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Abstract 

While the genetic information within each cell is encoded as the base pair sequence in the DNA, cellular 

differentiation and adaption to environmental signals are dictated by variations in gene expression. 

Epigenetics describes these often stable, yet reversible, changes in gene expression patterns, which do 

not involve alterations in the DNA sequence. Major epigenetic signals are DNA and histone lysine 

methylation. These modifications are deposited by DNA methyltransferases (DNMTs) and protein 

lysine methyltransferases (PKMTs) by transferring a methyl group from S-adenosyl-L-methionine 

(SAM) to the respective target. Subsequently, set modifications are read by chromatin remodeling 

enzymes, altering the accessibility of genes depending on the actual modifications. Hence, DNMTs and 

PKMTs function as key players in the regulation of genome stability, gene expression, DNA repair and 

cellular differentiation. Their activity is controlled by factors like substrate- and product specificity, 

autoinhibition, and conformational changes upon interaction with substrates. Cancer mutations in 

DNMTs and PKMTs disturb these regulatory mechanisms, which makes their understanding a main 

target in modern epigenetic research.  

In this work, molecular dynamics (MD) simulation in combination with biochemical experiments were 

used to investigate the catalytic mechanism of these enzymes in detail. In pursuit of this goal, two 

approaches were applied. By simulating cancer mutants of DNMTs and PKMTs and comparing the 

obtained simulation results to simulation results of the wild type enzyme (WT), distinctions between 

mutant and WT can be found. This was achieved for the somatic cancer mutant DNMT3A R882H, which 

frequently occurs in blood cancers. In earlier methylation experiments a change in flanking sequence 

preference was determined for R882H. The mechanism behind this observation was revealed by MD 

simulations of the DNMT3A/L-heterotetramer (3L-3A-3A-3L) in this work. Conducted simulations 

showed that the mutated R882H residue had a decreased contact to a guanine, three base pairs away 

from the methylation site, and instead interacted with the adjacent 3A subunit. The lost contact is 

directly connected to a different affinity for certain DNA substrates, explaining the change in flanking 

sequence preference. Moreover, R882H was found to have a dominant effect even in a heterozygous 

state. Extended contacts analysis of the MD simulation data showed that R882H not only interacted 

with the adjacent subunit but led to a rearrangement of a small contact network, increasing the overall 

binding affinity of DNMT3A R882H dimers compared to WT. Since the flanking sequence preference of 

DNMT3A tetrameric complexes is determined in the 3A-3A interface, which is preferentially formed by 

R882H, the dominant effect of R882H in R882H/WT mixed complexes was rationalized by the MD 

simulation results. 

Biochemical characterization of the PKMT NSD2 and its somatic cancer mutation T1150A revealed an 

altered product specificity and a change from a dimethyltransferase to a trimethyltransferase. Changes 
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in the methylation state of histone 3 lysine 36 (H3K36), a methylation target of NSD2, are known to be 

associated with diverse biological outcomes, as dimethylated H3K36 (H3K36me2) and trimethylated 

H3K36 (H3K36me3) exhibit distinct downstream effects on gene transcription and chromatin 

structure. Therefore, a combination of MD and steered MD (sMD) simulation techniques was used in 

this work to investigate the reason for the altered product specificity of NSD2 T1150A. The analysis 

showed that in contrast to NSD2 WT, NSD2 T1150A was able accommodate the H3K36me2 peptide 

and SAM simultaneously in a productive conformation in the active site. Volume calculations of the 

active site revealed that larger volumes occurred more often for T1150A compared to WT, enabling 

the productive accommodation of the higher methylation state. The reason for this was found in a 

subsequent contact analysis. In NSD2 WT, T1150 was engaged in contacts with Y1092 and L1120, which 

oriented these residues effectively reducing the volume of the active site. The T1150 side chain 

hydroxyl group interacted with the Y1092 backbone nitrogen. The side chain methyl group 

hydrophobically interacted with the L1120 side chain. These two contacts were lost in NSD2 T1150A. 

As a consequence, the orientation of Y1092 and L1120 was more flexible and the active site volume 

increased. The presented results precisely explain the molecular mechanism behind the altered 

product specificity observed in biochemical experiment with NSD2 T1150A. 

The substrate specificity of the PKMT SETD2 regarding its natural H3K36 target sequence has been 

previously mapped using Celluspots peptide array methylation. This revealed that the canonical H3 

amino acids were not ideal at many positions. Based on this, an artificial peptide substrate was 

designed that contained the most favorable amino acid at each position. Methylation experiments 

showed that the 15 amino-acid long super-substrate peptide (ssK36), which differed at four positions 

from the original H3K36, was methylated more than 100-fold faster than the canonical H3K36 peptide. 

The crystal structure of SETD2 with bound ssK36 peptide was resolved, but did not entirely explain the 

highly increased methylation activity of SETD2. The second approach in this work focuses on the 

mechanistic reasons behind this massive increase in reaction rate, using a combination of in vitro 

methylation and FRET experiments, MD and sMD simulation techniques to cover multiple steps of the 

catalytic process. MD simulations of the free peptides in solution showed a preference for ssK36 to 

form hairpin conformation, whereas H3K36 preferred an extended conformation. This preference was 

based on the four introduced mutations. Moreover, it was demonstrated in sMD simulations that 

hairpin-shaped peptides had easier access into the active site of SETD2, compared to extended 

conformations. In fact, methylation experiments confirmed that chemically induced hairpins increased 

the methylation activity of peptides by SETD2. Additionally, in MD simulation of the ssK36-SETD2 

complex it was observed that the four mutations established a unique contact profile with SETD2, 

leading to more and different transition state-like conformation compared to the H3K36-SETD2 

complex. The transferability of this approach was demonstrated as a new super-substrate peptide was 

specifically designed for NSD2. The molecular mechanism behind the increased methylation rate was 
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again investigated by MD simulation presented in this work. Remarkably, SETD2 and NSD2 were shown 

to be specific for their respective super-substrate and did not show increased activity for the other. 

The optimized enzyme interactions of the super-substrate peptides were then used as a starting point 

to establish a PKMT-specific inhibition assay in which ssK36 was demonstrated to function as a 

substrate-competitive SETD2-specific inhibitor. 

In conclusion, the MD simulations conducted in this work revealed yet unknown reasons for the 

dominant effect of DNMT3A R882H in heterozygous states and explained the altered product 

specificity for NSD2 T1150A. Moreover, the features of the artificially designed super-substrate 

peptides, which caused a ~100-fold activity increase of the PKMTs SETD2 and NSD2, were precisely 

described in various MD simulation approaches and validated by wet-lab experiments. The found 

molecular mechanisms in this work explain biochemical results of DNMTs and PKMTs at an atomistic 

resolution and suggest novel strategies for the design of a new class of substrate-competitive PKMT 

inhibitors. 
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Zusammenfassung 

Die genetische Information einer jeden Zelle ist in Form der Basenpaarsequenz der DNA codiert. 

Zelldifferenzierung und Anpassung an Umweltsignale werden jedoch durch Äderungen der 

Genexpression bewerkstelligt. Epigenetik beschreibt diese meist stabilen, aber reversiblen 

Veränderungen der Genexpression, denen keine Änderungen der DNA-Sequenz zugrunde liegt. Zu den 

wichtigsten epigenetischen Signalen gehören die DNA- und Histonlysinmethylierung. Diese 

Modifikationen werden durch DNA-Methyltransferasen (DNMTs) und Proteinlysinmethyltransferasen 

(PKMTs), durch Übertragung einer Methylgruppe von S-Adenosyl-L-Methionin (SAM) auf das jeweilige 

Zielmolekül, gesetzt. Die methylierte DNA oder Proteine werden anschließend von Enzymen erkannt, 

welche die Zugänglichkeit von Genen, je nach Modifikation, verändern. DNMTs und PKMTs haben 

deshalb eine Schlüsselrolle bei der Regulation von Genomstabilität, Genexpression, DNA-Reparatur 

und Zelldifferenzierung. Ihre Aktivität wird von Faktoren wie der Substrat- und Produktspezifität, 

Autoinhibition sowie Konformationsänderungen während der Interaktion mit Substraten gesteuert. 

Krebsmutationen in DNMTs und PKMTs stören diese Regulationsmechanismen, wodurch ihre 

Erforschung zu einem Hauptziel in der modernen epigenetischen Forschung geworden ist. 

In dieser Arbeit wurden Molekulardynamik (MD) Simulationen in Kombination mit biochemischen 

Experimenten durchgeführt, um die katalytischen Mechanismen dieser Enzyme im Detail zu 

untersuchen. Um dieses Ziel zu erreichen, wurden zwei Ansätze angewendet. Durch Simulationen von 

Krebsmutationen von DNMTs und PKMTs und Vergleich mit Simulationen des jeweiligen Wildtyp 

Enzyms (WT) können Unterschiede zwischen Mutanten und WT gefunden werden. Dieser Ansatz 

wurde auf die somatische Krebsmutation DNMT3A R882H angewandt, die häufig in verschiedenen 

Leukämieformen auftritt. In früheren Methylierungsexperimenten wurde eine veränderte Präferenz 

von R882H für die Flankierungssequenz von CpG Methylierungsstellen festgestellt. Der Mechanismus 

hinter dieser Beobachtung wurde durch MD Simulationen des DNMT3A/L-Heterotetramers (3L-3A-3A-

3L) in dieser Arbeit aufgeklärt. Die durchgeführten Simulationen zeigten, dass die mutierte R882H-

Aminosäure einen verringerten Kontakt zu einem Guanin, drei Basenpaare vom zu methylierenden 

CpG Dinukleotid entfernt, aufwies. Stattdessen interagierte sie mit der benachbarten 3A-Untereinheit. 

Diese verringerte Kontaktintensität steht in direktem Zusammenhang mit einer veränderten Affinität 

für bestimmte DNA-Substrate, wodurch die Änderung der Flankierungssequenzpräferenz erklärt 

werden konnte. Darüber hinaus wurde für R882H beschrieben, dass selbst im heterozygoten Zustand 

ein dominanter Effekt zu beobachten ist. Eine erweiterte Kontaktanalyse der MD Simulationsdaten 

zeigte, dass R882H nicht nur mit der benachbarten Untereinheit interagierte, sondern dies auch zu 

einer Restrukturierung eines kleinen Kontaktnetzwerks führte, welches die Bindungsaffinität von 

DNMT3A R882H-Dimeren im Vergleich zu WT-Dimeren erhöhte. Da die Flankierungssequenzpräferenz 

von DNMT3A Tetrameren in der 3A-3A-Schnittstelle bestimmt wird, welche vorzugsweise von R882H 
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Untereinheiten gebildet wird, wurde der dominante Effekt von R882H in gemischten WT/R882H 

Komplexen durch die Ergebnisse der MD Simulationen erklärt. 

Die biochemische Charakterisierung der PKMT NSD2 und ihrer somatischen Krebsmutation T1150A 

wies eine veränderte Produktspezifität und einen Wechsel von einer Dimethyltransferase zu einer 

Trimethyltransferase auf. Veränderungen im Methylierungsgrad von Histon 3 Lysin 36 (H3K36), ein 

Methylierungsziel von NSD2, sind mit unterschiedlichen biologischen Effekten verbunden. 

Dimethyliertes H3K36 (H3K36me2) und trimethyliertes H3K36 (H3K36me3) weisen unterschiedliche 

Auswirkungen auf die Genexpression und Chromatinstruktur auf. Um die Gründe für die veränderte 

Produktspezifität von NSD2 T1150A zu untersuchen, wurde in dieser Arbeit eine Kombination von MD 

und steered MD (sMD) Simulationsmethoden angewendet. Die Analyse zeigte, dass NSD2 T1150A im 

Gegensatz zu NSD2 WT ein H3K36me2-Peptid und SAM gleichzeitig in einer produktiven Konformation 

im aktiven Zentrum binden konnte. Volumenberechnungen des aktiven Zentrums zeigten, dass 

größere Volumina bei T1150A im Vergleich zu WT häufiger vorkamen und die gemeinsame Bindung 

ermöglicht wurde. Der Grund für die größeren Volumina konnte in einer nachfolgenden 

Kontaktanalyse gefunden werden. In NSD2 WT interagierte T1150 mit Y1092 und L1120, wodurch 

diese Reste ausgerichtet, und das Volumen des aktiven Zentrums reduziert wurde. Die Hydroxylgruppe 

der Seitenkette von T1150 interagierte dabei mit dem Stickstoff der Backbone-Atome von Y1092. 

Zusätzlich war die Methylgruppe der Seitenkette in einem hydrophoben Kontakt mit der Seitenkette 

von L1120. Diese beiden Kontakte gingen in NSD2 T1150A aufgrund der Mutation verloren. Die 

Orientierung von Y1092 und L1120 war dadurch weniger strukturiert, und das Volumen des aktiven 

Zentrums vergrößerte sich. Die vorgestellten Ergebnisse erklären präzise den molekularen 

Mechanismus hinter der experimentell beobachteten veränderten Produktspezifität für NSD2 T1150A. 

Jüngst wurde die Substratspezifität von der PKMT SETD2 mit Hilfe von Celluspots-Peptid-Array-

Methylierung hinsichtlich der natürlichen H3K36-Zielsequenz kartiert. Dabei wurde festgestellt, dass 

die H3-Aminosäuresequenz an einigen Positionen nicht ideal war. Basierend darauf, wurde ein 

artifizielles Peptidsubstrat entworfen, welches an jeder Stelle die optimale Aminosäure enthielt. 

Methylierungsexperimente zeigten, dass das 15 Aminosäuren lange Super-Substratpeptid (ssK36), 

welches an vier Positionen von der natürlichen H3-Sequenz abweicht, mehr als 100-mal schneller 

methyliert wurde als das H3K36-Peptid. Die Kristallstruktur von SETD2 mit gebundenem ssK36-Peptid 

erklärte die stark erhöhte Methylierungsaktivität jedoch nicht vollständig. Der zweite Ansatz dieser 

Arbeit fokussiert sich auf die mechanistischen Gründe hinter diesem massiven Anstieg der 

Reaktionsrate. Um dies zu erreichen, wurde eine Kombination von in vitro Methylierungs- und FRET-

Experimenten sowie MD- und sMD Simulationsmethoden angewendet, um mehrere Schritte des 

katalytischen Prozesses abzubilden. MD Simulationen der freien Peptide in Lösung zeigten, dass ssK36 

präferentiell eine Haarnadelkonformation ausbildete, während H3K36 eher gestreckt vorlag. Diese 
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Präferenz basierte auf den vier eingeführten Mutationen. Darüber hinaus wurde in sMD Simulationen 

gezeigt, dass Peptide in Haarnadelkonformationen einen besseren Zugang in das aktive Zentrum von 

SETD2, im Vergleich zu gestreckten Strukturen hatten. Methylierungsexperimente belegten, dass 

durch chemisch induzierte Haarnadelstrukturen in Peptiden, die Methylierungsaktivität von SETD2 

erhöht werden konnte. Zusätzlich wurde in MD Simulationen des ssK36-SETD2-Komplexes beobachtet, 

dass die vier Mutationen ein einzigartiges Kontaktprofil mit SETD2 ausbildeten. Dadurch wurden 

einerseits unterschiedliche aber auch eine höhere Anzahl an Übergangszustands-ähnlichen 

Konformation im Vergleich zum H3K36-SETD2-Komplexen ausgebildet.  

Die Übertragbarkeit dieses Ansatzes wurde durch ein neues Super-Substrat-Peptid, welches speziell 

für NSD2 entworfen wurde, demonstriert. Der molekulare Mechanismus hinter der erhöhten 

Mehtylierungsrate wurde erneut durch MD Simulation, untersucht. Bemerkenswerterweise zeigten 

SETD2 und NSD2 spezifisch nur für ihr eigenes Super-Substrat eine erhöhte Aktivität und nicht für das 

jeweils andere Super-Substrat. 

Die optimierten Interaktionen der Super-Substratpeptide wurden anschließend als Ausgangspunkt 

verwendet, um einen PKMT-spezifischen Inhibitionstest zu etablieren, bei welchem ssK36 als 

substratkompetitiver SETD2-spezifischer Inhibitor fungierte. 

Zusammenfassend zeigten die in dieser Arbeit durchgeführte MD Simulationen bisher unbekannte 

Gründe für den dominanten Effekt von DNMT3A R882H im heterozygoten Zustand und erklärten die 

veränderte Produktspezifität für NSD2 T1150A. Darüber hinaus wurden die Merkmale des artifiziellen 

entworfenen Super-Substratpeptides, durch verschiedene MD Simulationsansätze beschrieben und 

durch biochemische Experimente validiert. Die, in dieser Arbeit gefundenen, molekularen 

Mechanismen für DNMTs und PKMTs erklären biochemische Ergebnisse in atomarer Auflösung und 

zeigen neue Strategien für die Gestaltung einer neuen Klasse von substratkompetitiven PKMT-

Inhibitoren auf. 
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1. Introduction  

1.1. Epigenetics 

Every cell has its genetic information encoded as the base pair sequence in the DNA. However, cellular 

differentiation is driven by differences in the expression of genes. Epigenetics describes the 

mechanisms of these often stable, but still reversible, changes in gene expression patterns that do not 

involve alterations in the DNA sequence (Allis & Jenuwein, 2016). How the expression of genes is 

regulated under certain circumstances, is one of the key questions in epigenetics. The highly regulated 

and reversible changes add a dynamic layer of complexity beyond the static genetic code. A unilateral 

flow of DNA to RNA to protein is therefore no longer feasible, since proteins themselves regulate gene 

expression and react to environmental changes. 

 

1.2. Chromatin structure and its regulation 

Chromatin is the complex of proteins and DNA within the nucleus of eukaryotic cells. The smallest 

structural units of chromatin are nucleosomes, which consist of a stretch of about 146 base pairs of 

DNA wrapped around an octamer of histone proteins. The octamer contains two copies of the core 

histones, namely H2A, H2B, H3, and H4. Nucleosomes are connected by linker DNA segments, varying 

in length, forming a “beads-on-a-string” structure. This linear arrangement of nucleosomes can be 

further compacted to form higher-order chromatin structures, such as 30 nm chromatin fibers and 

highly condensed chromosomes. This leads to a remarkable size reduction, as the genetic information 

for a human cell lined up on a string would stretch over 2 meters. The compaction enables the DNA to 

fit into the eukaryotic nucleus with a diameter of 5-16 µM. Besides space optimization, chromatin 

compaction plays a pivotal role in the regulation of gene expression. In condensed chromatin regions, 

nucleosomes are packed tightly, restricting the access of other proteins responsible for e.g. 

transcription, DNA replication and repair. This repressed state of chromatin is referred to as 

heterochromatin. Chromatin regions that are less condensed and accessible for gene transcription are 

referred to as euchromatin. The conversion of heterochromatin to euchromatin, or vice versa, is 

regulated by modifications on DNA- and protein level (Fig. 1). 
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Figure 1: DNA and protein methylation influence gene transcription by recruiting chromatin remodeling 

enzymes. Chromosomes consist of smaller subunits called nucleosomes, which themselves consist of a protein 

octamer with DNA wrapped around it. DNA methylation at cytosines, and lysine methylation of histone proteins 

are epigenetic modifications, which are read by reader enzymes, recruiting chromatin remodeling enzymes. 

