kϕ[1+ cosn(ϕ −ϕ0 )]∑    (A.3) 

 

Where kφ is the constant force of a torsional angle. φ is the torsional angle. φ0 is the reference 

torsional angle and n is the multiplicity value. 

 

Out-of-plane bending term 
 

In general when three atoms are on the same plane and a fourth atom links the middle atom from 

the starting triplet, an out-of-plane term must be included to the energy system calculation. Usually 

out-of-plane term might be treated as an improper torsional angle using equation A.3 or, in case the 

fourth atoms lies above the plane, might be described by an harmonic potential as in equation A.2 

or A.1.  

 

Van der Waals term 
 

Describes the interaction energy between two atoms not directly bonded. It is expressed as Lennard-

Jones potential as shown in equation A.4: 

 

EvdW = (Aijrij
−12 −Cijrij

−6 )∑
    (A.4)

 

 

Where rij is the distance between atom i and the atom j, Aij and Cij are constants which depend on 

the van der Waals radii of the corresponding atom (A corresponds to the repulsive forces and C 

corresponds to the attractive forces). 
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Electrostatic term 
 

Coulomb’s law is used to calculate electrostatic interactions between two molecules or within 

different atoms of the same molecule, according to equation A.5: 

 

Eele =
qiqj
Drij

∑      (A.5) 

 

Where qi is the partial charge of atom i and qj is the partial charge of atom j. D is the dielectric 

constant while r is the distance between i and j 

 

Computational Details 
 

Docking studies 
 

Several X-ray crystal structures of LSD1 were used for the docking studies conducted during the 

thesis. The crystal structures were chosen taking into account the resolution of the structures, the 

co-crystallized structure, and the geometries of putative conserved water molecules and were 

downloaded from Protein Data Bank. Before docking studies, ions and water molecules (not for 

2DW4, where the considered conserved water molecule has been kept) were deleted from the 

crystal structures. Then the structures were protonated using a specific module implemented in 

MOE suite called “Protonation 3D”.145 After that the right protonation state of histidine side chains 

was checked by visual inspection partial charges were added to all the residues using Amber99 

force field. While MMFF94x was the force field used to add the partial charges to the FAD 

cofactor. Then the proteins were minimized with conjugate gradient methods using a derivative 

converge criterion until a value threshold of 0.01 kcal(mol*Å)-1 using Amber99 force field for all 

the residues and MMFF94x force field for the cofactor. 

 

All the ligands structures were generated using MOE suite145 then the structures were protonated 

and the partial charges were added using MMFF94x force field. The structures, were then energy 

minimized using MMFF94x force field and the conjugate gradient method until the derivative 
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convergence criterion reached the selected value threshold of 0.0001 kcal(mol*Å)-1 using MOE 

software package.145  

A sphere of 20 Å around the oxygen atom of Tyr 761 sidechain was defined as LSD1 binding site 

for ligand docking. Gold 4.0,87 Glide90 and ParadockS102 were the most used docking software 

during the thesis. Concerning Gold all the torsional angles of the ligands were allowed to freely 

rotate for every molecule and at least 10 docking runs were performed. GoldScore and ChemScore 

were the chosen scoring functions. Water molecules were replaced or used as mediators between 

ligand and protein through a module implemented in Gold called “toggle mode”. For Glide software 

default values were selected and for every ligand at least 20 docking solutions were generated. 

GlideScore “standard precision” (SP mode) was the selected scoring function. Concerning 

ParadockS, defaults setting were also chosen, while P-score and PMF04 were the scoring functions 

selected. Also here at least 10 docking solutions were generated for every ligand. 

 

Molecular dynamics 
 

MD of LSD1 with 15 residues of the N-terminal histone tail. 