Depending on the actual modifications, the chromatin structure is being tightened or loosened, directly 

influencing gene transcription.  

 

1.3. DNA methylation 

DNA methylation occurs at the fifth carbon (C5) in the pyrimidine base cytosine. The methylation 

reaction is catalyzed by DNA methyltransferases (DNMTs) using the cofactor S-adenosyl-L-methionine 

(SAM) as a methyl group donor, which is converted to S-adenosyl-L-homocysteine (SAH). DNA 

methylation in gene promoters is correlated with silenced gene expression. In general, it contributes 

to formation of heterochromatin and is a more stable modification compared to protein methylation. 

Moreover, DNA methylation is a crucial signal in many biological processes including development and 

gametogenesis, parental imprinting, X chromosome inactivation, as well as maintenance of genome 

integrity (Jurkowska, Jurkowski, et al., 2011). Cytosine-guanine (CpG) islands are genomic regions with 

a high frequency of cytosine-guanine dinucleotides, often associated with gene promoters and 

commonly unmethylated. At promoters, DNA methylation serves as a repressive signal, hindering the 

interaction of transcriptional activators and facilitating the recruitment of transcriptional repressors 

that incorporate methylated DNA binding domains (MBDs) (Razin & Riggs, 1980; Tate & Bird, 1993; Yin 

et al., 2017). Repressed promotors with methylated CpG islands are found in regions, where silencing 
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is desired, like centromeric heterochromatin, imprinted genes or transposons (Howard et al., 2008; 

Jurkowska, Jurkowski, et al., 2011). 

 

1.3.1. DNA methyltransferases 

In humans, three DNMTs catalyze the methylation of cytosine (Gowher & Jeltsch, 2018). Whereas DNA 

methyltransferase 1 (DNMT1) maintains the DNA methylation after DNA replication and works 

preferentially on hemimethylated CpG dinucleotide sites (Bestor et al., 1988; Fatemi et al., 2001; Goyal 

et al., 2006), DNA methyltransferase 3A and 3B (DNMT3A and 3B) are responsible for de novo DNA 

methylation. De novo methylation is important during early development, germ cell differentiation as 

well as imprinting, a process in which specific genes are marked with methyl groups based on their 

parental origin (Gowher & Jeltsch, 2001; Okano et al., 1998). DNMT3A and 3B methylate CpG and non 

CpG sites and have no preference for hemimethylated sequences, distinguishing them from DNMT1 

(Gowher & Jeltsch, 2001). The DNMT3-like (DNMT3L) protein lacks catalytic activity, but serves as a 

scaffold protein for DNMT3A and DNMT3B, enhancing their de novo DNA methylation activity 

(Bourc'his et al., 2001). The catalytically active C-terminal domain (CTD) of DNMT3A in complex with 

the CTD of DNMT3L forms a linear heterotetrameric complex with the two DNMT3A subunits in the 

center and the DNMT3L at the edges (3L-3A-3A-3L, Fig. 2A) (Jia et al., 2007). The different subunits are 

connected by two interfaces. The DNMT3A/3L interface, called FF interface, and the central interface 

between the DNMT3A subunits, denoted as RD interface. The binding of DNMT3L at the FF interface 

helps to organize the active site and SAM binding pocket of DNMT3A, which explains the stimulation 

of DNMT3A activity (Jia et al., 2007). Crystal structures of the DNMT3A/3L complex bound to DNA 

showed that the DNMT3L subunits are not in contact with DNA, whereas the two DNMT3A subunits of 

the tetramer interact with two CpG sites of the substrate DNA, which involves the flipping of the target 

bases (Fig. 2B) (Zhang et al., 2018). The FF interface also supports DNMT3A/3A interactions, allowing 

the replacement of DNMT3L subunits in the DNMT3A/3L heterotetramer by two DNMT3A subunits 

yielding a DNMT3A homotetramer (Jurkowska et al., 2008; Jurkowska, Rajavelu, et al., 2011). 

DNA methylation is a dynamic process and can be reversed either passively during DNA replication or 

actively by DNA demethylases enzymes called ten eleven translocation enzymes (TETs). TET enzymes 

oxidize 5-methyl cytosine (5mC) in progressive oxidation reactions resulting in 5-hydroxymethyl 

cytosine (5hmC), 5-formyl cytosine (5fC) and 5-carboxy cytosine (5caC) (Ito et al., 2011; Tahiliani et al., 

2009). 
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Figure 2: DNA Methyltransferase (DNMT) 3A and its DNMT3L cofactor form a heterotetramer. A| Schematic 

representation of the tetrameric DNMT3A (blue) – DNMT3L (cyan) (DNMT3A/L) complex. B| Cartoon 

representation of the DNMT3A/3L complex with SAM (yellow), bound DNA and flipped out cytosine (orange) 

(Protein Data Bank (PDB) 6W8B). The positions of the two FF interfaces between DNMT3A and DNMT3L subunits 

and the RD interface between the central DNMT3A subunits are indicated as black, dashed lines. Figure taken 

and modified from (Mack et al., 2022). 

 

1.4. Lysine methylation 

SAM-dependent methylation occurs not only in DNA but also in proteins or peptides and can be found 

at side chains of lysine (K), arginine (R), aspartate (D), glutamate (E), histidine (H), asparagine (N), 

glutamine (Q), and cysteine (C) (Clarke, 2013). Due to the lone-pair electrons present in the ε-amine of 

lysine, as well as its preference for localization on the protein surface, lysine residues are a favorable 

target for posttranslational modifications (PTM) (Luo, 2018). Protein lysine methylation stands apart 

from other types of modifications like acetylation, ubiquitination or SUMOylation for three reasons. 

Firstly, the addition of methyl groups to lysine does not affect the overall charge of the residue at 

physiological pH, unlike acylation modifications that convert the positively charged ϵ-amine into a 

neutral amide. Secondly, lysine methylation represents the smallest PTM, resulting in only minor 

changes in the size of the side chain compared to other types of lysine modifications (Luo, 2018). 

Thirdly, up to three methyl groups can be transferred to a target lysine creating monomethyl lysine 

(Kme1), dimethyl lysine (Kme2) and trimethyl lysine (Kme3). 

Methyl lysine recognition is challenging, since lysine methylation only subtly alters the physiological 

properties. Still, the methylated lysines’ ability to engage in cation−π interactions (increased dispersion 
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of the positive charge around neighboring hydrocarbons) and the ability to form hydrogen bonds as a 

donor and acceptor is reduced with progressive methylation providing some options for discrimination 

and readout (Luo, 2018). A regular characteristic for methyl lysine-specific reader proteins is to 

recognize Kme2 and Kme3 methyl lysine groups through a hydrophobic pocket containing aromatic 

residues (e.g., F, Y, and W). Given that K, Kme1, Kme2, and Kme3 all carry an overall +1 formal charge 

at physiological pH, the aromatic pocket serves as a binding site for cation−π interactions (Luo, 2018). 

 

1.4.1. Histone lysine methylation 

Histone tails are the flexible ends of the histone proteins extending from the histone octamer and are 

a key target for lysine methylation (Fig. 1). The methylated lysine residues serve as a platform for the 

recruitment of proteins and protein complexes that interpret and regulate this modification. Such 

effector proteins contain specific domains which recognize the position of the lysine residue in the 

histone tail sequence and its methylation state (Cornett et al., 2019; Hyun et al., 2017; Yun et al., 2011). 

Eventually, a signal cascade of downstream effects is triggered, influencing the activity of chromatin 

remodelers, which alter the accessibility of DNA and thus gene transcription (Fig. 1). In the case of 

histone 3 lysine 9 (H3K9) methylation, found in constitutive heterochromatin, a cooperative 

mechanism involving other histone modifications and DNA methylation is found to trigger gene 

silencing. Protein lysine methyltransferases like SUV39H1 and H2 deposit H3K9 methylation, 

subsequently recognized by heterochromatin protein 1 (HP1) via an aromatic cage in its chromo 

domain (Kumar & Kono, 2020). HP1 binds H3K9me2/3 and acts as a transcriptional repressor by 

preventing the association of transcription factors and RNA polymerase (Schoelz & Riddle, 2022). 

Beyond the steric effect, HP1 further recruits DNMTs, which methylate CpG sites adjacent to the 

methylated lysine. The methylated DNA then acts as a foundation for MBD binding, which in turn 

recruit Histone Deacetylases (HDACs) (Jones et al., 1998). HDACs remove histone acetylation, thereby 

increasing the histone’s positive charge (Bannister & Kouzarides, 2011). This strengthens the 

interaction with the negatively charged DNA sugar-phosphate backbone, leading to chromatin 

compaction (Bannister & Kouzarides, 2011). 

 

1.4.2. Non-histone protein lysine methylation 

In addition to lysine methylation at histone tails, this modification was found at non-histone proteins 

like p53 (West & Gozani, 2011), E2F1 (Couture et al., 2006), STAT3 (Jinbo Yang et al., 2010) and the 

androgen receptor (Gaughan et al., 2011; Ko et al., 2011). Lysine methylation of non-histone proteins 

influences their functionality in multiple ways (Hamamoto et al., 2015). The methylation can serve as 

a signal to deploy other PTMs including ubiquitination, thereby affecting e.g. protein stability. Proteins 
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binding to methylated residues or other deployed PTMs: (i) stimulate or inhibit the target protein, (ii) 

regulate protein-protein interactions, (iii) affect the subcellular localization.  

 

1.5. Protein lysine methyltransferases 

The transfer of methyl groups from SAM to proteins is catalyzed by enzymes called protein 

methyltransferases (PMTs). If the methylated amino acid is a lysine residue, they are denoted as 

protein lysine methyltransferases (PKMTs) (Fig. 3). Over 60 characterized PKMTs are encoded in the 

human genome and can be categorized into two classes: SET domain-containing PKMTs (class V 

methyltransferase, called SET due to its discovery in the Drosophila enzymes named Suppressor of 

variegation 3-9, Enhancer of zeste, and Trithorax) and non-SET domain PKMTs (class I 

methyltransferases, also called 7-beta strand MTases) (Copeland et al., 2009; Falnes et al., 2016; Luo, 

2012; Richon et al., 2011). Notably, more than 90% of PKMTs belong to the SET domain family (Luo, 

2018). Still, non-SET domain-containing PKMTs and especially disruptor of telomeric silencing 1-like 

(DOT1L) as the most-studied representative member of this family, were shown to have major roles in 

cellular process and disease development (McLean et al., 2014; Nguyen & Zhang, 2011; Sarno et al., 

2020). 

PKMTs generally display a high specificity, targeting only defined lysine residues in one or few substrate 

proteins. Remarkably, histone lysine methylation is redundant, meaning that one lysine could be 

methylated by more than one PKMT. This redundancy has advantages: (i) different enzymes can be 

differentially regulated leading to a dramatic increase in the complexity of the regulatory network; (ii) 

PKMTs with a redundant substrate specificity can be recruited to different genomic loci like enhancers, 

promoters or gene bodies; (iii) PKMTs with redundant substrate specificities can transfer varying 

numbers of methyl groups. For example, PKMTs NSD1 (aka KMT3B), NSD2 (aka MMSET, WHSC1), NSD3 

(aka WHSC1L1) and ASH1L transfer up to two methyl groups to histone H3 lysine 36 (H3K36) while 

SETD2 (aka KMT3A, HYPB, SET2) catalyzes trimethylation at the same lysine residue (Edmunds et al., 

2008; Gregory et al., 2007; Li et al., 2009).  

PKMTs transfer up to three methyl groups to a target lysine. They can do so in two different ways. In a 

distributive mechanism, each round of catalysis results in product dissociation and rebinding of a fresh 

substrate is needed for a second turnover. Hence, each methylation event is independent leading to 

the stochastic generation of Kme1, Kme2 and Kme3, depending on the product specificity of the PKMT. 

In contrast, in a processive reaction mechanism, multiple rounds of catalysis proceed on the same 

substrate before dissociation of the product (Gowher & Jeltsch, 2001; van Dongen et al., 2014).  
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Figure 3: Protein Lysine Methyltransferases (PKMTs) transfer up to three methyl groups to specific lysine 

residues in proteins. The cofactor S-adenosyl-L-methionine (SAM) provides the methyl group. It is released after 

the transfer as S-adenosyl-L-homocysteine (SAH). Figure taken from (Schnee et al., 2023). 

 

1.5.1. Structure of SET domain PKMTs 

The SET domain of PKMTs is responsible for the methylation activity of this class of enzymes. It consists 

of approximately 130 amino acids, is often flanked by a pre-SET and post-SET domain (Qian & Zhou, 

2006) and sometimes contains the domain insertion SET-I. SET domain-containing PKMTs bind the 

protein substrate and the methyl group providing cofactor SAM at opposing binding faces (Cheng et 

al., 2005). This is contrary to non-SET domain-containing PKMTs, like DOT1L, where the protein 

substrate and SAM are accommodated within a single, extended binding cleft (Min et al., 2003).  

In the SET domain of PKMTs, the target lysine is brought in close proximity to the SAM methyl group 

through a hydrophobic tunnel. Here, the lysine hydrocarbon side chain interacts with tyrosine, 

phenylalanine and tryptophan residues via hydrophobic interactions (Qian & Zhou, 2006; Trievel et al., 

2003). The positively charged ε-amine group interacts with these residues through cation-π 

interactions (Luo, 2018). After insertion, the ε-amine group is oriented by multiple tyrosine residues 

and primed for the methyl group transfer. Meanwhile, SAM binds at the opposing site via contacts 

with its nucleobase and sugar moiety. The methyl group is then inserted into the active site and 

transferred to the deprotonated lysine ε-amine group (Fig. 4). The detailed mechanistic features of 

different SET domain architectures, autoinhibition, lysine deprotonation and methyl group transfer are 

described in the following chapters. 
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Figure 4: Binding mode of cofactor SAM and protein substrate for SET and non-SET domain-containing PKMTs. 

A| In SET domain PKMTs, the protein substrate (cyan) and SAM (orange, methyl group is colored black) bind at 

opposing sites. The target lysine (pink) is inserted into a narrow tunnel, where it undergoes deprotonation and 

is oriented for the methyl group transfer (image created using simulation results of PDB 6VDB). B| The non-SET 

domain-containing PKMT DOT1L binds the target lysine (pink) and cofactor SAM (orange, methyl group is colored 

black) in the same pocket (PDB 1NW3). The architecture consists of a DOT1L specific region (yellow), a 7-beta 

sheet Rossman fold (white) and a ubiquitin interaction region (forest green). 
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1.5.2. Different structural arrangements of SET domain PKMTs 

Phylogenetic analysis of SET domain sequences revealed that human SET domain PKMTs can be 

classified into subfamilies, each characterized by unique architectures (Wu et al., 2010). G9a (aka 

EHMT2, KMT1C), SUV39H1 (aka KMT1A) and SUV39H2 (aka KMT1B) belong to the classical PKMT 

subfamily, where their SET domains catalyze the methyl group transfer without prior conformational 

changes (Fig. 5A) (Schnee et al., 2023; Tachibana et al., 2001). In contrast, NSD1, NSD2, NSD3 and 

SETD2 are part of the PKMT subfamily with an autoinhibitory loop (AL) (Fig. 5B) (An et al., 2011; 

Bennett et al., 2017; Yang et al., 2016). In this subfamily, the apo form of the SET domain is expected 

to have a highly reduced activity and needs to undergo conformational changes for substrate binding 

and enzyme activity. Other PKMTs act in complexes with additional proteins or contain specific 

domains to: (i) bind to certain structures like nucleosomes; (ii) recognize specific modifications on the 

substrate; and/or (iii) regulate their own activity. An example for this are Mixed lineage leukemia (MLL) 

SET domains, which are inactive on their own but become catalytically active in the presence of binding 

partners such as WDR5, RbBP5, ASH2L, and DPY30, collectively referred to as WRAD (Fig. 5C) (Borkin 

et al., 2015; Cao et al., 2014; Grebien et al., 2015).  

The SET domain of PKMTs can feature insertions like the MYND domain (Myeloid translocation protein 

8, Nervy and DEAF-1). PKMTs with a MYND domain insertion represent the “SET and MYND Domain-

containing protein” (SMYD) subfamily. The MYND domain is responsible for protein-protein 

interactions possibly recruiting the enzymes to specific substrate proteins. Additionally, SMYD 

enzymes are characterized by a bilobal architecture with the protein substrate in the middle (Fig. 5D) 

(Ferguson et al., 2011; Mazur et al., 2014; Mzoughi et al., 2016; Saddic et al., 2010; Sirinupong et al., 

2011; Sirinupong et al., 2010).  
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Figure 5: Cartoon representation of multiple SET domain PKMT architectures. A| SET domain-containing PKMT 

G9a complexed with the 9 amino acid long H3K36 peptide (cyan) with the target lysine (pink), and cofactor SAM 

(orange, PDB 5JIY). SET domain-containing PKMTs incorporate zinc ions for structural stability in their “associate 

with SET” (AWS) domain (magenta), post-SET (yellow) or MYND (rose) domain depending on the enzyme (Dillon 

et al., 2005; Wu et al., 2011). However, they are not involved in catalysis or conformational changes. For 

simplicity, zinc ions are therefore not shown in protein structures presented in this work. B|SETD2 complexed 

with the 14 amino acid long H3K36 peptide, and cofactor SAM (PDB 5JLB). The autoinhibitory loop (rose) is in an 

open position to accommodate the protein substrate. C| MLL1 SET domain (white) associated with WDR5 

(green), RbBP5 (light blue), ASH2L (rose) and DPY30 (cyan) bound to a nucleosome core particle (PDB 6PWV). 

MLL1 SET domain complexed with the 8 amino acid long H3K4 peptide (PDB 6UH5) D| SMYD2 complexed with 

the 10 amino acid long peptide Er𝛼 (PDB 4O6F). Distinct features are the bilobal or clamshell-like structure and 

the MYND domain. Figure taken from (Schnee et al., 2023) 
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1.5.3. Autoinhibition of SET domain PKMTs 

NSD1 was one of the first PKMTs for which an AL was described. Crystal structure analysis and 

Molecular Dynamics (MD) simulations of NSD1 with bound cofactor SAM, but without bound 

substrate, showed that a loop of approx. 14 amino acids is placed on top of the substrate binding cleft, 

effectively blocking the entrance of a target peptide (Fig. 5B) (Trievel et al., 2003; Xiao et al., 2003; 

Zhang et al., 2003). The AL is positioned between the SET and Post-SET domain. Multiple PKMTs were 

shown to have an AL in their structure, but their sequences are not conserved (Couture et al., 2005; 

Xiao et al., 2005). Studies on ASH1L demonstrated that stabilizing the closed position of the AL, 

achieved by enforcing hydrophobic interactions between AL and enzyme through mutations, 

decreased the ASH1L methylation activity (Rogawski et al., 2015). Adding to this, the AL was speculated 

to regulate the product specificity of PKMTs. Mutational studies of the ASH1L AL turned the enzyme 

from a dimethyltransferase to a trimethyltransferase (An et al., 2011; Rogawski et al., 2015). This result 

may provide an explanation for different product specificities among PKMTs with high sequence 

similarity in the active site, but not in the AL (Schnee et al., 2023). This was postulated for PKMTs NSD1, 

DIM-5 and SETD2, which share a high active site sequence similarity but possess different AL residues 

and exhibit differing product specificities (SETD2 and DIM-5 are trimethyltransferases, NSD1 is a 

dimethyltransferase) (Qiao et al., 2011). Together, these findings suggested a regulatory role of the AL. 

However, the MD simulation experiments and crystal structure analysis, which led to this conclusion 

were conducted with peptides as substrates. The mechanistic principles for the interaction with larger 

substrates like nucleosomes remain to be described. 

 

1.5.4. Placeholder residues 

The AL plays a pivotal role in regulating the substrates binding of SET domain PKMTs by sterically 

blocking the binding cleft. In addition to its steric hindrance, the AL was also found to position residues 

directly in the active site, at the position of the target lysine. Notably, specific residues function as 

“placeholder” residues in this context, stabilizing the AL in its closed conformation. For instance, NSD1 

employs C2062 as a placeholder residue (Morishita & di Luccio, 2011), NSD2 uses C1183 (Jaffe et al., 

2013), SETD2 relies on R1670 (Yang et al., 2016), and ASH1L uses S2259 (Yang et al., 2016). Mutational 

studies on ASH1L demonstrated the impact of such interactions, where the placeholder residue serine 

was exchanged for methionine, which might establish stronger interactions with the hydrophobic 

lysine binding tunnel. This strengthened the closed conformation of the AL and led to a heavily 

decreased methylation activity (Rogawski et al., 2015). Remarkably, methionine was not found to be a 

placeholder residue in any SET domain PKMT, indicating that its binding strength into the active site 

might be too strong (Schnee et al., 2023). In the case of SETD2, the placeholder residue R1670 can 

adopt multiple conformations (Yang et al., 2016). In the AL closed state, R1670 was observed to occupy 
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the lysine binding tunnel (Fig. 6A). Crystal structures depicting the AL in a half-open position showed 

R1670 slightly flipped outwards, away from the active center (Fig. 6B). Furthermore, structures with 

the AL in a fully open conformation, and substrate bound, showed R1670 completely flipped outwards 

and exposed to the solvent. Moreover, the usually unresolved Post-SET loop (Q1676-K1703 for SETD2) 

was captured in front of the bound peptide substrate, engaging in hydrophobic interactions with the 

core enzyme (Fig. 6C). This loop is not resolved in crystal structures without bound peptide, indicating 

its high flexibility in this state. 

 

Figure 6: The autoinhibitory loop (AL) and placeholder residue need conformational changes to overcome 

autoinhibition. A| In the binary PKMT-SAM state, the placeholder residue occupies the target lysine channel. In 

SETD2 the placeholder residue R1670 (rose) can adopt multiple conformations. If no peptide is bound, the AL is 

in a closed position and R1670 occupies the target lysine channel (PDB 4H12). B| In a half-opened position, the 

AL starts to lift, and R1670 turns outwards (PDB 5JLE). C| When a peptide substrate (cyan, target lysine in pink) 

is bound, the AL is in an open position and R1670 becomes solvent exposed. The Post-SET loop (yellow) is closed 

on top of the bound peptide (PDB 5JLB). Figure taken and modified from (Schnee et al., 2023). 

 

1.5.5. Target lysine deprotonation 

The side chains of K, Kme1 and Kme2 possess lone-pair electrons on their ε-amine groups, making 

them targets for methylation. However, due to their high pKa values (10.2−10.7), K, Kme1, and Kme2 

predominantly exist in a protonated state under physiological conditions (pH 7.4), where they are 

unreactive as a nucleophile. Therefore, one critical requirement for lysine methylation catalyzed by 



13 

PKMTs is the deprotonation of the target lysine (Fig. 7A) (Trievel et al., 2002). To explain the 

deprotonation mechanism, MD and Hybrid Quantum Mechanics/Molecular Mechanics Quantum 

(QM/MM) simulations have been employed, showcasing a conserved mechanism for the 

deprotonation of the target lysine in multiple SET domain-containing PKMTs (Zhang & Bruice, 2007b). 

In this mechanism, the deprotonation of the side chain nitrogen (Nε) occurs through the transient 

formation of dynamic water channels in the enzyme’s active site (Hu & Zhang, 2006; X. Zhang & T. 

Bruice, 2008a, 2008b). A water molecule, which was frequently observed in the crystal structures of 

SET domain-containing PKMTs, was suggested to transfer the proton through a chain of water 

molecules into the aqueous solvent and finally to a buffer molecule (Fig. 7B-D). Additionally, 

electrostatic interactions between the positive charges of the SAM sulfonium moiety and the 

protonated N atom decrease the pKa of the latter from 10.9 to 8.2 (Zhang & Bruice, 2007b). This could 

explain the necessity of a basic reaction buffer for PKMTs and the weak in vitro methylation activity in 

acidic and even neutral buffers, as the deprotonation of the target lysine is impeded (Wilson et al., 

2002; Zhang et al., 2002). Based on this, Bruice and Zhang suggested a stepwise process, in which: (i) 

the water channel appears; (ii) the target lysine is deprotonated; (iii) the target lysine is methylated 

using the cofactor SAM; (iv) the proton is transferred into the solvent (Zhang & Bruice, 2007a, 2007b, 

2007c; X. Zhang & T. Bruice, 2008a, 2008b, 2008c). This model is applicable to multiple SET domain-

containing PKMTs but not to non-SET containing PKMTs like DOT1L (Fig. 4B). In the class of non-SET 

domain PKMTs, a water channel was not observed, and the amino acids located at the target lysine 

channel appear incapable of facilitating a direct deprotonation. It was speculated that their more 

hydrophobic active site could reduce the pKa of the target lysine and that the carboxylate of SAM could 

help in the subsequent deprotonation process (Cheng et al., 2005; Cortopassi et al., 2016; Min et al., 

2003). 
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Figure 7: PKMTs deprotonate the target lysine prior to the methyl group transfer. A| Schematic depiction 

illustrating the obligatory target lysine deprotonation prior to the PKMT-catalyzed methyl group transfer. B| The 

protonated target lysine (pink) is oriented by e.g., PKMT SET7/9 Y335 (white, sticks), while the water channel 

(red spheres) is already present (prepared using PDB 1XQH). C| The lysine proton is transferred to a nearby water 

molecule. D| After lysine deprotonation, the SAM methyl group is rapidly transferred to the deprotonated target 

lysine thereby preventing reprotonation. The excess proton is transferred into the bulk solvent. B-D| Figure taken 

and modified from (Schnee et al., 2023). 

 

1.5.6.  Reaction mechanism of SET domain PKMTs 

After a successful deprotonation, target lysine and SAM must be oriented in a conformation that 

facilitates the subsequent bimolecular nucleophilic substitution reaction (SN2), leading to the methyl 

group transfer. QM/MM simulations of SET7/9 (aka SETD7, SET7, SET9, KMT7) were first to describe 

the details of the SN2 mechanism (Hu & Zhang, 2006). In this mechanism, the deprotonated lysine N 

acts as the nucleophile, whereas the SAM sulphonium cation (S+) as the leaving group. The free 
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electron pair of N is present in a sp3 orbital at an 109° angle. The SN2 reaction occurs at an aliphatic 

sp3 carbon center (the C-atom of the transferred methyl group), with the electronegative sulphonium 

leaving group attached to it. The nucleophile attacks the carbon at a minimal distance of approximately 

4.4–4.6 Å (Chen et al., 2019). A combination of computational modeling, QM/MM and kinetic isotope 

effect studies have demonstrated that PKMTs can stabilize two distinct transitions states (TS) when 

methylating substrates (Chen et al., 2019; Linscott et al., 2016; Poulin et al., 2016). The SET8 enzyme 

(aka Pr-SET7, SETD8, KMT5A) exhibits an early SN2 TS (with a C−S distance of 2.0 Å and a C−Nε distance 

of 2.4 Å), while a late SN2 TS was observed for NSD2 (with a C−S distance of 2.5 Å and a C−Nε distance 

of 2.1 Å) (Fig. 8). Breaking of the C–S bond and the formation of the new bond between C and the 

nucleophile occurs instantaneously through a trigonal bipyramidal TS in which the carbon atom is sp2 

hybridized. The nucleophile attacks the carbon at a 180° angle to the leaving group, optimizing the 

overlap between the nucleophile's lone pair and the C–S antibonding orbital. Subsequently, the leaving 

group is pushed off at the opposite side, the TS structure collapses, and the methyl group covalently 

binds to the nitrogen atom, while SAH is released as a product (Copeland et al., 2009). Important to 

note is that the methyl group is transferred rapidly to the target lysine once a geometry favorable for 

the reaction has been achieved, due to the high group transfer potential of SAM, where it then 

prevents reprotonation. 

 

Figure 8: Geometric criteria for a bimolecular nucleophilic substitution (SN2) mechanism. A transition state (TS)-

like conformation can be approximated by using the depicted metrices.  

 

1.5.7.  Substrate specificity of SET domain PKMTs 

PKMTs are highly regulated enzymes and aberrant methylation of proteins could result in 

misregulation of chromatin states or protein activity. A specific recognition of the protein substrate by 

PKMTs is therefore indispensable. A suitable technique to decipher the substrate specificity of PKMTs 

are Celluspot peptide arrays (Bock et al., 2011; Sara Weirich & Albert Jeltsch, 2022). In this method, 

peptides are synthesized on a cellulose membrane using solid-phase peptide synthesis. A large variety 

of different peptides can be synthesized on a single membrane, increasing the screening capacity. Each 
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spot on the membrane represents an individual peptide sequence (Fig. 9A). The membrane is then 

incubated with the PKMT of interest and radioactively labeled SAM in buffer, allowing the detection 

of methylation through autoradiography. The signal intensity of the different peptide spots directly 

indicates which peptide sequences are preferred by the PKMT. By creating peptide arrays containing 

all possible single amino acid substitutions of an original substrate sequence, a PKMT-specific substrate 

specificity profile can be generated (Fig. 9B) (Dhayalan et al., 2011; Kudithipudi, Kusevic, et al., 2014; 

Kudithipudi, Lungu, et al., 2014; Kusevic et al., 2017; Rathert, Dhayalan, Ma, et al., 2008; Schuhmacher 

et al., 2015; Weirich et al., 2016). With the obtained specificity profile as a consensus sequence, novel 

protein substrate candidates have been identified (Dhayalan et al., 2011; Rathert, Dhayalan, 

Murakami, et al., 2008; Schuhmacher et al., 2020; Weirich et al., 2020). Certain PKMTs displayed a 

strict substrate specificity, limiting the range of substrates available for methylation (Kudithipudi et al., 

2012; Schuhmacher et al., 2015). In contrast, other PKMTs showed a relaxed substrate specificity, 

allowing them to methylate a broad spectrum of substrates (Rathert, Dhayalan, Murakami, et al., 

2008).  

A strict substrate specificity of PKMTs could be explained by precise interaction between enzyme and 

substrate, ensuring an accurate readout of the substrate sequence. On the other hand, explaining the 

promiscuity of certain PKMTs is more challenging. Recognizing multiple lysine residues necessitates a 

complex network of specific interactions, while still avoiding off-target effects to prevent aberrant 

methylation profiles. A hollow active site with loose contacts therefore appears as a too simplistic 

explanation. Various models have been suggested to clarify the promiscuity of PKMTs. One hypothesis 

suggests that the structural flexibility of both, the enzyme's active site and the substrate allows for the 

adoption of numerous dynamic conformations, enabling PKMTs to recognize multiple substrates (Luo, 

2018). An alternative model proposes that certain PKMTs identify their substrates based on their 

backbone atoms rather than their side chains (Al Temimi et al., 2019; Luo, 2018). The SET-I domain 

splits the SET domain and is speculated to be one of the key factors in determining substrate specificity, 

since it is the least conserved region among SET domain-containing PKMTs and heavily interacts with 

the substrate (Fig. 5) (Ronen Marmorstein, 2003). However, the SET-I hypothesis is challenged by the 

observation that PKMTs with similar substrate specificity, such as SETDB1 and SUV39H1, both 

methylating H3K9, exhibit large differences in their SET-I sequence (Ronen Marmorstein, 2003; Qian & 

Zhou, 2006). 

 

1.5.8.  Discovery of PKMT super-substrates 

One striking example of the complex mechanism behind the substrate specificity of PKMT has recently 

been discovered for SETD2. Hereby, the canonical substrate, H3 residues A29-P43, was deemed 

suboptimal for SETD2 (Schuhmacher et al., 2020). Surprisingly, multiple single amino acid exchanges 
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caused a higher methylation of the corresponding peptide substrates. By combination of the preferred 

amino acids, a novel, non-natural peptide sequence, referred to as “super-substrate K36” (ssK36), was 

created. The ssK36 peptide, differed at four positions from the canonical H3 sequence and was 

methylated about 100-fold more efficiently (Fig. 9C). Methylation differences between H3K36 and 

ssK36 were even larger in a protein context (Schuhmacher et al., 2020). The crystal structure of the 

ssK36 peptide complexed to the SET domain of SETD2 was resolved, and subtle differences were 

observed compared to the H3K36-SETD2 structure (Schuhmacher et al., 2020). Three of the four amino 

acids altered in ssK36 established distinct contacts: ssK36-R31 forms an H-bond/salt bridge with 

SETD2-E1674, ssK36-F32 is bound into a pocket formed by SETD2-E1674 and SETD2-Q1676, and ssK36-

R37 interacts with the backbone of SETD2-A1700. Despite these alterations, the overall structures of 

the ssK36-SETD2 and H3K36-SETD2 complexes remained very similar. Consequently, the crystal 

structures could not fully explain the substantial enhancement in the methylation rate of ssK36. 

 

Figure 9: Substrate specificity profile of SETD2 led to the super-substrate peptide (ssK36). A| Celluspot peptide 

array with the 15-residue long H3K36 peptide sequence as the starting sequence, incubated with SETD2 and 

radioactively labeled SAM. Positions were individually mutated to any other amino acid except tryptophan and 

cysteine. At several positions amino acids are preferred which differ from the original H3 sequence. B| 

Quantification of the peptide array methylation data generates a PKMT specific specificity profile, highlighting 

the preference for each position. C| Combination of preferred residues led to the super-substrate peptide (ssK36) 

(black) sequence, differing at 4 positions (orange) from the canonical H3K36 peptide (cyan) sequence. SETD2 was 

demonstrated to have a strongly enhanced methylation efficiency towards ssK36. Figure taken from (Philipp 

Schnee et al., 2022; Schuhmacher et al., 2020). 
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1.5.9. Product Specificity of SET domain PKMTs 

Product specificity in PKMTs refers to their capability to transfer a precise number of methyl groups to 

their lysine residue target: one, two or three methyl groups, creating Kme1, Kme2 or Km3, respectively. 

Despite structural similarities in the SET domain, PKMTs exhibit distinct substrate but also product 

specificities, requiring unique mechanisms to control the number of methylation steps.  

One potential mechanism to control the number of transferred methyl groups is speculated to be the 

target lysine deprotonation. As described earlier, the deprotonation of the lysine N is facilitated via a 

chain of water molecules (Zhang & Bruice, 2007b). In the context of product specificity, the presence 

or absence of the water channel could define the outcome. MD simulations of the 

monomethyltransferase SET7/9 revealed a water channel’s presence only in the SAM-bound state 

complexed with an unmethylated K4 peptide, suggesting a role in lysine deprotonation and regulating 

mono-methylation. In the presence of SAH, or K4me1, the water channel was absent, preventing 

further methylation after monomethylation. (Fig. 10A). Mechanistically, the methyl group of the 

monomethylated peptide takes the position of the proton that would be removed through the water 

channel. Deprotonation and further methylation of Kme1 is therefore impossible (X. Zhang & T. Bruice, 

2008b).  

Another possible regulation mechanism refers to the SN2 reaction mechanism used by PKMTs. If methyl 

group and lysine Nε are too distant, the transfer is unlikely. In MD and QM/MM simulations of SET7/9 

complexed with the K4 or K4me1 peptide, the distance between the SAM sulfur group and lysine Nε 

was greater for K4me1 (6.1 Å) than for K4 (5.7 Å) (Zhang & Bruice, 2007b). This difference in distance 

may be attributed to the active site potentially being too narrow. After the first methylation, a 

reorientation of Kme1 is not possible due to steric constraints. Consequently, a productive state, in 

which monomethylated lysine Nε and SAM methyl group come in close proximity, cannot form (Fig. 

10B). Adding to the described mechanisms, in multiple sequence alignments it had been identified, 

that PKMTs possessing a tyrosine at the so-called “F/Y-switch” position are limited to catalyzing mono- 

or dimethylation. In contrast, enzymes with a phenylalanine or another hydrophobic residue at this 

position display di- or trimethyltransferase activity (Collins et al., 2005). This phenomenon was 

observed for several SET domain-containing PKMTs and it could even be used to manipulate the 

product specificity. For instance, the trimethyltransferase DIM-5 could be converted into a 

mono/dimethylase by the F281Y mutation (Zhang et al., 2003) and the monomethyltransferase SET7/9 

could be changed to a dimethylase through the Y305F mutation (Del Rizzo et al., 2010; Zhang et al., 

2003). The mechanistic basis of the F/Y-switch solely relies on the presence of a single hydroxyl group. 

The missing hydroxyl group in the Y to F mutants creates additional space in the active site, facilitating 

the accommodation of water molecules and proper reorientation of already transferred methyl 

groups. In contrast, F-to-Y mutations, which turn trimethyltransferases into mono- or 
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dimethyltransferases, could be based on steric effects caused by the additional hydroxyl group making 

the active site too narrow to accommodate multiple methyl groups at the lysine N (Fig. 10C) (Chu et 

al., 2012; Hu & Zhang, 2006). The concept of the active site volume as a regulator for product specificity 

may also provide insights into somatic cancer mutations altering product specificity as later shown in 

this work.  

 

Figure 10: Proposed control mechanism for the product specificity of PKMTs. PKMTs catalyze the transfer of a 

distinct number of methyl groups to their lysine target (pink). Multiple mechanisms have been proposed, 

regarding the control of this process. A| Restricted second methylation caused by a disrupted water channel 

(red, spheres) and blocked lysine deprotonation of monomethylated target lysine (green, PDB 1XQH). B| The SN2 

geometry cannot be adopted in the presence of a monomethyl substrate. C| The F/Y-switch position controls 

the product specificity of certain PKMTs. Phenylalanine (white) at this position creates additional space in the 

active site, allowing accommodation of a dimethyl product. In contrast, a tyrosine with its additional hydroxyl 

group causes clashes, preventing the formation of the dimethylated product. Figure taken and modified from 

(Schnee et al., 2023). 