 

All molecular dynamics were run using AMBER 11.0 software package and the amber ff99SB 

force field.83 From the proteins starting structures (PDB code 2V1D) all ions and water molecules 

were removed. From the initial PDB structure histone tail Met 4 residue, was mutated into a Lys 4 

residue (carrying none, one, two or three methyl flags according to the molecular dynamic 

conducted (Chapter 3.1)) using MOE.145 Atom types and partial charges of the new histone tail 

were calculated using amber99 force field implemented in MOE145 and then saved as GAFF mol2 

file format. The GAFF force field parameters158 for the histone tail atoms were then generated using 

parmchk module implemented in AMBER11.0.83 Concering the FAD cofactor, the atom types and 

partial charges were created using antechamber module implemented in AMBER,83 while the 

missing GAFF force field parameters for the cofactor were generated using parmchk module. Now, 

using LEAP module, implemented in AMBER suite,83 the complexes formed by the protein, the 

cofactor and the histone tail were generated; neutralized with 7 Cl- counterions and solvated in an 

octahedral box with TIP3P159 water molecules leaving at least 15 Å between the solute atoms and 

the borders of the box (25741 water molecules were added to the system), generating a systems 

formed by 864954 atoms.  
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Now all the molecular dynamics of the generated systems were conducted using sander program 

already implemented in AMBER suite.83 In order to remove bad close contacts, the starting systems 

were initially relaxed in three steps. In the first step the counterions and solvent molecules were 

relaxed for 800 iterations using steepest descent gradient and for 800 iterations using conjugate 

gradient while the solute was constrained with a positional restraint by a force constant of 10 

kcal/mol*Å. In the second step, solvent atoms and protein atoms were relaxed using first steepest 

descent gradient (800 iterations) and then conjugate gradient (800 iterations), while FAD cofactor, 

histone tail, and conserved water molecule atoms were constrained to their initial geometries by a 

force constant of 10 kcal/mol*Å. In the last relaxation step, all constraints were removed and the 

whole system was relaxed for 1000 iteration using steepest descent gradient and 1000 iterations 

using conjugate gradient method.  

Following the relaxation step, the systems were gradually heated until 300 K through 300 ps of 

molecular dynamic with positional restrains (10 kcal/mol*Å) on solute atoms, allowing solvent 

molecules and counterions to move freely. A constant volume periodic boundary was set to 

equilibrate the temperature of the system by Langevin dynamics160 by a collision frequency of 1.0 

ps-1. After the temperature was equilibrated, the whole system was subject to a pressure 

equilibration at 1 bar for 300 ps in a constant pressure periodic boundary by an isotropic pressure 

scaling method employing a pressure relaxation time of 2.0 ps. The temperature was kept 300 K by 

the Langevin dynamics. Also here the solute was constrained with a positional restrains of 10 

kcal/mol*Å. After an equilibration 2 ns long step, where the positional constraints were gradually 

removed (under conditions of 300 K temperature and 1 bar pressure), the system was subjected to 

the molecular dynamics simulations for 42 ns. For the all the equilibration steps, 8 Å cutoff was 

chosen for the short-range non bonded interactions in combination with the Particle Mesh Ewald 

option.161 While the lengths of hydrogen atoms covalently bounded to heteroatoms were kept 

constant through SHAKE method162 implemented in sander. The coordination’s and the energy 

parameters were saved every 100 iterations in the relaxations steps, every 400 iterations in the 

temperature and pressure equilibration step, and every 4000 iterations during the molecular 

dynamics. 
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MD of LSD1 with polyamine inhibitors. 

 

All molecular dynamics were run using AMBER 11.0 software package and the amber ff99SB 

force field.83 The proteins starting structures (PDB code 2DW4) were obtained from the docking 

studies as PDB file format. The cofactor and all the ligands parameters were generated using 

general AMBER force field GAFF.158 Concerning the ligand structures and the FAD cofactor, the 

atom types and partial charges were added using antechamber module implemented in AMBER,83 

while the missing GAFF force field parameters were generated using parmchk module also 

implemented in AMBER suite.83 Then for all the ligands and FAD cofactor GAFF atom coordinates 

and partial charges were replaced from those obtained during the docking studies. Now, using 

LEAP module, implemented in AMBER suite,83 the complexes formed by protein, cofactor and 

small ligand were generated, neutralized with 2 Cl- counterions and solvated in octahedral box with 

TIP3P159 water molecules leaving at least 15 Å between the solute atoms and the borders of the box 

(26711 water molecules were added to the system), generating a systems formed by 88974 atoms. 