 

1.6. Histone lysine 36 methylation 

Methylation of lysine 36 of histone H3 (H3K36) and especially the di- and trimethylation (H3K36me2 

and me3) are important histone modifications affecting many cellular processes (Eric J. Wagner & 

Phillip B. Carpenter, 2012). NSD1, NSD2, NSD3, ASH1L and SETD2, SMYD5 and PRDM9 are the PKMTs 

responsible for H3K36 methylation in human cells. While NSD1, NSD2, NSD3 and ASH1L can only 

introduce mono- and dimethylation of H3K36 in vitro and in vivo (Eric J. Wagner & Phillip B. Carpenter, 

2012). SETD2 and SETD5 are responsible to introduce up to trimethylation at H3K36 in gene bodies, 

the SET and MYND domain-containing 5 (SMYD5) and PR/SET 9 (PRDM9) do so at promoter regions 

(Edmunds et al., 2008; Gregory et al., 2007; Li et al., 2009; Powers et al., 2016; Sessa et al., 2019; Zhang 
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et al., 2022). H3K36me2 is enriched at intergenic regions and promotors while H3K36me3 is enriched 

at gene bodies of active genes (Lam et al., 2022). H3K36me3 levels can be controlled in several ways, 

such as demethylation by the eraser protein KDM4A (Klose et al., 2006) or through the stability of 

SETD2. Homeostatic SETD2 protein levels in mammalian cells are low, as it is readily degraded by the 

ubiquitin–proteasome system (Zhu et al., 2017). SETD2 is also negatively regulated at the 

transcriptional level by the microRNA miR-106b-5p. Overexpression of miR-106b-5p was found to 

reduce SETD2 expression (Xiang et al., 2015). 

The biological functions of H3K36 methylation encompass the regulation of gene expression, DNA 

repair, recombination and gene splicing (Eric J. Wagner & Phillip B. Carpenter, 2012). The diverse 

effects arise through the physical interaction of H3K36 PKMTs, predominantly SETD2, with RNA 

polymerase II (RNAP II), RNA-binding proteins, and transcriptional elongation factors (Li et al., 2019). 

H3K36 methylation is associated with both active gene transcription marks and gene repression. Its 

impact on gene transcription is controlled by adjacent histone modifications and their respective 

reader proteins (Eric J. Wagner & Phillip B. Carpenter, 2012). As a repressive modification, H3K36 

methylation functions to suppress the aberrant initiation of transcription within coding regions of gene 

bodies in particular during active gene expression. This repression is facilitated by recruiting 

deacetylase complexes and the DNA methylation machinery (Lam et al., 2022; Li et al., 2019; Eric J. 

Wagner & Phillip B. Carpenter, 2012). The connection between H3K36 methylation and DNA 

methylation is established through the PWWP domains of DNMT3A and DNMT3B, which preferentially 

bind to H3K36me2 and H3K36me3, respectively (Dukatz et al., 2019). 

 

1.6.1. SETD2 

The SET domain-containing protein 2 (SETD2), has a size of 230 kDa, which corresponds to 2564 amino 

acids. This enzyme is a major writer of H3K36me3 in mammals, depositing the modification primarily 

at gene bodies of actively transcribed genes. SETD2 was thought to be the sole protein responsible for 

H3K36me3, but a recent study has indicated that SETD5 can also deposit H3K36me3 at active gene 

bodies in vivo (Sessa et al., 2019). Furthermore, PKMTs SMYD5 and PRDM9 have been shown to 

deposit H3K36me3 at promoter regions and during meiosis, respectively (Powers et al., 2016; Zhang 

et al., 2022). 

Human SETD2 contains several functional domains. These include a SET domain flanked by an 

“associated with SET” (AWS) domain and a post-SET domain, which together are responsible for the 

methyltransferase activity (Sun et al., 2005). SETD2 also contains a Set2–Rpb1 interaction (SRI) domain, 

which interacts with RNA polymerase II (RNAPII) (Li et al., 2005). The largest subunit of RNAPII contains 

a CTD that is hyperphosphorylated during active transcription. SETD2 interacts specifically with this 
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phosphorylated form of the RNAPII CTD through its SRI domain (Li et al., 2005; Sun et al., 2005). This 

allows SETD2 to selectively associate with actively transcribed regions of the genome. As a result, 

H3K36me3 is generally deposited at the 3′ end of actively transcribed gene bodies and it is associated 

with euchromatin (Bannister et al., 2005; Mitchell et al., 2023). The SETD2 deposited H3K36me3 

modification interacts with a large group of H3K36me3-binding proteins to participate in numerous 

cellular processes. One such process is de novo DNA methylation at genomic sites enriched with 

H3K36me3. This is performed by the reader protein DNMT3B (Baubec et al., 2015). DNA methylation 

aids in repressing cryptic transcription, which is the false initiation of transcription from intragenic sites 

of protein-coding genes (Neri et al., 2017).  

SETD2 is additionally involved in the regulation of cell size. MicroRNA-mediated SETD2 knockdown in 

human cells caused an increase in cell size and total protein content accompanied by an increased 

protein synthesis rate in vitro (Molenaar et al., 2022). It is speculated that SETD2 might indirectly 

regulate cell size by influencing cell cycle dynamics or by directly controlling protein synthesis rates 

(Molenaar et al., 2022). Overexpression of the oncohistone H3.3K36M, which diminishes H3K36me3, 

also causes an increase in cell volume (Molenaar et al., 2022). Crystal structures revealed that the 

H3K36M mutation inhibits the catalytic activity of SETD2, as the introduced methionine mutation binds 

into the lysine binding channel of the active site and functions as a competitive enzyme inhibitor (Yang 

et al., 2016). Despite H3K36me3 loss through H3K36M overexpression, the cell size increase was 

smaller than for SETD2 knockdown (Molenaar & van Leeuwen, 2022). This indicates that SETD2-

mediated regulation of cell size is not entirely dependent on H3K36me3 and highlights that the 

biological role of SETD2 is not limited to H3K36me3 deposition. 

Besides histone protein targets, recent studies found that SETD2 methylation occurs at non-histone 

substrates. Among these, SETD2 has been observed to monomethylate K525 of the signal transducer 

and activator of transcription 1-alpha/beta (STAT1) (Chen et al., 2017). This methylation promotes 

STAT1 phosphorylation and activation, connecting SETD2 with the amplification of IFNα-dependent 

antiviral immunity signaling pathways (Chen et al., 2017). Other SETD2 targets are K735 of EZH2, K40 

of α-tubulin and K68 of actin (Park et al., 2016; Seervai et al.; Yuan et al., 2021).  

Numerous somatic mutations of the SETD2 gene were found in cancer tissues, especially in pediatric 

high-grade gliomas (Fontebasso et al., 2013). Additionally, frameshift, non-sense and missense 

mutations in SETD2 are driver mutations in cell renal cell carcinoma (cRCC), indicating a loss-of-

function mechanism. This is supported by the reduced amount of H3K36me3 in cRCC and an unaffected 

amount of H3K36me2 (Kudithipudi, 2014).  

 



22 

1.6.2. NSD2 

The nuclear receptor SET domain-containing 2 (NSD2) catalyzes up to dimethylation of H3K36 and non-

histone proteins. Down-regulation of NSD2 significantly decreases the methylation of H4K20, leading 

to the increased accumulation of 53BP1 (Pei et al., 2011). NSD2 interacts with phosphatase and tensin 

homolog deleted on chromosome 10 (PTEN) via its CTD and stimulates the dimethylation of PTEN in 

cells (Zhang et al., 2019). The latter is recognized by the specific domain of 53BP1 to recruit PTEN into 

sites of DNA damage. This is suspected to represent one pathway to regulate the sensitivity of cells to 

DNA damage (Chen et al., 2020).  

NSD2 dysfunction is linked to many diseases ranging from developmental disorders to cancers (Lam et 

al., 2022; Li et al., 2019; Eric J. Wagner & Phillip B. Carpenter, 2012). Heterozygous loss of NSD2 is 

responsible for the developmental disease called Wolf-Hirschhorn syndrome (WHS) (Bergemann et al., 

2005). Moreover, missense mutations in NSD2 were observed in various types of cancers like lung 

cancers (Sengupta et al., 2021a; Yuan et al., 2021), hematological cancers (Jaffe et al., 2013) and head 

and neck squamous cell carcinomas (Cancer Genome Atlas, 2015). Epithelial–mesenchymal 

transformation (EMT) is a crucial process in cancer development, in which epithelial cells acquire 

characteristics of mesenchymal cells during tumorigenesis, development and progression (Brabletz et 

al., 2005; Yang et al., 2004). Recently, it was found that the overexpression of NSD2 occurs in 15% of 

patients with t (4;14)-positive multiple myeloma and that Twist-1 participates in driving the expression 

of EMT-related genes and contributes to tumor migration (Cheong et al., 2020). NSD2 interacts with 

Twist-1, which leads to an increase in H3K36me2 and promotion of EMT (Ezponda et al., 2013). 

Contrary to the straightforward impact of gene deletions causing loss-of-function changes, 

understanding the biological effects of single point mutations is a more complex task. Many somatic 

missense mutations in PKMTs have been detected in diverse cancer types, and have been shown to 

alter the enzyme’s activity, substrate specificity, product specificity, or other enzymatic properties 

(Brohm et al., 2019; Oyer et al., 2014; Weirich et al., 2017; Weirich et al., 2015). A frequent NSD2 

missense single point mutation is E1099K, which was detected in leukemic patients. This mutant was 

comprehensively characterized and shown to be hyperactive (Jaffe et al., 2013; Oyer et al., 2014; Pierro 

et al., 2020; Swaroop et al., 2019). E1099K was demonstrated to firstly enhance the binding towards 

nucleosomal substrates by interacting with the negatively charged DNA, and secondly destabilize the 

AL of NSD2 through breaking the salt bridge mediated by E1099. Eventually, this led to an enhanced 

nucleosome associations and higher activity (Li et al., 2019; Sato et al., 2021). However, the effects of 

other frequent missense cancer mutants like T1150A in NSD2 are still unknown. 
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1.7. Lysine demethylation 

Histone lysine methylation is a dynamic modification and can be removed by a group of enzymes called 

lysine demethylase (KDMs) (Hyun et al., 2017). The chemically inert nature of methyl lysine restricts 

the potential mechanisms of enzymes to remove a methyl group from the ε-amine of a protein lysine 

residue. Two mechanisms of enzymatic lysine demethylation were characterized and involve amino 

oxidation and hydroxylation (Luo, 2018). Lysine-specific demethylases (LSDs) are flavine-adenine-

dinucleotide (FAD) dependent and use the amine oxidase like (AOL) domain for the amino oxidation 

to remove lysine methylation (Fig. 11A-B). The hydroxylation reaction to demethylate lysine residues 

is carried out by KDMs bearing characteristic JmjC domains (Fig. 11C-D). JmjC-domain-containing KDMs 

can remove methyl groups from Kme1/2/3 whereas LSD enzymes can only act on Kme1/2 as substrates 

(Cole, 2008; Nowak et al., 2016). 

Similar to PKMTs, KDMs have been shown to demethylate methyl lysine in non-histone proteins such 

as ERα (Zhang et al., 2013), E2F1 (Kontaki & Talianidis, 2010), DNMT1 (Nicholson & Chen, 2009) and 

STAT3 (J. Yang et al., 2010). Many non-histone targets are substrates of LSD1, even though a well-

defined sequence motive is missing (Luo, 2018). This raises questions as LSD1 was shown to bind its 

H3K4me2 substrate in a highly sequence-specific manner (Luo, 2018). The promiscuous sequences and 

the specific recognition of LSD1 substrates at the same time are contrary and further work will be 

needed to clarify this issue. Two factors could potentially be responsible for this interesting effect: (i) 

the substrate-binding pocket of LSD1 is flexible and adopts multiple conformations to accommodate 

different substrates; (ii) the substrate specificity of LSD1 is altered by recruitment of regulatory 

partners like the androgen receptor, which interacts with the LSD1 SWIRM domain, changing the 

preference from H3K4me2 to H3K9me2 (Luo, 2018; Wu et al., 2012). 
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Figure 11: Reaction mechanisms of lysine demethylation. A| Chemical mechanism of the demethylation 

reaction catalyzed by LSDs. B| Hydrophobic interactions of monomethylated lysine (pink) with its surrounding 

residues (green) in the catalytic chamber with FAD (orange, PDB 6VYP). C| Chemical mechanism of demethylation 

reaction catalyzed by Jmjc-domain-containing KDMs (Luo, 2018). D| Representative structure and catalytic site 

of JmjC-domain-containing KDMs. KDM4A is shown as an example (PDB 2OQ6). Residues H188, E180, H276 

(yellow), a water molecule (red) and an α-ketoglutarate analogue (rose) coordinate the iron (orange). Figure 

taken and modified from (Kong et al., 2011; Luo, 2018). 
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1.8. Molecular Dynamics Simulation 

Molecular Dynamics Simulations (MD) are computational methods used to study the dynamic behavior 

of molecules and atoms in space over time. Empirically derived physic principles are applied to model 

the interactions and movements of atoms in the simulated system. By numerically solving the equation 

of motion for each atom, MD simulations provide insights into the dynamic behavior of biomolecular 

systems at an atomistic resolution. Researchers use MD simulations to investigate a wide range of 

questions including protein folding, ligand association to a protein, and cancer mutants. In the 

following chapters, the different MD simulation techniques used in this work are briefly described. 

 

1.8.1. Modelling 

At present, the Protein Data Bank (PDB) holds more than 206 000 experimentally solved structures, 

including more than 200 000 proteins (https://www.rcsb.org/ retrieved on November 11th, 2023). Due 

to the increasing resolution in crystal structures and cryo-Electron Microscopy (EM), resolved 

structures help to identify protein architectures, interactions with substrates or cofactors and unravel 

active site compositions in atomistic details. Over time, larger complexes have been resolved and 

complexes of multiple proteins together with nucleosomes have become state-of-art. The information 

from these structural data is highly valuable as it was shown for PKMTs SETD2 and NSD2, that the 

binding to a nucleosome causes the DNA around the histone octamer to partially unwrap. This 

facilitates the methylation of histone tails (Fig. 12A). SETD2 and NSD2 establish important contacts 

with the DNA, enhancing the affinity towards nucleosome substrates compared to protein substrates.  

https://www.rcsb.org/
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Figure 12: Binding mode of PKMTs to nucleosomal substrates. A| NSD2 (grey) was found to bind nucleosome 

substrates by partially unwrapping the DNA (orange). By this conformational rearrangement, the H3 histone tails 

(cyan) is made accessible and the target lysine (pink) binds in the NSD2 binding cleft (PDB 7E8D). Figure taken 

and modified from (Schnee et al., 2023). 

 

Whereas structural data provide important information about the substrate recognition of enzymes 

by complex formation or arrangement of key amino acids, it has limitations, which need to be 

considered. Proteins are dynamic entities with flexible structures. Said structures are difficult to 

localize in x-ray crystallography. The outcome is that flexible regions or residues are not resolved. This 

is critical since flexible residues can be involved in highly relevant processes like conformational 

changes, association reactions or sampling of protein-protein interactions. 

Another limitation is the necessity for stable complex formation to conduct structural studies. This is 

specifically relevant for enzymes since they catalyze reactions by binding substrates and releasing 

products. Inhibitors can be used to circumvent this problem, but critical information about catalysis is 

therefore lost. For example, SET domain-containing PKMTs use water channels to deprotonate the 

target lysine residue in the active site. The water channel is only visible if the cofactor SAM is bound 

and not for the cofactor product SAH (X. Zhang & T. Bruice, 2008a). However, in resolved structures 

mostly SAH has been used as cofactor, since the methyl group had already been transferred to a 

substrate, or SAM derivatives like sinefungin were used in the first place for stable complex formation. 

Alternatively, substrate inhibitors, like the H3K36M peptide can be used, constantly binding to SET 

domain-containing PKMTs, since methionine is not methylated (Fang et al., 2016; Schnee et al., 2023; 
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Schuhmacher et al., 2020; Yang et al., 2016; Zhang et al., 2017). Hence, interactions between the 

missing target lysine and the PKMTs active site are lost. Most importantly, the TS of the catalyzed 

reaction is never visible in static crystal or cryo-EM structures using inhibitors. The TS is however the 

most critical conformation between enzyme and substrate. 

The highlighted limitation can be overcome by using modelling approaches. Here, resolved structures 

function as a template from which key factors can be modified. Based on enzymes with similar 

sequences or architectures, missing residues can be modelled using tools like PyMOD 3.0 (Janson & 

Paiardini, 2021). Homology models can be generated from enzymes for which no resolved structure 

has yet been published by tools like AlphaFold2 (Jumper et al., 2021) , or SWISS-MODEL (Waterhouse 

et al., 2018). A K36M inhibitor can be reverted to lysine or the cofactor SAH can be exchanged for SAM 

using PyMOL (L. L. C. Schrödinger, 2015). These modifications create a more accurate model of the 

dynamic interaction between PKMT, cofactor and protein substrate.  

 

1.8.2. Structure of MD Simulations 

Structural models lack dynamic behavior and critical information about conformational changes due 

to substrate binding, product release or the orientation during the TS is not accessible. This was shown 

for the Post-SET loop of SETD2, which blocks the active site, but opens up upon binding to protein 

substrates (Yang et al., 2016). While at least snapshots of this process were captured in crystal 

structures (PDB 5LSU for closed, 5V21 for open), the complete process involving the regulatory 

contacts between enzyme and substrate can only be investigated using MD simulation approaches. 

At the beginning of an MD simulation, a starting structure, based on a crystal structure, cryo-EM 

structure or modelling results (or a combination of all these approaches), is used. Afterwards, each 

atom is given a random velocity, based on a temperature dependent Maxwell Boltzmann distribution 

(Meller, 2001; Yu & Dalby, 2020). Subsequently, the atoms start to move, following the distributed 

velocities for a short time interval. Next, forces are applied on each atom modeling bonded and non-

bonded interactions. Bonded interactions describe the chemical bonds between atoms by bond 

potentials, which encompasses stretching, bending, and torsional rotation (Fig. 13A). Non-bonded 

interactions involve Van-der-Waals interactions described by the Lennard-Jones potential accounting 

for both attractive and repulsive forces. Electrostatic forces between charged atoms, carrying full or 

partial charges, are modeled by a Coulomb potential and an appropriate dielectric constant (Fig. 13B). 

Electrons are not explicitly considered in classical MD simulations. To calculate the forces applied on 

each atom, a molecular mechanics force field is employed. Force fields are derived and calibrated to 

fit to the results of precise quantum mechanical calculations and often incorporate specific 

experimental measurements to validate the obtained parameters (Monticelli & Tieleman, 2013). A 
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force field consists of atoms masses, descriptions of bond energies between atoms depending on 

length, angles and dihedrals. Comparison of simulation and experimental data indicates that force 

fields have improved substantially in recent years (Chmiela et al., 2018; Dasetty et al., 2019; Lindorff-

Larsen et al., 2012; Lopes et al., 2015). Still, force fields use empiric data and the uncertainty introduced 

by these approximations should be considered when interpreting simulation results. 

Moreover, in a classical MD simulation, no covalent bonds are formed or broken meaning that 

chemical reactions cannot be directly represented. Hybrid quantum mechanics/molecular mechanics 

(QM/MM) simulations model a small part of a system using quantum mechanical calculations, taking 

electron densities into account. Here, bond breakage and formation can be modeled. The remainder 

of the system is modeled by classical MD simulation. QM/MM simulations are frequently employed to 

study chemical reactions and enzyme catalysis that involve changes in covalent bonds. However, 

QM/MM simulations pay for the accurate calculations with heavily reduced simulation times and 

higher computational demand.  