For the generated complexes, relaxation, equilibration and molecular dynamic steps were conducted 

using sander module present in AMBER 11.083 analogous to the previously described settings. 

 

MM-PB(GB)SA and QM/MM-GBSA calculations. 
 

The general binding free energy of molecular system is giving by equation A.6: 

 

ΔG = ΔH −TΔS      (A.6) 

 

Where T is the temperature of the system (300 K), H is the enthalpy and S in the entropy of the 

system. From the computational point of view, the binding free energy is evaluated using the 

equation A.7: 

 

ΔG =GComplex − (GProtein +GLigand )    (A.7) 

 

Where GComplex, GProtein and GLigand are the absolute free energies related to the complex, the protein 

and the ligand respectively. Absolute free energies calculated with MM-PB(GB)SA module are 

calculated according to equation A.8: 
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G ≈ EMM +GSolv +TSSolute     (A.8) 

 

Where EMM is the potential energy of the solute that is determined by equation A.9 (as the sum of 

van der Waals, Electrostatic and Internal energy) in the gas phase by using sander program 

implemented in AMBER.83 While GSolv is the solvation free energy for transferring the solute from 

vacuum into solvent and is the sum of electrostatic and non-electrostatic contributions. In AMBER 

this term is approximated to the sum of the numerical solution of Poisson-Boltzmann equation (PB) 

or Generalized-Born surface area (GB)117 and the polar free energy contribution giving by the 

molecular surface area as showed in equation A.10. 

 

EMM = EInternal +Eele +EVdW    (A.9) 

 

GSolv = EPB(GB)SA +ESASA    (A.10) 

 

For the chromane derivatives dataset, the MM-PB(GB)SA binding free energy has been calculated 

using MM-PB(GB)SA method implemented in AMBER11.83 The complex was generated using 

LEAP and subjected only to a multi-step relaxation procedure in the gas phase as described in the 

previous session. The dielectric constant of the solute was set as 1.0 while the dielectric constant of 

the implicit water was set as 80.0 for all the calculations.  

 

Now, absolute free energies of the complex, the protein and the ligand are calculated with 

QM/MM-GBSA module according to equation A.11: 

 

G ≈ EQM /MM +GSolv +TSSolute    (A.11) 

 

Where EQM/MM is the potential energy of the solute that is determined by equation A.12 (as the sum 

the potential energies related to: QM region and to the MM region, the potential energy at the 

interface between the two regions, the influence that one region has on the other, and the potential 

energy derived from the boundaries conditions) in the gas phase.83  



Appendix A 

 120 

 

EQM /MM = EQM +EMM +EQM /MM +EPol +EBoundaries  (A.12) 

 

For the chromane derivatives dataset the complexes were generated using LEAP and subjected to a 

multi-step relaxation procedure in the gas phase as described in the previous session. The QM 

region was set first as the ligand, then as the ligand plus the residues located 4.5 Å around it, and 

last as the ligand plus all the residues located 6 Å around it (best results obtained (Chapter 6)). The 

quantum mechanical theory selected was the pseudo-potential AM1, while the total charge of the 

complex QM area was set as +1.  

 

For all the calculations the entropy value was approximated to the number of rotatable bonds 

present in the active inhibitor structure (1 kcal/mol for 1 rotatable bond).124  

 

Assays details 
 

In vitro peroxidase assays for propargylamine derivatives 
 

Potency was measured in an established horseradish peroxidase (HRP) assay system based on the 

Amplex® Red protocol from Invitrogen™ (Life Technologies, Carlsbad, CA). The assay was 

performed in black 96-well microtiterplates (from Greiner Bio-one GmbH, Germany) with 4 µl 

LSD1 enzyme, 5 µl inhibitor (dissolved and diluted in DMSO) and 36 µl demethylation buffer 

(contains 45 mM HEPES, 40 mM NaCl, pH 8.5). This solution was preincubated for 30 minutes, 

then demethylation was started by adding 5 µl of a solution of 100 µM H3K4(me2) peptide (from 

Peptide Specialty Laboratories Ltd., Heidelberg, Germany) in buffer. The mixture was incubated 

for 90 minutes at 30 °C, 50 µl Amplex® Red mixture (containing 100 µM Amplex® Red reagent 

and 2 U/ml HRP in demethylation buffer) was added and, after 5 minutes, detection performed on a 

BMG polarstar microplate reader (λex: 550 nm, λem: 615 nm).144 Details obtained from Martin Leo 

Schmitt (University of Freiburg). 
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In vitro DELFIA® assays 
 

6 µl LSD1, 4 µl demethylase buffer and 2 µl inhibitor- or blank-solution (contains 20% DMSO and 

80% buffer v/v, 2% DMSO final) were given to a Eppendorf cup and shaken for 5 minutes at RT. 

Peptide solution (2.2 µl peptide plus 5.8 µl demethylation buffer) was added to start the reaction. 

After 15 minutes incubation at 30 °C, the reaction was stopped by adding 380 µl DELFIA wash 

buffer pH10 and shaken to give a homogeneous solution. 5 µl of this solution and 95 µl DELFIA 

wash buffer pH10 was given into a 96-well streptavidin coated yellow microplate. After incubation 

for 1 hour with shaking, the wells were washed 6 times with DELFIA wash buffer. 100 µl of a 

dilution of anti-H3K4(unmodified) antibody in TRIS incubation buffer (1:10.000) was added and 

again incubated for 1 hour at 30 °C. After the same washing procedure as before, incubation with 

100 µl europium labelled anti-mouse antibody in TRIS incubation buffer (1:250) at 30 °C for 1 

hour was started. After a last washing step, 100 µl enhancement solution was added and after 10 

minutes shaking at room temperature measured in a Perkin Elmer EnVision with the recommended 

filters and mirrors from Perkin Elmer. Details obtained from Martin Leo Schmitt (University of 

Freiburg). 
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APPENDIX B 

 

Table 1: Propargylamine derivatives dataset 
 

Structure Compound Name 
Inhibition @ conc 

Peroxidase Assay 

 

5b 22.7% @ 100 µM 

 

5c 23.4% @ 100 µM 

 

5g 36.3% @ 100 µM 

 

5h 41.8% @ 100 µM 

 

5i Inactive 

 

5j Inactive 
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5k Inactive 

 

5l Inactive 

 

5m Inactive 

 
5n Inactive 

 
5o Inactive 

 

5p Inactive 

 

5q Inactive 

 

5r Inactive 

 

6a Inactive 

 

6b Inactive 
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7a Inactive 

 

7b Inactive 

 

7d 39.0% @ 100 µM 
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Table 2: 4H-chromen-4-one derivatives dataset using Namoline as 