 

Figure 13: Molecular dynamics simulation use bonded and non-bonded forces to model the interactions 

between atoms. A| In MD simulation, atoms are connected via spring-like bonds. The bonded forces comprise 

bond stretching, angle bending and dihedral torsion. Non-bonded interactions consist of Van-der-Waals and 

electrostatic forces. B| Electrostatic forces are applied between fully or partially charged atoms. Van-der-Waals 

forces are described using the Lennard-Jones Potential. Figure taken and modified from (Schnee et al., 2023). 

 

By solving Newton’s laws of motion, the calculated forces applied on each atom result in an 

acceleration vector, which is then applied to update the velocities. This results in a sequential 

progression, iteratively applying forces to atoms and updating their positions and velocities. 

Ultimately, the outcome is a dynamic, three-dimensional, atomic-level resolution representation of a 

dynamic protein, e.g. the behavior of a PKMT in the presence of its substrate and SAM (Hollingsworth 

& Dror, 2018; Hospital et al., 2015). 

To ensure numerical stability of the molecular structures, the time steps in an MD simulation must be 

short, typically only a few femtoseconds (10-15 s) each. In contrast, conformational changes of enzymes 
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take place on timescales of nanoseconds, microseconds, up to seconds. Hence, billions of time steps 

are needed to capture the complete dynamics. In each step, all interatomic interactions in the system 

are calculated, which is computationally expensive. Luckily, the continuous and almost exponential 

advancements in high performance computing power, especially the availability of Graphics Processing 

Units (GPU), have allowed for more efficient and longer simulations. An example benchmark 

simulation with a 159-residue protein (DHFR) in explicit solvent (<24000 atoms) using OpenMM 

(Eastman & Pande, 2010; Eastman et al., 2017) yielded >1ms per day on a Nvidia RT2080Ti 

(https://openmm.org/benchmarks). To simulate even longer and larger systems, coarse-grained MD 

simulations offer a loophole. Here, one artificial particle represents a group of atoms rather than a 

single atom. Thereby, the resolution decreases but accessible timescales increase by orders of 

magnitude (Marrink & Tieleman, 2013). However, these approaches are no longer first-principle 

methods as they are based on purely empirical force fields which need to be established beforehand 

and calibrated with experimental data very carefully. 

Due to limited computational resources, it is necessary to restrict the system size. Therefore, periodic 

boundary conditions are used. The system is confined in a box, assuming that the properties of the 

actual system can be approximated by a virtual infinite system of repeating side-by-side boxes. If a 

molecule or atom passes through the initial box boundary, it will re-enter the neighboring box from 

the opposite boundary, forming a periodic space (Meller, 2001; Yu & Dalby, 2020). 

 

1.8.3. Steered molecular dynamics simulations 

Steered molecular dynamics (sMD) simulation is a technique in which controlled external forces are 

used to guide an under-sampled process. Rare events like the association of a ligand to a protein are 

too slow to be observe in realistic timeframes or only under immense computational cost. During the 

simulation, the majority of resources is wasted on unimportant events like the ligand floating in the 

solvent. In the sMD approach two groups of molecules are connected with a very weak spring, slowly 

guiding the ligand to the protein. Thereby, reactions that otherwise would be too slow to be modelled 

in MD simulations are accelerated and at the same time the conformational sampling is concentrated 

along a specific, predefined reaction coordinate (Yang et al., 2019).  

The sMD method has been successfully utilized in a variety of investigations. Especially, binding 

affinities between proteins and ligands are of special interest, as the simulation data can be validated 

with experiments (Chang, 2004). For example, the chaperone FK506-binding protein dimerizes upon 

contact with Tacrolismus (FK506), which made it a valuable tool for chemically induced dimerization 

applications where it can be used to manipulate protein localization, signalling pathways and protein 
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activation (Fegan, 2010). In this case, the sMD obtained dissociation constant (kD) was calculated and 

agreed nicely with the experimentally determined kD (Lee & Olson, 2006). 
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2. Aims of this work 

The methylation reactions catalyzed by DNMTs and PKMTs are highly regulated, and aberrant 

methylation of protein and DNA is associated with neurologic disorders, cardiovascular diseases, and 

various types of cancer. The overarching goal of this work was to use molecular dynamics simulation 

in combination with biochemical experiments to investigate the catalytic machinery of these enzymes. 

In pursuit of this goal, two approaches were used: 

1. By simulating cancer mutants of DNMTs and PKMTs and comparing the obtained simulation 

results to simulations of the wild type (WT), distinctions between mutant and WT can be 

found. These differences help to reveal the molecular mechanisms behind the cancer mutation 

and lead to a better understanding of the pathophysiological effects. 

2. Investigating the substrate specificity of PKMTs by comparing canonical peptide substrates to 

artificially designed super-substrate peptides. A super-substrate peptide is methylated with a 

high efficiency by the PKMT for which it was designed for. By uncovering the properties which 

cause the increased methylation, a detailed knowledge about the full catalytic process of 

PKMTs is gained. This extends our understanding of how PKMT interact with their substrates 

but could also serve as a basis to develop PKMT specific inhibitors. 

 

2.1. MD Simulation of the somatic cancer mutation R882H of DNMT3A 

DNMT3A mutations were observed in 20–40% of patients with particular subtypes of Acute Myeloid 

Leukemia (AML), a cancer of blood forming cells in the bone marrow (Ley et al., 2010; Yan et al., 2011). 

DNMT3A R882H is the most abundant missense mutations (66%) among others (Tate et al., 2019). 

Despite the high clinal relevance, the pathogenic mechanism of this mutation is unclear. R882 is 

located in the RD interface of DNMT3A tetramers, which forms the DNA binding site. Biochemical 

studies of DNMT3A R882H have shown that the mutation leads to a massive change in the flanking 

sequence preferences compared to the WT. This leads to alterations of DNA methylation patterns in 

cancer cells (Mack et al., 2022). The genetic data clearly indicated a dominant behavior of the 

mutation. To understand this behavior, the DNMT3A/L heterotetramer was investigated by MD 

simulations. DNMT3A WT and DNMT3A R882H mutant were each complexed with a DNA substrate 

and simulated to identify potential differences in complex conformations and interface stability. Found 

discrepancies could shed light on the pathogenic mechanism behind this mutation. 
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2.2. MD Simulation of the somatic cancer mutation T1150A of NSD2 

Biochemical characterization of the PKMT NSD2 and its somatic cancer mutation T1150A revealed a 

hyperactivity of this enzyme. Besides the found hyperactivity, the product specificity was changed from 

a dimethyltransferase to a trimethyltransferase. Changes in the H3K36 methylation state are known 

to be associated with diverse biological outcomes, because H3K36me2 and H3K36me3 exhibit distinct 

downstream effects on gene transcription and chromatin structure (DiFiore et al., 2020). Therefore, a 

combination of MD and sMD simulation techniques was used to investigate the reason for the altered 

product specificity of NSD2 T1150A. This allowed for an atomistic and dynamic analysis of the NSD2 

active site and its interaction with the SAM cofactor and the protein substrate.  

 

2.3. Mechanistic basis of super-substrate peptides 

SETD2 transfers up to three methyl groups to H3K36. The substrate specificity of SETD2 regarding 

H3K36 has been previously mapped using Celluspots peptide array methylation (Schuhmacher et al., 

2020). This revealed that the canonical H3 amino acids were not ideal at many positions. Based on this, 

an artificial peptide substrate was designed that contained the most favorable amino acid at each 

position. Methylation experiments showed that the 15 amino-acid long super-substrate peptide 

(ssK36), which differed at four positions from the original H3K36 was methylated more than 100-fold 

faster than the canonical H3K36 peptide (Schuhmacher et al., 2020). The crystal structure of SETD2 

with bound ssK36 peptide was resolved but did not entirely explain the highly increased methylation 

activity of SETD2. To elucidate the mechanistic reasons behind this massive increase in reaction rate, 

a combination of biochemical methylation and FRET experiments, MD and sMD simulation techniques 

were used to cover multiple steps of the catalytic process, considering (i) the peptide in solution; (ii) 

the association of the peptide into the enzyme’s active site; (iii) the established contacts in the enzyme-

peptide complex. Comparing the H3K36 peptide and the highly active ssK36 peptide at all catalytic 

stages offers the opportunity to understand the factors influencing the methylation activity of SETD2 

and potentially other PKMTs. Likewise, a similar workflow was applied to the PKMT NSD2, for which a 

new super-substrate peptide was designed by Dr. Sara Weirich (Weirich et al., 2023). Again, the PKMT-

peptide complex properties were investigated by MD simulation, showing the transferability of this 

approach. The catalytical advantages of the super-substrate peptides were then used as a starting 

point to establish a PKMT-specific inhibition assay in which ssK36 was tested for its SETD2-specific 

inhibitory strength. 
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3. Material and Methods 

In the upcoming chapters the main methods used in the presented studies are briefly summarized. The 

detailed methods can be found in the corresponding attached publications. The exact code for the MD 

simulation protocols, input files, trajectory analysis scripts, software and library versions can be found 

in the respective DaRUS repository of the University of Stuttgart:  

• doi.org/10.18419/darus-2463 for the MD simulation protocols and trajectory analysis scripts 

of DNMT3A (Mack et al., 2022) 

• doi.org/10.18419/darus-2508 for peptides in solution, SETD2 association and SETD2-peptide 

complex simulations and analysis scripts (Philipp Schnee et al., 2022) 

• doi.org/10.18419/darus-3263 for NSD2 T1150A simulation and analysis scripts (Khella et al., 

2023a) 

• doi.org/10.18419/darus-3815 for NSD2 super-substrate simulation and analysis scripts 

(Weirich et al., 2023) 

The manuscript of NSD2 and its super-substrate (manuscript #4 (Weirich et al., 2023), appendix II) was 

submitted for review, which could influence the accessibility of the DaRUS data repository. If the 

repository is not accessible, refer to reviewer access at: 

https://darus.uni-stuttgart.de/privateurl.xhtml?token=3560453f-56c3-45a7-a365-140c6a5973f3 

 

3.1. MD simulations and representation 

All MD simulations were performed using OpenMM 7.4.2 (for DNMT3A simulations) or 7.5.1 (for 

peptide, SETD2 and NSD2 simulations) (Eastman & Pande, 2010; Eastman et al., 2017) utilizing the 

NVIDIA CUDA (Nvidia, 2010) GPU platform. The systems were parameterized using the General Amber 

force field (GAFF) and AMBER 14 all-atom force field (Case, 2014). SAM was modelled based on the 

coordinates of SAH and parameterized using ANTECHAMBER from AmberTools (18.0) (Junmei Wang, 

2001). The non-bonded interactions were treated with a cut-off at 10 Å. Additionally, the Particle Mesh 

Ewald method (Tom Darden, 1993) was used to compute long-range coulomb interactions with a 10 Å 

non-bonded cut-off for the direct space interactions. Energy minimization of the systems was 

performed until a 10 kJ/mole tolerance energy was reached. Simulations were run using a 2 fs 

integration time step. The Langevin integrator (Bussi & Parrinello, 2007) was used to maintain the 

system temperature at 300 K with a friction coefficient of 1 ps−1. The initial velocities were assigned 

randomly to each atom using a Maxwell–Boltzmann distribution at 300 K. A cubic water box with a 10 

Å padding to the nearest solute atom was filled with water molecules using the tip4p-Ew model (Horn 

et al., 2004) at pH 7. The ionic strength of 0.1 M NaCl was applied, by adding the corresponding number 

https://darus.uni-stuttgart.de/privateurl.xhtml?token=3560453f-56c3-45a7-a365-140c6a5973f3
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of Na+ and Cl− ions. The pKa values of proteins and peptides were assigned according to the AMBER 

ff14SB force field (Maier et al., 2015). Production runs were performed under periodic boundary 

conditions, and trajectories were written every 10,000 steps (20 ps). Deviating protonation states, 

equilibration protocols and other specifications for the individual system setups are described in the 

following paragraphs below. All structures and MD simulation snapshots were visualized using PyMOL 

(2.4.1) (L. L. C. Schrödinger, 2015).  

 

3.1.1. MD simulations of the DNMT3A/L hetero tetramer complexed with DNA 

MD simulations were conducted using structures PDB 6W8B for DNMT3A WT and PDB 6W89 for 

DNMT3A R882H. SAM was introduced instead of SAH and zebularine was changed to cytosine not 

covalently bound to cytosine 710. Simulations were run using a 1 fs integration time step. A rectangular 

box shape was used to minimize the amount of additional water molecules. The system charge was 

neutralized by adding 36 Na+ ions for the DNMT3A WT simulations and 38 Na+ ions for the DNMT3A 

R882H simulations. To equilibrate the solvent, a 3 ns pressure coupled equilibration with Monte Carlo 

barostat (Faller & de Pablo, 2002) was performed at a pressure of 1 atm. This was followed by a 3 ns 

equilibration with restrained protein and DNA backbone with a force of 2 kJ/mole × Å2. The restraints 

were removed and followed by a 3 ns equilibration. With the resulting system, 6 independent 25 ns 

production runs were performed for each DNMT3A WT and DNMT3A R882H. Further details can be 

found in manuscript #1 (appendix I). 

 

3.1.2. sMD simulations of the peptide association process into the NSD2 active site 

The structures of the SET domain of human NSD2 WT and NSD2 T1150A (Y991–K1220) were modeled 

based on the cryo-EM structure of NSD2 the E1099K/T1150A double mutant in complex with a 

nucleosome (PDB 7CRO). Missing amino acids and reverting of the mutations K1099E (to obtain NSD2 

T1150A) and K1099E/ A1150T double mutant (to obtain NSD2 WT), were modeled using PyMOD 3.0 

(Janson & Paiardini, 2021). The missing part of the post-SET loop (amino acids P1206–K1220) was 

modeled based on the SET domain of SETD2 (PDB 5V21) using PyMOD 3.0, since no structure of NSD2 

complexed with the H3K36 peptide (29-APATGGVKKPHRYRP-43) and post-SET loop has been resolved. 

Subsequently, the histone tail of PDB 7CRO was replaced by the H3K36 peptide from PDB 5V21. In this 

peptide methionine 36 was mutated to lysine and manually deprotonated as required for the SN2 

mechanism. Methyl groups were introduced at the lysine side chain nitrogen using PyMOL. 

Parametrization of methylated lysine in the different methylation states was accomplished using 

AMBER 14 GAFF and ff14SB. The Zn2+ ions were modeled using the cationic dummy atom method 

(Pang, 1999, 2001). Cysteines 1016, 1018, 1026, 1032, 1041, 1046, 1052, 1145, 1192, 1194 and 1199 
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were treated as unprotonated to ensure proper Zn2+ binding. The system charge was neutralized by 

adding 3 Na+. SAM was modelled as described before and placed ~27 Å away from the SAM-binding 

pocket, representing the starting point for the association studies (distance between SAM methyl 

group and side chain nitrogen of the peptide lysine 36). To equilibrate the solvent, a 5 ns pressure 

coupled equilibration with Monte Carlo barostat was performed at a pressure of 1 atm. The C-alpha 

(Cα) atoms of NSD2, the peptide, and the SAM atoms were restrained with a force of 100, 100 and 5 

kJ/mol × Å2, respectively. The restraints were taken off successively, starting with the NSD2 Cα 

restraints, followed by a 5 ns equilibration with the peptide and SAM still being restrained. 

Subsequently, the SAM and peptide restraints were removed as well, followed by 0.1 ns equilibration 

with no restraints. A distance-dependent force of 0.2 × distance between centroid 1 (lysine 36 side 

chain nitrogen and its attached two hydrogen atoms) and centroid 2 (SAM methyl group and its 

attached three hydrogen atoms) (kJ/mol)/Å2) was used. This force was not static but rather represents 

a spring pulling the center of mass (COM) of centroid 1, towards the COM of centroid 2, while still 

giving room for conformational changes. The lysine hydrogen atoms were replaced with carbon atoms 

as appropriate for the Kme1, Kme2 and Kme3 simulations. Two additional weaker forces were used to 

guide SAM into a proper binding position in the SAM binding pocket (force2: 0.1 × distance between 

centroid 3 (SAM atoms N1, C2, N3) and centroid 4 (NSD2 L1202 atoms N, Cα, C) (kJ/mol)/ Å2); force3: 

0.05 × distance between centroid 5 (SAM atoms N0, Cα, Cβ) and centroid 6 (NSD2 F1149 atoms Cα, C, 

O) (kJ/ mol)/Å2)). For production, sMD simulations were conducted for 100 replicates à 35 ns for each 

protein variant NSD2 WT and NSD2 T1150A. Further details can be found in manuscript #2 (appendix 

I). 

 

3.1.3. MD simulations of NSD2 

General simulation parameters and starting structures of the SET domain of NSD2 WT and T1150A 

complexed with the H3K36 peptide were modeled as described above for the sMD experiments 

(chapter 3.1.2). SAM was positioned in the SAM binding pocket based on the coordinates of SAH in 

PDB 7CRO. A 5 ns pressure coupled equilibration with Monte Carlo barostat was performed at a 

pressure of 1 atm. NSD2 and peptide Cα atoms as well as SAM atoms were restrained with a force of 

100, 100 and 5 kJ/mol × Å2, respectively. The restraints were taken off successively, starting with the 

Cα restraints, followed by a 5 ns equilibration with only SAM restrained. Subsequently, the SAM 

restraints were removed as well followed by 5 ns equilibration with no restraints. For production, 30 

replicates à 100 ns were performed for each NSD2 variant WT and T1150A. Further details can be 

found in manuscript #2 (appendix I). 

For the investigation of the NSD2 super-substrate ssK36(NSD2), NSD2 complexed with the 15 amino 

acid long H3K36 peptide was modelled as described above (chapter 3.1.2). The ssK36(NSD2) peptide 
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in complex with NSD2 was obtained by manually mutating H3K36 in PyMOL to generate the 

ssK36(NSD2) sequence (29-APKTGGVKRPNNYRP-43). The protein charge was neutralized and an ionic 

strength of 0.1 M NaCl was applied, by adding 30 Na+ and 27 Cl− ions. A 5 ns pressure coupled 

equilibration with Monte Carlo barostat was performed at a pressure of 1 atm. NSD2 and peptide Cα 

atoms as well as SAM atoms were restrained with a force of 100, 100 and 5 kJ/mol × Å2, respectively. 

The restraints were taken off successively, starting with the Cα restraints, followed by a 5 ns 

equilibration with only SAM restrained. Subsequently, the SAM restraints were removed as well 

followed by 5 ns equilibration with no restraints. For production, MD simulations were conducted in 

50 replicates à 100 ns (total simulation time 5 μs). Further details can be found in the attached 

manuscript #4 (appendix II). 

 

3.1.4. MD simulations of peptides in solution 

The peptide structures were retrieved from crystal structures of each peptide complexed with SETD2, 

PDB 5V21 for the H3K36 peptide (29-APATGGVKKPHRYRP-43) and PDB 6VDB for the ssK36 peptide (29-

APRFGGVKRPNRYRP-43). Missing amino acids were modelled using the PyMOL builder(L. L. C. 