query structure 
 

ZINC ID 
Vendor Name/ 

Name Code 1 
Name Code 2 

IC50 ± SE or 

Inhibition @ conc 

Peroxidase Assay 

IC50 ± SE or 

Inhibition @ conc 

DELFIA Assay 

ZINC00112306 STOCK2S-44578 Namoline, 13 56.03 µM ± 1.62 µM 3.08 µM ± 0.35 µM 

ZINC02311497 STOCK1S-16519 Shaolin, 35a 2.47 µM ± 0.38 µM Inactive @ 20 µM 

ZINC00177625 PHAR-000079 32e 24.55 µM ± 2.98 µM Inactive @ 20 µM 

ZINC00112316 STOCK2S-37771 32h Inactive @ 50 µM // 

ZINC00112328 STOCK2S-49639 36 24.3% @ 100 µM // 

ZINC06668618 MolPort-002746047 33e 26.66 µM ± 3.90 µM 1.98 µM ± 0.18 µM 

ZINC00177623 STOCK1S-26451 32f 40.8% @ 50 µM Inactive @ 20 µM 

ZINC00306014 STOCK2S-54080 32g 36.2% @ 100 µM // 

// MS137 33k 1.43 µM ± 0.41 µM 44% @ 0.2 µM 

// MS142 33l 3.93 µM ± 0.57 µM 0.413 µM 

// MS127 33g 7.06 µM ± 1.07 µM 0.859 µM 

// MS122 32c Inactive // 

// MS124 32j Inactive // 

// MS112 32i Inactive // 

// MS107 32a Inactive // 

// MS153 33j 43% @ 100 µM // 

// MS146 34b Inactive Inactive @ 5 µM 

// MS149 34a Inactive Inactive @ 1 µM 

// MS148 33c 47% @ 100 µM Inactive @ 5 µM 

// AW61 33i Inactive @ 50 µM // 

// AW60 33h 25% @ 50 µM // 
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Table 3: 4H-chromen-4-one false positive derivatives dataset using 

Shaolin as query structure 
 

Structure Compound Name 

IC50 ± SE or 

Inhibition @ conc 

Peroxidase Assay 

IC50 ± SE or 

Inhibition @ conc 

DELFIA Assay 

 

Shaolin, 35a  2.47 µM ± 0.38 µM Inactive 

 

35b 2.47 µM ± 0.38 µM Inactive 

 

35c Inactive // 

 

35d 102 µM Inactive 

 

35e Inactive // 

 

35f Inactive // 

 

35g Inactive // 
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35h 27.93 µM ± 5.94 µM Inactive 

 

35i // // 

 

35k // // 

 

35j 16.36 µM ± 2.10 µM Inactive 

 

35l 28.10 µM ± 5.50 µM Inactive 

 

35m 21.3% @ 50 µM Inactive 

 

35n 24.54 µM ± 4.48 µM Inactive 
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Table 4: Coumarine derivatives from preliminary similarity search 

using Chembridge database 
 

Structure Chembridge ID Compound Name 

IC50 ± SE or 

Inhibition @ conc 

Peroxidase Assay 

 

CB5325408 5325408 5 µM 

 

CB6670945 6670945 100% @ 50 µM 

 

CB7785969 7785969 3 µM 

 

CB7648452 // Inactive 

 
CB5102975 // Inactive 

 
CB6432612 // Inactive 

 

CB7375345 // Inactive 

 

CB5325409 // Inactive 
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CB9057353 // Inactive 

 

CB5325406 // Inactive 

 

CB6238255 // Inactive 

 

CB6657683 // Inactive 

 

CB6240796 // Inactive 

 

CB7353505 // Inactive 

 

CB7932577 // Inactive 

 

CB6662389 // Inactive 

 

CB5325401 // Inactive 
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CB41577639 // Inactive 

 

CB5325407 // Inactive 
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List of abbreviations 
 

ADME Adsorption, Distribution, Metabolism, Excretion 

AM1 Austin Model 1 

AML Acute Myeloid Leukemia 

AOD Amio Oxidase Domain 

AOL  Amino Oxidase Like 

AR Androgen Receptor 

ATRA All Trans Retinoic Acid 

BHC80 BRAF35 (MIM 605535) Histone deacetylase Complex 80 

CAMD Computer Assisted Molecular Design 

CoMFA Comparative Molecular Fields Analysis 

CoMSIA Comparative Molecular Similarity Index Analysis  

CoREST Repressor element-1 Silencing Transcription factor Co-Repressor 

DNA Deoxyribonucleic Acid 

DELFIA Dissociation-Enhanced Lanthanide Fluorescent Immunoassay 

DFT Density Functional Theory 

DNMTs DNA Methyltransferase 

Erα Estrogen Receptor alpha 

FAD Flavin Adenine Dinucleotide  

Fc-region Fragment Crystallizable region 

FDH assay Formaldehyde-dehydrogenase-dependent assay 

FEP Free Energy Perturbation 

FMS1 Fenpropimorph-resistance Multicopy Suppressor 1 (Polyamine oxidase) 