Schrödinger, 2015). Since the crystal structures of SETD2 were complexed with K36M inhibitor 

peptides, M36 was mutated to K36 for both peptides using the PyMOL mutagenesis tool. The system 

charge was neutralized by adding 4 Cl- ions for the H3K36 simulations and 5 Cl- ions for the ssK36 

simulations. To equilibrate the solvent, a 5 ns pressure coupled equilibration with Monte Carlo 

barostat was performed at a pressure of 1 atm, which was followed by a 10 ns free equilibration 

without constraints. The equilibration steps were repeated for each simulation replicate and follow by 

a 50 independent 70 ns production runs for each peptide. Further details can be found in manuscript 

#3 (appendix I). 

 

3.1.5. sMD simulations of the peptide association process into the SETD2 active site 

The structure of the SET domain of human SETD2 was retrieved from PDB 6VDB, missing amino acids 

were modelled using PDBFixer (P. Eastman, 2013) and the complexed ssK36 peptide was removed. The 

centroid structures from the peptide conformations clustering 1 and 2 (chapter 3.2.3) were placed 30 

Å away from the binding cleft (distance between SAM methyl group and side chain nitrogen of the 

peptide lysine 36). The target lysine was manually deprotonated as required for the SN2 mechanism 

(X. Zhang & T. Bruice, 2008a). The Zn2+ ions were modelled using the cationic dummy atom method 

(Pang, 1999, 2001). Cysteines 1499, 1501, 1516, 1520, 1529, 1533, 1539, 1631, 1678, 1680, 1685 were 

treated as unprotonated to ensure proper Zn2+ binding. The system charge was neutralized by adding 

7 Cl− ions. To model SETD2 in an open position, the post-SET loop (Q1691-K1703) was manually lifted 
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upwards using PyMOL based on the results described previously (Yang et al., 2016). In this 

conformation, the peptide binding cleft is no longer blocked by the post-SET loop and the 

autoinhibitory residue R1670 points outwards. The post-SET loop was not constrained in the open 

conformation. The open position of SETD2 was then used for the sMD simulations. To equilibrate the 

solvent, a 5 ns pressure coupled equilibration with Monte Carlo barostat was performed at a pressure 

of 1 atm. The Cα atoms of SETD2, the peptide and the SAM atoms were restrained with a force of 100, 

100 and 5 kJ/mole × Å2, respectively. The restraints were taken off successively, starting with the SETD2 

Cα restraints, followed by a 5 ns equilibration with the peptide and SAM still being restrained. 

Subsequently, the SAM and peptide restraints were removed as well, followed by 0.1 ns equilibration 

with no restraints. A distance-dependent force of 0.5 × distance of centroid 1 (K37 atoms NZ, HZ1, HZ2) 

and centroid 2 (SAM atoms S, Cε, H10) (kJ/mol)/Å2) was used to pull the COM of the lysine 36 side 

chain nitrogen and its attached two hydrogen atoms, towards the COM of the SAM methyl group and 

its attached three hydrogen atoms. This force was not static but rather represents a spring pulling the 

COM of centroid 1, towards the COM of centroid 2, while still giving room for conformational changes. 

The sMD simulation was run for 100 replicates à 50 ns for each peptide.  

To discriminate between the different conformational preferences of the peptides in the sMD 

experiment, an additional, distance-dependent repulsive force of −0.3 × distance between centroid 1 

(A29 atoms N, Cα, C) and centroid 2 (P43 atoms Cγ, Cδ, OXT) (kJ/mol)/Å2) was added to the system. 

This repulsive force decreased with the distance of A29 and P43, and it pushed the peptide ends apart 

if they got in close proximity, thus preventing the formation of a hairpin conformation. For this set up, 

additional 100 replicates à 50 ns were conducted for each peptide. Further details can be found in 

manuscript #3 (appendix I). 

 

3.1.6. MD simulations of SETD2 

The starting structures were retrieved from the PDB 5V21 for the SET domain of SETD2 complexed 

with the H3K36 peptide and PDB 6VDB for SETD2 complexed with the ssK36 peptide. Missing amino 

acids, M36K mutation, preparation of SAM and the Zn2+ ions was carried out as described in the 

previous chapter (3.1.5). A 5 ns pressure coupled equilibration with Monte Carlo barostat was 

performed at a pressure of 1 atm. SETD2 and peptide Cα atoms, as well as cofactor SAM atoms, were 

restrained with a force of 100, 100 and 5 kJ/mole × Å2, respectively. The restraints were taken off 

successively, starting with the Cα restraints, followed by a 5 ns equilibration with only SAM restrained. 

Subsequently, the SAM restraints were removed as well, followed by 5 ns equilibration with no 

restraints. For production, 15 replicates à 100 ns were performed for each complex, SETD2 with H3K36 

and SETD2 with ssK36. Further details can be found in manuscript #3 (appendix I). 



38 

 

3.2. Trajectory analysis  

Basic trajectory preparations like atom or frame slicing as well as RMSD calculation, analysis of 

distances or angles e.g. for the SN2 Ts-like conformations were carried out by MDTraj (1.9.4) (McGibbon 

et al., 2015). Specific tools for contact analysis, clustering or volume calculation are specified below. 

The words frame and snapshot can be used interchangeably. 

 

3.2.1.  Contact maps analysis 

The contact map analysis was performed utilizing Contact Map Explorer (0.7.1) (David W.H. Swenson, 

2017). A contact was counted if at least one heteroatom of a residue was in a 4.5 Å3 sphere surrounding 

one heteroatom from another residue excluding neighboring residues. Only for the analysis of the 

contacts of R882 and H882 in DNMT3A, a cut-off of 3.0 Å was used to get a higher resolution at this 

specific location. Further details can be found in the manuscripts #1, #2, #3 (appendix I) and the 

attached manuscript #4 (appendix II). 

 

3.2.2. NSD2 active site volume calculation  

Calculations of the volume around lysine 36 in the NSD2 WT and NSD2 T1150A simulations were 

performed using POVME3 (Wagner et al., 2017). Parameters for the calculation were a grid spacing of 

0.4 Å, a distance cut of 0.4 Å, a contiguous points criterion of three, and a convex hull exclusion. The 

coordinates of the inclusion spheres were: 35.30, 40.30, 34.55 and 30.00, 39.77, 34.69 each with a 

radius of 3.0 Å. Out of the total simulation time of 3 µs for each NSD2 variant, 10% of the simulation 

frames were randomly chosen for analysis to decrease computational costs. This process was done in 

triplicates for each methylation state (me0, me1, and me2) for NSD2 WT and NSD2 T1150A. Further 

details can be found in manuscript #2 (appendix I). 

 

3.2.3. Clustering of peptide conformations in solution 

The conformations of the peptide in solution simulations were clustered by Enspara (0.1.1) (Porter et 

al., 2019). In total, 350,000 conformations from the MD simulations of H3K36 and ssK36 were 

processed. The clustering of the peptide conformations was carried out using the k-hybrid algorithm. 

The used metric was the conformational similarity based on backbone atom (Cα, C and N) root mean 

square deviation (RMSD). The conformations were distributed in 2, 3 or 5 clusters based on this metric. 

Each cluster was represented by a centroid structure, visualizing the peptide conformation, which most 

accurately characterizes the corresponding cluster. To ensure a hypothesis-free clustering and to 



39 

maximize the sampling space, the trajectories of both peptides were pooled before the clustering. 

Thereby, each conformation from either peptide had equal chances to be clustered with every other 

conformation. Further details can be found in manuscript #3 (appendix I). 

 

3.3. SETD2 purification and peptide hairpin validation using FRET 

For the FRET experiments, peptides (Dabcyl-H3K36-Glutamine(EDANS), Dabcyl-ssK36-

Glutamine(EDANS), H3K36-Glutamine(EDANS), ssK36-Glutamine(EDANS)) were obtained from JPT 

Peptide Technologies GmbH and dissolved in DMSO stock solutions at 5 mM. For the experiments, the 

peptides were diluted in 20mM HEPES pH 7.2, 200 mM KCl, 1 mM EDTA and 10% glycerol to a final 

concentration of 10 µM. For control experiments, the peptides were diluted in 20 mM HEPES pH 7.2, 

200 mM KCl and 10% glycerol to a concentration of 11 µM and 1/10 of the volume of a Proteinase K 

solution (100 µg/ml, dissolved in 20 mM HEPES pH 7, 100 mM NaCl and 10 mM MgCl2) was added and 

the mixture incubated for 1 h at 37 °C. The measurements were conduct using a Jasco FP-8300 

spectrofluorometer. The excitation was set to 340 nm, and the emission was measured at 490 nm. The 

excitation and emission bandwidths were 5 and 10 nm, respectively. Samples were stirred at 600 rpm. 

The SETD2 binding kinetics were measured using 1 µM peptide dissolved in 20 mM HEPES pH 7.2, 200 

mM KCl, 1 mM EDTA and 10% glycerol supplemented with 2 µM of SETD2 catalytic SET domain. 

Measurements were performed at 26 °C, except for the analysis of peptide conformations, a 

temperature gradient from 5 to 95 °C in 10 °C steps was applied.  

The His6-tagged expression construct of SETD2 catalytic SET domain (S1347–K1711, UniProt: Q9BYW2) 

was expressed and purified. In short, the plasmid encoding the His6-tagged SETD2 SET domain was 

transformed into BL21 (DE3) Codon Plus cells and protein expression was induced by adding 0.2 mM 

IPTG at 17 °C for 16 h. Protein purification was conducted by affinity chromatography using Ni-NTA 

affinity agarose resin (Genaxxon bioscience). After washing the beads, the purified protein was eluted 

in elution buffer (220 mM imidazole, 30 mM KPI, 500 mM KCl, 0.2 mM DTT, 10% glycerol). Fractions 

containing SETD2 were pooled and dialyzed in dialysis buffer (20 mM HEPES pH 7.2, 200 mM KCl, 0.2 

mM DTT, 1 mM EDTA, 10% glycerol) for 3 h at 8 °C. Subsequently, the protein was aliquoted, flash 

frozen in liquid nitrogen and stored at –80 °C. The purity of the protein preparation was analyzed by 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) using 16% gel stained with 

colloidal Coomassie brilliant blue. Further details can be found in manuscript #3 (appendix I). 

3.4. In vitro methylation assay to test peptide inhibitors 

The His6-tagged SETD2 catalytic SET domain (S1347–K1711) (9 µM) was mixed with the unmodified 

GST-H3 protein (A1-L60, 4.5 µM), and competitor peptides (increasing concentration, stock: 2 mg 

dissolved in 200 µl DMSO, obtained from Shanghai RoyoBiotech Co., Ltd) in methylation buffer (20 mM 



40 

Tris/HCl HCl, pH 9, 1.5 mM MgCl2 and 10 mM DTT) supplemented with 0.76 μM radioactively labeled 

SAM ([methyl-3H]-SAM (Perkin Elmer Inc., dissolved at 25 µM in 10 mM sulfuric acid)) over night at 

37 °C. The reactions were stopped by the addition of SDS-PAGE loading buffer and heating for 5 min 

at 95 °C. Afterward, the samples were separated by Tricine-SDS-PAGE followed by the incubation of 

the gel in amplify NAMP100V (GE Healthcare) for 1 h on a shaker and drying of the gel for 2 h at 70 °C 

under vacuum. The signals of the transferred radioactively labeled methyl groups were detected by 

autoradiography using a Hyperfilm high performance autoradiography film (GE Healthcare) at −80 °C 

in the dark. The film was developed with an Optimax Typ TR machine after different exposure times. 

Quantification of scanned images was conducted with ImageJ. 
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4. Results 

PKMTs and DNMTs influence a broad range of biological processes including gene expression, DNA 

repair, gene splicing and development. The activity of PKMTs and DNMTs is therefore highly regulated 

by distinct mechanisms to protect cellular functions and genome stability. One of these mechanisms 

is the sequence specificity of DNMTs and PKMTs, which ensures the methylation of the correct target 

residues. An altered sequence specificity leads to aberrant methylation patterns and could disturb the 

genome stability and cellular homeostasis. Another regulatory mechanism is the product specificity of 

PKMTs, since up to three methyl groups can be transferred to a single lysine residue. Remarkably, each 

methylation state can function as its own signal, causing different downstream effects. Moreover, 

investigating how PKMTs associate and interact with their substrate explains why certain substrates 

are preferred compared to others. The found mechanisms could be used to rationalize somatic cancer 

mutations on an atomistic resolution or serve as a basis for a coherent enzyme-specific inhibitor. 

In this work, characterization of DNMT3A and SETD2 and NSD2 PKMTs regarding substrate- and 

product specificity was conducted by using a combination of MD simulation techniques and 

biochemical experiments. Precisely, the yet unclear molecular mechanism of the altered substrate 

specificity and multimerization of somatic cancer mutant DNMT3A R882H was revealed. Likewise, the 

NSD2 somatic mutation T1150A was found to alter the product specificity of this PKMT from a 

dimethyltransferase to trimethyltransferase, which could be pinned down to altered contacts in the 

active site. Lastly, based on the substrate specificities of the PKMTs SETD2 and NSD2, super-substrate 

peptides were designed, which were methylated ~100-fold faster compared to the canonical H3 

peptide sequence. MD simulations with validating biochemical experiments identified the critical 

factors, which influenced the activity at multiple points during catalysis and lead to the very fast 

methylation of the super-substrates. The SETD2 super-substrate peptide was further validated as a 

competitive SETD2 inhibitor. 
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4.1. MD Simulation of the somatic cancer mutation R882H of DNMT3A 

Manuscript #1, appendix I 

Mack A, Emperle M, Schnee P, Adam S, Pleiss J, Bashtrykov P, & Jeltsch A*, (2022) Preferential Self-

interaction of DNA Methyltransferase DNMT3A Subunits Containing the R882H Cancer 

Mutation Leads to Dominant Changes of Flanking Sequence Preferences. J Mol Biol, 434(7), 

167482. doi.org/10.1016/j.jmb.2022.167482. 

 

The somatic DNMT3A R882H mutation occurs frequently in AML, but the pathogenic mechanism of 

this mutation has remained elusive, despite many years of research. The mutation occurs mostly 

heterozygously and WT and R882H subunits co-exist in affected cells. R882 is located in the RD 

interface which is formed by the DNMT3A subunits in DNMT3A/L hetero tetramers (Fig. 14A). The RD 

interface also forms the DNA binding site of the complex. In this research project, my colleague 

Alexandra Mack conducted methylation experiments using DNMT3A, DNMT3A R882H and different 

DNA substrates. The results indicated that R882H causes strong changes in the flanking sequence 

preferences of DNMT3A. Specifically, DNMT3A R882H heavily disfavored substrates with thymine (Thy) 

and cytosine (Cyt) at the +1 position (the methylated CpG site marks the 0-position). These substrates 

were methylated 4 to 5-fold slower by R882H compared to the WT. If the +1 position is guanine (Gua) 

or adenine (Ade), it was methylated 2-fold faster by R882H compared to the WT. The change in flanking 

sequence preference extends up to the +4 site. Overall, R882H was more active than the WT at 13% 

and less active at 52% of all CGNNNN sites. The R882H characteristic flanking sequence preferences 

were observed in mixed tetrameric complexes containing WT and R882H subunits, indicating a 

dominant behavior of the R882H subunits. In mixed complexes, an R882H/R882H RD interface might 

thus be preferred. 

The structure of DNMT3A R882H in complex with DNA (PDB 6W89) showed only subtle conformational 

change at the RD interface when compared with WT DNMT3A (PDB 6W8B) (Fig. 14A). Since the 

mutation is the only difference between the two enzymes, dynamic changes could be the reason for 

the altered sequence preference and for the preferred formation of DNMT3A R882H dimers at the RD 

interface. 

 

4.1.1. DNMT3A R882H establishes more inter subunit contacts than the DNMT3A WT 

The dynamic properties of the complexes of either DNMT3A WT or DNMT3A R882H together with DNA 

were inspected by MD simulations. After replacement of SAH in the structure by SAM, zebularine by 

cytosine, and removal of the covalent linkage between enzyme and DNA, 6 independent MD 
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simulation runs were conducted for both systems, each consisting of 3 ns restrained NPT equilibration, 

3 ns restrained backbone equilibration and 3 ns unconstrained equilibration followed by 25 ns 

production runs. In a first analysis, it was investigated why the change in flanking sequence preference 

in R882H is a dominant effect and R882H has a preference to form at the RD interface, displacing the 

WT. For this, the MD simulation trajectories were analyzed, and a contact map generated for the 

residues in RD interface. Two residues were assumed to be in contact if the maximum distance 

between two heteroatoms was 4.5 Å (excluding neighboring residues). Contacts were counted in 2500 

frames for each simulation replicate. The contact map shows how the amino acids at the RD interface 

dynamically behave over time. Examination of the contact maps revealed that DNMT3A R882H on 

average forms significantly more inter-subunit contacts at the RD interface than the WT (Fig. 14B). This 

result indicates that the R882H/R882H RD interface has a tighter packing and is more stable than the 

WT/WT RD interface, which agrees with its preferred formation.  

To understand the molecular mechanism behind this finding, a more detailed analysis of the stablished 

contacts of R882 in WT and H882 in R882H was performed. The contact distance cut-off was reduced 

to 3.0 Å and new contact maps generated. Remarkably, it was observed that the R882 side chain points 

towards the DNA, contacting the phosphodiester group of Gua438 (Fig. 14C). This contact was present 

96% of the simulation time over all replicates. Gua438 is of special interest since it connects the +3 and 

+4 site of the DNA. For the H882 mutant, this DNA contact was reduced 3-fold (31% of the simulation 

time), suggesting a different binding of DNA substrates. This is in agreement with the biochemical data 

showing altered flanking sequence preferences of WT and R882H up to position +4. 

While R882 preferably interacts with the DNA, H882 adopts a different conformation pointing into the 

RD interface (Fig. 14D). Precisely, H882 was found to engage in contacts with N879 of the opposing 

DNMT3A R882H subunit. The H882-N879 contact was formed in 73% of the simulation time. In 

contrast, R882 was only in 20% of the simulation time engaged in the analogous contact (3.5-fold 

reduction). Moreover, the interaction with H882 caused a movement of N879 leading to the 

establishment of more inter-subunit contacts in the RD interface, namely N879 with I858, L859, and 

W860. This newly established contact network can explain the more stable binding of R882H subunits 

at the RD interface. In contrast, N879 in the WT complex is involved in contacts with residues from its 

own subunit, namely D876. Thus, less inter-subunit contacts are established for DNMT3A WT. This 

mechanism explains the preference to form DNMT3A R882H dimers at the RD interface.  
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Figure 14: DNMT3A R882H establishes more and different contacts in the RD interface and different 

interactions with the DNA. A| Overlay of representative structures of DNMT3A WT and R882H from a 25 ns MD 

simulation. The two DNMT3A subunits are shown in blue, DNMT3L in cyan and the bound DNA in orange. The 

RD interface is colored green. R882 and H882 are shown in red and pink, respectively. B| The R882H complex 

establishes more inter-subunit contacts at the RD interface than WT. In 6 independent 25 ns MS simulations of 

each complex, 2500 frames were analyzed per simulation replicate showing that the R882H complex forms more 

average inter-subunit RD contacts than WT (p-value = 1.82 x 10–3). The error bars correspond to the standard 

deviation of the average contact counts in the frames of individual MD runs. C| Detailed contacts of R882 in WT 

show that R882 (pink) points towards the DNA and interacts with Gua438 (contacts indicated by a red dotted 

lines). N879 (yellow) from the opposing DNMT3A subunit is involved in contacts with D876 in the same subunit 

(yellow, contacts indicated by yellow dotted lines). D| Detailed contact analysis of H882 showed that H882 points 

towards the RD interface and interacts with N879 from the opposing subunit (yellow, contact indicated by a pink 

dotted line). The movement of N879 causes this residue to establish additional inter-subunit contacts with I858, 

L859, and W860 (blue, contacts indicated by yellow dotted lines). Panels C and D show representative structures 

of the WT and R882H MD simulations runs. Figure taken and modified from (Mack et al., 2022). 

  



45 

4.2. MD simulation of the T1150A cancer mutant of NSD2 

Manuscript #2, appendix I 

Khella M. S, Schnee P, Weirich S, Bui T, Brohm A, Bashtrykov P, Pleiss J, & Jeltsch A*, (2023) The T1150A 

cancer mutant of the protein lysine dimethyltransferase NSD2 can introduce H3K36 

trimethylation. J Biol Chem, 104796. doi.org/10.1016/j.jbc.2023.104796. 

 

NSD2 has been shown to introduce up to dimethylation to H3K36 in vitro and in vivo (Dylan Husmann 

& Or Gozani, 2019; Li et al., 2019). The most frequently observed NSD2 SET domain missense mutation 

is E1099K, followed by T1150A (Bennett et al., 2017). Both mutations were specifically observed in 

patients with hematological cancers. While NSD2 E1099K has already been well characterized (Jaffe et 

al., 2013; Li et al., 2021; Oyer et al., 2014; Pierro et al., 2020; Sato et al., 2021), little was known about 

T1150A. In vitro methyltransferase assays, performed by my colleague Dr. Mina Saad Khella, 

uncovered that NSD2 T1150A and its paralogue NSD1 T2029A are hyperactive. Quantification of the 

methylation signals of NSD2 T1150A showed a ~9-fold higher activity on H3 peptide substrates, 4-fold 

on recombinant H3.1 protein, and 7-fold on recombinant mononucleosomes compared to NSD2 WT. 

Surprisingly, methylation experiments with subsequent Western Blot analysis using H3.1 recombinant 

protein und mononucleosomes as substrates discovered that NSD2 T1150A was able to generate 

H3K36me3 (Fig. 15A-C). This result was confirmed by methylation experiments of NSD1 T2029A with 

following MALDI mass spectrometry analysis using peptides as substrates (Fig. 15D-F). Additional 

controls showed that the H3K36me3 generation was not a consequence of hyperactivity of but due to 

a real change in product specificity of the mutant. This was demonstrated by MALDI mass spectrometry 

experiments, in which H3K36me3 was generated by T2029A under conditions of similar H3K36me2 

activity of WT and T2029A.  

The change in product specificity could rewrite the H3K36 methylation landscape leading to massive 

biological responses that may explain the carcinogenic effect of these mutations (DiFiore et al., 2020; 

Li et al., 2019; Eric J. Wagner & Phillip B. Carpenter, 2012). Since the observed change in product 

specificity is not a result of the hyperactivity, a distinct mechanism, which usually restricts 

trimethylation in NSD2 WT, might be damaged by the mutation. This was investigated using different 

MD simulation techniques of NSD2 WT and the NSD2 T1150A mutant. 

For the correct setup of MD experiments, information about the reaction mechanism was essential, in 

particular, whether the enzyme acts in a processive or distributive manner. Several SET domain PKMTs 

were shown to exhibit a processive methylation of their target lysine residues (Dirk et al., 2007; Kwon 

et al., 2003; Patnaik et al., 2004; Zhang et al., 2003). In a processive reaction mechanism, the substrate 

is methylated multiple times without dissociation. The cofactor product SAH is still replaced after 
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catalysis by a new SAM molecule. In a distributive mechanism, the methylated substrate dissociates, 

and a new substrate needs to bind again for the next round of methylation. To investigate this for 

NSD1 and NSD2, Dr. Mina Saad Khella conducted methylation experiments using H3K36me1 peptide 

substrates and NSD1 T2029A (the only enzyme that was active enough for this kind of analysis) to 

detected the product methylation states by MALDI mass spectrometry. Noteworthy, starting with 

H3K36me0, a clear peak of dimethylated H3K36 product and some trimethylation was observed as 

mentioned before (Fig. 15G). In contrast, much lower methylation was detectable when the reaction 

was started under the same conditions with the H3K36me1 substrate (manuscript #2, appendix I). This 

result is not compatible with a distributive reaction mechanism and indicates that the enzyme 

catalyzes a processive methylation reaction. 
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Figure 15: Product specificity change of NSD2 T1150A and NSD1 T2029A compared to WT enzymes on H3.1 

protein and nucleosomes in vitro. Western blot analysis using A| H3K36me2 specific antibody or B| H3K36me3 

specific antibody after methylation of H3.1 recombinant protein with NSD2 WT or T1150A. C| Western blot 

analysis using the H3K36me3 specific antibody after methylation of H3.1 nucleosomes with NSD2 WT or T1150A. 

Western blot analysis signals using D| H3K36me2 specific antibody or E| H3K36me3 specific antibody after 

methylation of H3.1 recombinant protein with NSD1 WT versus T2029A mutant. F| Western blot analysis using 

the H3K36me3 specific antibody after methylation of H3.1 nucleosomes with NSD1 WT or T2029A. In all panels, 

the equal loading of substrates and enzymes is shown by Ponceau S staining. G| Methylation of the H3K36me0 

peptide by NSD1 WT and T2029A analyzed by MALDI mass spectrometry. The figures show from left to right the 

mass spectra of the H3K36 peptide without NSD1 enzyme incubation, the H3K36 peptide after incubation with 

NSD1 WT or NSD1 T2029A. The samples were incubated in methylation buffer containing SAM for 4 h at 37 °C. 

The masses of the corresponding peptides are 2289 Da (H3K36me0), 2303 Da (H3K36me1), 2317 Da (H3K36me2), 

and 2331 Da (H3K36me3). Figure taken from (Khella et al., 2023a). 

 



48 

4.2.1. NSD2 T1150A can accommodate a H3K36me2 peptide and SAM in sMD simulations 

To study the change in product specificity of NSD2 T1150A, steered Molecular Dynamics (sMD) 

simulations were applied. In the sMD approach, external forces are used to guide bimolecular 

association processes (Yang et al., 2019). Thereby, reactions that otherwise would be too slow to be 

modeled in MD simulations are accelerated. At the same time, the conformational sampling is 

concentrated along a specific, predefined reaction coordinate. The association of a SAM molecule to 

NSD2 WT or T1150A containing a H3K36me1 or me2 peptide was simulated to study the potential 

generation of H3K36me3. If SAM successfully associates and is able to establish a productive 

conformation with the peptide, a higher methylation state could be facilitated. The system was build 

using the cryo-EM structure of NSD2 E1099K, T1150A bound to a nucleosome and SETD2 complexed 

with the H3K36M peptide as templates (PDB 7CRO and 5V21, see also Material and Methods Chapter 

3.1.2). To simulate the SAM association process into the cofactor binding site, SAM was placed 27 Å 

above the NSD2 binding pocket and a weak attractive force of 0.2 kJ/(mol × Å2) was applied between 

the Nε-atom of K36 and the methyl group C-atom of SAM (Fig. 16A). In order to define criteria 

describing a successful docking, the geometric requirements for a SN2 transition state (TS)-like 

conformation were applied (chapter 1.5.6, Fig. 8). Since MD simulation cannot account for bond 

breaking or creating new bonds, descriptive criteria needed to be implemented to accurately describe 

a transition state (TS)-like conformation, wherein a methyl group transfer is most likely (Khella et al., 

2023a; Philipp Schnee et al., 2022; Schnee et al., 2023). These geometric criteria are derived from the 

SN2 reaction mechanism and comprise: 

• The distance between the lysine Nε and SAM methyl group C-atom is <4 Å. 

• The angle between the lysine Nε - lysine Cδ bond and the virtual bond between lysine Nε and 

the SAM methyl group C-atom is in a range of 109° ± 30°. 

• The angle between the lysine Nε- SAM methyl group C-atom and SAM sulfur S-atom is in a 

range of 180° ± 30°. 

One hundred sMD simulations à 35 ns were performed for each NSD2 WT and T1150A and methylation 

state of the peptide. The number of simulation replicates were monitored in which at least once the 

SN2 criteria for a TS-like conformation were fulfilled. The analysis revealed 10 successful docking 

simulation replicates for NSD2 WT and 15 for NSD2 T1150A, both complexed with the H3K36me1 

peptide. This corresponds to a non-significant difference (Fig. 16B). In contrast, complexed with the 

H3K36me2 peptide, NSD2 WT accommodated SAM successfully into the binding pocket in only 2 out 

of 100 simulations, whereas NSD2 T1150A reached a productive conformation in 14 out of 100 

simulations (p-value 3.2 × 10−4) (Fig. 16B). To validate correct binding of SAM, the RMSD of successful 

SAM associations was compared to SAM already bound in NSD2, derived from crystal structures (PDB 

7CRO), documenting good positional agreement (Fig. 16C-D). 
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The sMD experiment demonstrated an enhanced capability to accommodate SAM and the H3K36me2 

substrate simultaneously for T1150A compared to WT. This fully recapitulated the result of the altered 

product specificity found in the methylation experiments and the ability to generate H3K36me3. No 

significant difference was found when H3K36me1 was the peptide substrate indicating that differences 

between NSD2 T1150A and WT only appear at higher methylation states. 

 

Figure 16: sMD simulation of SAM association into the complex of either NSD2 WT or T1150A with a H3K36me1 

or me2 peptide substrate. A| Starting position of the sMD simulations in which H3K36me1 or me2 is bound to 

NSD2 and SAM was positioned 27 Å away from the SAM binding pocket. B| Number of simulation replicates, in 

which at least once a SN2 TS-like conformation was reached. 100 sMD simulations à 35 ns of WT an T1150A 

complexed with peptides H3K36me1 or H3K36me2 were conducted. C| Comparison of the positions and 

conformations of SAM after successful sMD association with the positions and conformations of SAM modelled 

on the basis of available NSD2-Peptide-SAH structures. The figure shows all atom RMSD values of SAM, taken 

from successful SAM associations observed in 16 sMD simulations à 100 ns. The RMSD values in the small Å range 

document similar positions and orientations of SAM in both settings. D| Visualization of example structures. The 

RMSD value in Å is indicated at the top. SAM from sMD simulations is shown in purple. SAM modelled based on 

the SAH coordinates is shown in orange. Figure taken from (Khella et al., 2023a). 
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4.2.2. NSD2 T1150A loses contacts responsible for restricting the active site volume 

The sMD experiments showed that NSD2 T1150A had an increased ability to bind H3K36me2 and SAM 

simultaneously compared to NSD2 WT. To analyze the molecular foundations of this effect, the volume 

of the active site pocket was measured during the MD simulations. Furthermore, the contacts of the 

active site amino acids were examined. The analysis of the active site volume was carried out by 

simulating NSD2 WT and T1150A complexed with SAM and the H3K36 peptides in different 

methylation states. By having SAM already bound, a standardized comparison between NSD2 WT and 

NSD2 T1150A could be made and undersampling of NSD2 WT snapshots with productively bound SAM 

was avoided. For this, 30 MD simulations à 100 ns were conducted for each WT and T1150A. Out of 

this pool, 5000 randomly selected snapshots were used to calculate the active site volume around K36 

(Fig. 17A). The analysis of the calculated volumes shows that large volumes (≥70 Å3) occurred more 

frequently with NSD2 T1150A, while small volumes (0–25 Å3) occurred more frequently with NSD2 WT. 

This effect increases with higher methylation levels of K36. For K36me2, large volumes occurred 8.5-

fold more often for T1150A compared to WT (p-value 0.015, calculated by two-tailed t test assuming 

equal variance based on three replicates of the analysis) (Fig. 17B). The strong elevation of this effect 

with higher H3K36 methylation levels suggests that the active site tends to collapse with higher 

methylation levels. This effect is more pronounced with WT than with NSD2 T1150A. Overall, these 

findings clearly explain the increased capability of T1150A to accommodate SAM and H3K36me2 

simultaneously.  

Since the T1150A mutation is the only difference between the two proteins, the increased active site 

volume must be a direct consequence of this amino acid exchange. Contact analysis of the MD 

simulations of NSD2 complexed with the H3K36me0, me1, and me2 peptides revealed that T1150 is in 

contact with Y1092 and L1120 (Figs. 17A). Contacts were considered as established if the distance of 

a pair of heavy atoms from both amino acids was below 4.5 Å. A polar interaction between the hydroxyl 

group of T1150 and the backbone amide of Y1092 was established in 15% of the simulation time with 

H3K36me0 but only 5% and 7% in the case of me1 and me2 (Fig. 17C). This contact orients Y1092 and 

restricts the volume of the active site pocket consequently disfavoring the methylation of me1 and 

me2 substrates. In the case of A1150, the contact with Y1092 is much less frequent, which supports 

further methylation of me1 and me2 substrates (4%, 1%, 2% for me0, me1, me2, respectively). 

Moreover, a hydrophobic contact between the T1150 side chain methyl group and the Cδ-atoms of 

L1120 was observed in 53% of the simulation time (average of me0, me1, and me2), but only in 24% 

of the time in the case of A1150 (p-value 1.2 × 10−14, calculated by two-tailed t test assuming equal 

variance based on 30 replicates, data shown in Supplementary Information of manuscript #2 accessible 

through doi.org/10.18419/darus-3263). This interaction orients L1120, further restricting the volume 

of the active site pocket. Hence, the disruption of T1150 contacts to Y1092 and L1120 in T1150A is the 
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reason for the enlargement of the active site volume, leading to its change in product specificity and 

activity as a trimethyltransferase.  

 

Figure 17: Measurement of the active site pocket volume in NSD2 WT and T1150A complexes. A| Overlay of 

structures NSD2 WT and T1150A with bound H3K36me2 and SAM as well as the corresponding volumes around 

K36. Red lines indicate the contacts of T1150 with Y1092 and L1120. B| Distribution of the volumes around K36 

in Å3 observed in MD simulations of NSD2 T1150A – peptide – SAM complexes, normalized to the corresponding 

values for NSD2 WT. C| Presence of the contact between T1150 and Y1092 in % of the simulation time in 30 

simulations à 100 ns. Corresponding p-values were determined by two-tailed t test assuming equal variance 

based on the 30 sMD replicates. Figure taken from (Khella et al., 2023a). 
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4.3. Mechanistic basis of the enhanced methylation activity towards super-substrates 

Manuscript #3, appendix I 

Schnee P, Choudalakis M, Weirich S, Khella M. S, Carvalho H, Pleiss J, & Jeltsch A*, (2022)  

 Mechanistic basis of the increased methylation activity of the SETD2 protein lysine  

 methyltransferase towards a designed super-substrate peptide. Communications Chemistry,  

 5(1), 139. doi.org/10.1038/s42004-022-00753-w. 

 

PKMTs have important regulatory functions in cells, but mechanisms determining their activity and 

specificity are incompletely understood. Naturally, SETD2 methylates the H3 histone tails at K36 and 

various non-histone protein substrates (Schuhmacher et al., 2020). Remarkably, the recently mapped 

substrate specificity of SETD2 revealed that H3 residues were not the most preferred ones at many 

positions of the target sequence (Schuhmacher et al., 2020). Based on this, an artificial peptide was 

designed that contained the most favorable residues at each position (Fig. 18). It was shown that this 

15 amino-acid long super-substrate peptide (ssK36), which differed at four positions from the original 

H3K36 (A31R, T32F, K37R and H39N) was methylated more than 100-fold faster than the 

corresponding natural H3K36 peptide. The resolved crystal structure of the ssK36 peptide complexed 

to the SET domain of SETD2 showed only subtle differences to the H3K36-SETD2 structure and could 

not fully explain the heavily increased methylation activity.  

To unravel the mechanistic basis for the enhanced methylation activity of SETD2 towards ssK36, a 

combination of MD simulations and biochemical experiments were conducted. The experiments 

considered multiple stages of the catalytic process: (i) the peptide conformations in solution; (ii) the 

association of the peptide into the enzyme’s active site; (iii) the formation of transition-state (TS) like 

conformations in the enzyme-peptide complex and the established contacts. 



53 

 

Figure 18: The natural H3K36 peptide differs at four positions from the artificially designed super-substrate 

peptide (ssK36). A| Sequences of the 15 amino acid long peptides H3K36 and ssK36. Mutated residues are 

colored blue in H3K36 and orange in ssK36. The target lysine 36 is colored pink. B| Visualization of peptide 

structures H3K36 and ssK36 in solution. The H3K36 peptide is depicted in cyan, the mutated residues are colored 

blue. The artificially designed ssK36 is shown in black and the ssK36 specific residues in orange. For both peptides, 

the target lysine 36 in colored pink. Figure taken and modified from (Philipp Schnee et al., 2022). 