GA Genetic Algorithm 

H  Histone protein 

HDAC Histone Deacetylase  

HDM Histone Demethylase 

HRP Horseradish Peroxidase (Assay) 

HTC116 Colorectal Carcinoma Cells 

HTM Histone Methyltransferase 

HTS High-Throughtput screening 
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JHDM1 JmjC Domain-Containing hstone Demethylase 1 

JmjC  Jumonji C (Domain-Containing Histone Demethylases) 

LAAO L-Amino Acid Oxidase 

LIE Linear Integration Energy 

LNCap Androgen-Sensitive Human prostate adenocarcinoma cells 

LOO Leave-One-Out  

LSD1  Lysine Specific Demethylase-1 (KDM1A, BHC110, AOF2) 

LSD2 Lysine Specific Demethylase-2 (KDM1B, AOF1) 

MALDI Matrix-Assisted Laser Desorption/ionization 

MAO Monoamine Oxidase Proteins 

MAO N Fungal Monoamine Oxidase 

MC  Monte Carlo 

MD Molecular Dynamic 

MLL  Mixed-Lineage Leukemia 

MM Molecular Mechanics 

MM-GBSA Molecular Mechanics Generalized-Born Surface Area 

MM-PBSA Molecular Mechanics Poisson-Boltzmann Surface Area 

MMFF94x modified Merck Molecular Force Field 94 

MRA Multi Regression Analyisis 

MS Mass Spectrometry 

mRNAs micro Ribonucleic Acid filaments 

NOD Nonobese Diabetic 

ns Nanoseconds 

p53 Suppressor and transcriptional activator protein 53 

PAO  Polyamino Oxidase Proteins 

PCPA Trans-1-Phenylciclopropylamine 

PHD Plant Homeodomain (finger) 

PKCßI Protein Kinase-C Beta I 

PLS Partial Least Square analysis  

PRESS Predicted Residual Sum of Squares 

PRK1 Protein Kinase-C-Related Kinase 1 

PRMT1 Arginine N-methyltransferase one protein 

PRMT2 Arginine N-methyltransferase two protein 
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PSO Particle Swarm Optimizer  

q2 Prediction Coefficient 

QM Quantum Mechanics 

QM/MM-GBSA Quantum Mechanics Molecular Mechanics Generalized-Born Surface Area 

QM/MM-PBSA Quantum Mechanics Molecular Mechanics Poisson-Boltzmann Surface Area 

QSAR Quantitative Structure Attivity Relationships  

r2 Description Coefficient 

REST RE-1 Silencing Trascription Factor 

RMSE Root Mean Square Error 

ROS Reactive Oxygen Species  

SANT2  Switching-defective protein 3 (Swi3), Adaptor 2 (Ada2), Nuclear receptor 

co-repressor (N-CoR), Transcription factor (TF) IIIB two 

SCID Severe Combined Immunodeficient  

SEP (SDEP) Standard Error of Prediction (Standard Deviation of the Errors of Predictions 

SWIRM SWI3, RSC80, and MOIRA proteins 

TI Termodynamic Integration 

TR-FRET Time Resolved-Fluorescence Resonance Energy Trasfer assay 

TS Tabu Search 

VS Virtual screening 

ZINC Zinc Is Not Commercial 

ΔG Gibbs Binding Free energy 

ΔH Enthalpy 

ΔS Entropy 
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Amino acids letter codes 

 

Amino-acid Three letters code Single letter code 

Glycine Gly G 

Alanine Ala A 

Valine Val V 

Leucine Leu L 

Isoleucine Ile I 

Methionine Met M 

Phenylalanine Phe F 

Tyrosine Tyr Y 

Tryptophan Trp W 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Cysteine Cys C 

Lysine Lys L 

Arginine Arg R 

Histidine His H 

Aspartate Asp D 

Glutamate Glu E 

Asparagine Asn N 

Glutamine Gln Q 
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