 

4.3.1. The SETD2 super-substrate peptide prefers a hairpin conformation in solution 

The first state at which the H3K36 and ssK36 peptide could show differences, which might influence 

their ability to be methylated by SETD2 is their conformation in solution. To observe potential 

conformational differences of both peptides in solution, each peptide was simulated in a water box for 

a total simulation time of 3.5 µs (50 replicates à 70 ns for each peptide). To generate a variety of 

random starting positions, each replicate had an independent equilibration phase of 10 ns preceding 

the subsequent simulation. A total of 350,000 conformations from the MD simulations of H3K36 and 

ssK36 were processed by the clustering algorithm Enspara (Porter et al., 2019) and distributed into 

clusters. Clustering was based on conformational similarities measured as backbone atom root mean 

square deviation (RMSD). Each cluster was represented by a centroid structure, visualizing the peptide 

conformation, which most accurately characterizes the corresponding cluster. To ensure a hypothesis-

free clustering and to maximize the sampling space, the trajectories of both peptides were pooled 

before the clustering. Thereby, each conformation from either peptide had equal chances to be 

clustered with every other conformation. Clustering into 3 groups revealed one cluster with an 

extended centroid structure, one sharply bent structure with a strong curvature centered at the target 
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lysine residue and one mixture between the extended and bent conformation (Fig. 19A). Next, it was 

determined how many conformations of H3K36 or ssK36 simulations were assigned to the respective 

clusters. This analysis revealed that cluster 1 mainly consisted of conformations observed in 

simulations of the H3K36 peptide (70%), while the majority of conformations in cluster 2 were 

produced in simulations with ssK36 (69%). Cluster 3 showed an almost equal distribution of H3K36 and 

ssK36 conformations (53% / 47%). This suggests that the H3K36 peptide preferably adopts an extended 

conformation in solution, whereas the ssK36 peptide prefers a hairpin conformation with a loop at the 

position of the target lysine. Decreasing the number of clusters led to an extended and a hairpin 

conformation, whereas the mixed conformation was not present anymore. Increasing the number of 

clusters led to a splitting of the mixed clusters into sub-clusters, while the extended and bent centroid 

structures for clusters 1 and 2 were maintained (Supplementary Fig. 1, manuscript #3, appendix I). To 

separate between transient and more stable conformations, the frequency of long-lasting hairpin 

structures of both peptides, defined as multiple consecutive MD simulation frames which displayed a 

hairpin conformation was measured (Fig. 19B-C). This analysis revealed that ssK36 is 4.8-fold more 

often in hairpin conformations with long lifetimes compared to H3K36, again indicating that hairpin 

stabilization is stronger for ssK36. A detailed analysis of the hairpin structures showed that the mutated 

amino acids in ssK36 are engaged in different intramolecular interactions, which stabilize the structure 

(Supplementary Fig. 2, manuscript #3, appendix I). These interactions, among others, include hydrogen 

bonds of R31 with the backbone atoms of R40 and stacking of F32 and Y41 (Fig. 19D). Such interactions 

were less pronounced for H3K36. This indicates that the different conformational preferences of 

H3K36 and ssK36 directly result from the four amino-acid exchanges in the ssK36 peptide.  
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Figure 19: Clustering of the H3K36 and ssK36 peptide conformations in solution observed in MD simulations 

reveals a hairpin conformation preference for ssK36. A| A total of 350,000 conformations from MD simulations 

of H3K36 and ssK36 in solution were clustered based on backbone atom RMSD into 3 clusters. Cluster 1 is 

represented by an almost extended peptide conformation, which consists to 70% of conformations observed in 

simulations with H3K36. Cluster 2 is represented by a bent hairpin structure, with 69% of the conformations 

coming from ssK36 simulations. Cluster 3 is represented by a mixture of extended and bent structures and shows 

an almost equal contribution of H3K36 and ssK36 conformations (H3K36: 47%, ssK36: 53%). The bars represent 

the mean of three independent clustering replicates. Error bars represent the standard error of the mean. B| For 

further analysis, structures were assigned as hairpin conformations based on two parameters, a stem loop 

distance (G33 Cα–P38 Cα) <7 Å and an end-to-end distance (A29 Cα–P43 Cα) <15 Å. C| Distribution of the 

lifetimes of hairpin conformations, determined by the number of consecutive frames with the peptide in hairpin 

conformation in all peptide in solution simulations (50 × 70 ns for each peptide). Note the strong 

overrepresentation of long-living hairpin conformations of ssK36 (highlighted by the red box). D| The ssK36 

specific residues F32 and R31 form contacts with Y41 and R40 supporting the formation of a hairpin 

conformation. Shown is the ssK36 peptide in hairpin conformation from a MD simulation replicate. Figure taken 

from (Philipp Schnee et al., 2022). 

 
4.3.2. Experimental investigation of conformational preferences 

The peptide in solution simulations revealed different conformational preferences for H3K36 and 

ssK36. To challenge these simulation results experimentally, a FRET system was applied to determine 

the dynamic end-to-end distance distributions of both peptides in solution. For this, an EDANS 
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fluorophore was attached to the C-terminus of the peptides and a Dabcyl quencher to the N-terminus 

(Dabcyl-peptide-EDANS). EDANS is excited at 340 nm and emits fluorescence at 490 nm. Due to FRET, 

the emission is partially quenched by Dabcyl depending on the average end-to-end distance and the 

Förster radius of the FRET pair. Hence, if fluorophore and quencher are in close proximity, more FRET 

occurs, and less fluorescent light is detected (Fig. 20A). To assess the dynamic structural properties of 

both peptides in the FRET experiments, the fluorescence intensity of both peptides was measured at 

multiple temperatures. The intensity of Dabcyl-H3K36-EDANS was 33% higher than the intensity of 

Dabcyl-ssK36-EDANS at 5 °C. This difference suggests that the ssK36 peptide has a shorter average end-

to-end distance (Fig. 20B). This result is in accordance with a preferential hairpin formation, which 

brings the quencher and fluorophore closer together, resulting in more FRET and less detectable 

fluorescence. As expected, the difference between H3K36 and ssK36 decreased with increasing 

temperature and completely disappeared at 95 °C. At this temperature, the hairpin conformations 

have unfolded, and no conformational differences of both peptides exist due to the enhanced thermal 

movement. After normalization to this endpoint, the differences between the two peptides were 

highly reproducible in two independent replicates of this experiment. To test these observations and 

tackle the question, of whether the experimental data do indeed show the suggested different 

conformational preferences, two control systems were used. In one system, only the fluorophore but 

no quencher was attached to each peptide (Fig. 20C). The observed data showed no temperature-

dependent differences in their fluorescence. This indicates that the effect, which was seen before, 

indeed is due to temperature-dependent conformational preferences influencing the FRET efficiency. 

In a second control experiment, the FRET peptides with quencher and fluorophore were used, but 

digested with Proteinase K before the measurement (Fig. 20D). In this system, no conformational 

preferences are possible anymore. Again, no temperature-dependent differences between H3K36 and 

ssK36 were detected. This result confirms that the intact conformation of the peptides is necessary to 

observe the temperature-dependent FRET effects. 
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Figure 20: H3K36 and ssK36 peptides show different conformational preferences in solution. A| Scheme of the 

FRET system. H3K36 and ssK36 peptides were synthesized with an EDANS fluorophore attached to the C-terminus 

and a Dabcyl quencher at the N-terminus. EDANS was excited at 340 nm and fluorescence emission was 

measured at 490 nm. Because of FRET, the fluorescence emission is partially quenched by Dabcyl, and only the 

remaining fluorescence was measured. The FRET experiments were conducted at multiple temperatures starting 

at 5 °C up to 95 °C using peptide concentrations of 10 µM. B| At 5 °C, EDANS-H3K36-Dabcyl showed a 33% higher 

fluorescence intensity than EDANS-ssK36-Dabcyl. At 95 °C, both peptides displayed the same intensity. C| Control 

experiment without quencher showed no temperature-dependent difference between EDANS-H3K36 and 

EDANS-ssK36 fluorescence. D| Control experiment showed no difference in fluorescence intensity of EDANS-

H3K36-Dabcyl and EDANS-ssK36-Dabcyl after their digestion with Proteinase K. In B-D, the fluorescence intensity 

of the ssK36 sample was normalized to the H3K36 sample. Data show average values of two independent 

experiments, error bars represent the deviation of the data points from the average. Figure taken from (Philipp 

Schnee et al., 2022). 

 

4.3.3. A hairpin conformation has easier access into the SETD2 active site 

The results of the MD simulations and the FRET experiments suggested different conformational 

preferences for H3K36 and ssK36. To test whether these different conformations influence the binding 

rate to SETD2, sMD simulations were applied. For this, SETD2 was modelled in an open conformation, 

in which no peptide is bound, the post-SET loop (Q1676-K1703) is detached, and the AL in an open 

position. In this conformation, the placeholder residue R1670 points outwards, and does not block the 

active site (Fig. 21A). For sMD experiments, the H3K36 and ssK36 peptides were placed right above 

the open binding cleft, 30 Å away from the cofactor SAM with the K36 side chain facing towards the 
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SETD2 binding cleft. To accelerate the association process, a weak attractive force of 0.5 kJ/(mol × Å2) 

was applied between the Nε- atom of K36 and the methyl group C-atom of the SAM (Fig. 21A). In order 

to define criteria describing a successful docking, the geometric requirements for a transition state 

(TS)-like conformation were derived from the SN2 geometry (chapter 1.5.6, Fig. 8). 

One hundred sMD simulations of 50 ns were performed for each peptide, and the number of docking 

events monitored which fulfilled the geometric SN2 criteria for TS-like conformations in at least one 

snapshot. The analysis of the sMD simulations revealed that both peptides were able to establish TS-

like conformations following this definition. The H3K36 peptide successfully docked into the active site 

in 40 of 100 simulations, whereas the ssK36 peptide docked successfully in 55 out of 100 simulations 

(Fig. 21B). However, a caveat in this approach was that K36 is positioned in the middle of the peptide 

and the pulling on this residue with the sMD force automatically induced a hairpin conformation of the 

peptide due to the friction of the movement. Therefore, both peptides eventually formed hairpin 

conformations when approaching the active site of SETD2 (90% of H3K36 simulation replicates and 

100% of ssK36 simulation replicates at least transiently showed a peptide end-to-end distance <15 Å). 

To preserve the different conformational preferences of the peptides during the sMD experiment, an 

additional repulsive force of 0.3 kJ/(mol × Å2) between the ends of the peptides was added to the 

system. This repulsive force increased with decreasing distance between N- and C-termini (N-C 

distance) and thereby counteracted the formation of a hairpin conformation during the association 

process (Fig. 21C). With this approach, a direct comparison between the docking efficiency of hairpin 

and extended conformations was possible. 100 replicates of this sMD experiment showed that the 

number of successful dockings strongly decreased if the peptides were not able to approach SETD2 in 

a hairpin state (Fig. 21D). Overall, with the repulsive force, H3K36 docked only 11 times successfully 

and ssK36 18 times, corresponding to a 3.6-fold (H3K36) and 2.8-fold (ssK36) decrease in docking 

efficiency when compared to the unconstrained settings. This indicates that the hairpin formation 

heavily increased the chances of both peptides to successfully dock into the peptide binding cleft of 

SETD2. Moreover, in both settings, a higher number of productive docking events was observed with 

ssK36 than with H3K36. All differences between ssK36 and H3K36 with and without repulsive force 

were highly significant (Fig. 21D). This finding underscores the higher intrinsic ability of ssK36 to adopt 

structures that are more likely to achieve TS-like conformations. 
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Figure 21: Hairpin conformations facilitate the access of peptides into the binding cleft of SETD2. A| sMD 

simulation of H3K36 and ssK36 driven by a distance-dependent external force between the Nε-atom of K36 and 

the methyl group C-atom of SAM. Shown is the starting position of sMD simulation replicates, in which the 

peptide was positioned 30 Å away from SAM, right above the peptide binding cleft of SETD2 in an open 

conformation. B| Example of a successful docking of ssK36 into the active site of SETD2 after 50 ns sMD. C| sMD 

simulation with an additional, distance-dependent repulsive force between the peptide ends to counteract 

hairpin formation. D| Number of successful docking events in 100 sMD simulations with H3K36 or ssK36 based 

on the SN2 TS-like criteria. Figure taken from (Philipp Schnee et al., 2022). 

 

4.3.4. Hairpin structures unfold into an extended conformation upon binding to SETD2 

The sMD experiments showed easier access of hairpin conformations into the active site of SETD2 

compared to extended peptide conformations. However, crystal structures of SETD2 complexed with 

either H3K36 or ssK36 show both peptides bound in an extended conformation in the binding cleft of 

SETD2 (PDB 5V21 for H3K36, PDB 6VDB for ssK36). Therefore, the conformational changes during the 
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sMD simulations were analyzed in more detail to find out if transitions occurred between the hairpin 

and extended conformations, after the initial docking of the hairpin peptide into SETD2. The 

mentioned crystal structures were used as references. The conformations of peptides observed in sMD 

simulations without repulsive force that reached a TS-like structure were compared to the reference 

conformations based on backbone RMSD. In fact, 84% of ssK36 peptides reduced their RMSD to the 

extended reference conformation during successful docking events, as well as 68% of the H3K36 

peptides, indicating that in most cases, the structures of the docked peptides approached a 

conformation similar to crystal structures. The reduction in RMSD entails an unfolding process, in 

which the hairpin structure opens up and the N-C -terminal distance increases. To monitor this process, 

the N-C distance of the peptides was measured during sMD simulations with successful docking. For 

ssK36, 82% of the cases showed an increasing N-C distance during the simulation, as well as 85% of the 

H3K36 replicates. This indicates that in many simulations during the docking process, both peptides 

unfold from a hairpin conformation into an extended conformation similar to the crystal structures 

(Fig. 22A). Final structures of sMD simulations often showed a very good superposition with the 

extended peptide conformations observed in the crystal structure analysis, in particular at residues 

surrounding K36 (Fig. 22B).  

The analysis of the sMD simulations suggested that an unfolding of hairpin conformations occurs upon 

binding to the active site of SETD2. To validate this observation experimentally, the H3K36 and ssK36 

peptides with attached fluorophore and quencher were used to monitor the peptide conformation by 

FRET during association to SETD2 (Fig. 22C). Strikingly, the addition of SETD2 led to an increase in the 

fluorescence intensity of both peptides, but the extent of the intensity gain differed (Fig. 22D). The 

addition of SETD2 to H3K36 caused a 5% increase in intensity, while the intensity increased by 14.8% 

in the case of ssK36. This result suggests that dynamic hairpin conformations of both peptides are 

resolved during SETD2 binding since fluorophore and quencher are being separated. The finding that 

the addition of SETD2 caused a 3-fold stronger fluorescence increase for ssK36 than H3K36 can be 

connected to more hairpin conformations present in solution in the case of ssK36 and/or a more 

efficient binding of SETD2 to ssK36. To confirm that the intensity increase was caused by the 

interaction between quencher and fluorophore, peptides without quencher were used (Fig. 22E). 

Upon addition of SETD2, the intensity increased only slightly for both peptides, much less than for the 

peptides with the quencher attached (0.18% for EDANS-H3K36 and 1.2% for EDANS-ssK36). 
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Figure 22: H3K36 and ssK36 peptides unfold upon binding to SETD2. A| RMSD between the peptide 

conformation in the sMD simulation and the extended peptide conformation in the crystal structure (grey) and 

peptide N-C terminal distance (blue) in the sMD simulations without repulsive force which resulted in a TS-like 

structure. The N-C distance was calculated as the distance between the backbone nitrogen atoms of A29 and 

P43. The RMSD and N-C distance were tracked until the minimum RMSD position was reached. Shown is a 

representative replicate from ssK36 sMD simulations. Additional examples are shown in the respective 

publication (Philipp Schnee et al., 2022). B| Representative sMD simulation structure with an RMSD of ~0.5 Å 

overlayed with crystal structure PDB 6VDB. C| Schematic representation of EDANS-H3K36-Dabcyl and EDANS-

ssK36-Dabcyl hairpin conformation unfolding upon binding to SETD2 leading to an increase in the N-C distance 

and reduced FRET. D| EDANS-H3K36-Dabcyl (1 µM) and EDANS-ssK36-Dabcyl (1 µM) were dissolved in buffer 

and the fluorescence was monitored. After 20 min, SETD2 (2 µM) was added to each peptide resulting in an 

intensity increase of the fluorescence. To monitor fluorescence changes due to the changes in buffer volume and 

concentrations, control experiments were conducted with addition of buffer to the peptides instead of SETD2 

(data shown in Supplementary Information of manuscript #3, accessible through doi.org/10.18419/darus-2508). 

The fluorescence signal of peptides after addition of SETD2 was expressed relative to the signal after addition of 

equal volumes of buffer. E| Peptides without quencher were used as a negative control to ensure that FRET was 

the reason for the fluorescence intensity increase observed in panel D. In each panel, the results of two 

independent experiments are shown. Figure taken from (Philipp Schnee et al., 2022). 
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4.3.5. Hairpin conformation in peptides lead to a faster methylation by SETD2  

The MD simulation results predicted an association process, in which the binding of a peptide is 

preferred in a hairpin conformation. During the binding process, the hairpin unfolds, and the peptide 

adopts the extended conformations seen in crystal structures. To verify these predictions, Dr. Mina 

Saad Khella conducted Celluspots peptide array methylation experiments with H3K36 and ssK36 

peptides and H3K36(C-C) and ssK36(C-C) variants thereof, which contain two cysteine residues at 

position 30 (P30C) and 43 (P43C) allowing them to form disulfide bonds under oxidative conditions. 

The disulfide bond arrests the peptide in a hairpin conformation with K36 presented in the loop of the 

hairpin (Fig. 23). The exact methods for the methylation assay can be found in manuscript#3, appendix 

II. The observed methylation rates show that in the chemically fixed hairpin conformation, H3K36(C-C) 

is methylated faster than H3K36. However, the chemically fixed hairpin conformation of ssK36, 

ssK36(C-C), is methylated worse than ssK36. H3K36(C-C) and ssK36(C-C) are methylated almost equally. 

These findings can be summarized as: H3K36 << H3K36(C-C) ~ ssK36(C-C) < ssK36. The fact that the 

hairpin stabilized H3K36(C-C) is methylated faster than the original H3K36 peptide clearly indicates 

that hairpin formation accelerates the reaction. However, the hairpin peptides H3K36(C-C) and 

ssK36(C-C) are methylated at a reduced rate when compared with ssK36, indicating that the unfolding 

of the peptide during complex formation is beneficial for methylation, because it allows for the 

formation of additional contacts between SETD2 and the peptide. Finally, the observation that the 

hairpin stabilized forms of H3K36 and ssK36 were methylated at similar rates supports the notion that 

the hairpin formation potential is one of the critical differences between both peptides explaining large 

parts of their different methylation rates by SETD2. 

 

Figure 23: Hairpin formation and resolution upon binding increase SETD2 methylation activity. A| Sequences 

of the peptide substrates used for in vitro SPOT peptide methylation assay using radioactively labeled SAM 

(Kudithipudi, Kusevic, et al., 2014). Autoradiography image after 2 weeks of film exposure. The two lanes 

represent technical duplicates and contain identical peptides. B| Average of three independent experiments 

each containing a technical duplicate set of all spots. The error bars represent the standard error of mean. Signals 

were normalized to the average signal of all spots in each experiment. P-values were determined by t-test for a 

two-tailed distribution of paired values. Figure taken from (Philipp Schnee et al., 2022). 
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4.3.6. ssK36 establishes more and different TS-like conformation than H3K36 

The crystal structures of SETD2 with bound H3K36 or ssK36 peptide only resolve the ground state 

conformation of both complexes. Therefore, they were used as a starting point for MD simulations to 

investigate the interplay between protein and peptide over time in atomistic resolution to obtain more 

information about the TS-like conformations that are most relevant for enzymatic catalysis (Fig. 24A). 

In a total of 3 µs simulation time (15 simulations à 100 ns for each peptide), ssK36 established 

significantly more SN2 TS-like structures than H3K36. The complex of SETD2 with ssK36 was, on average 

1117 times per simulation in a state, in which all TS criteria were fulfilled, and the SN2 reaction could 

take place. In contrast, the complex of SETD2 with H3K36 reached the TS-like conformation only 305 

times on average per simulation (p-value 1.2 × 10−8, based on two-tailed t-test with equal variance) 

(Fig. 24B). The increased number of TS-like conformations of ssK36 was accompanied by an elevated 

lifetime of these conformations (Fig. 24C). TS-like conformations established by H3K36 were mostly 

transient. Only 13 events were identified in which SN2 criteria were fulfilled in 8 or more consecutive 

frames of the simulation. In contrast, the ssK36 peptide achieved long-lasting TS-like states frequently 

(397 events fulfilled SN2 criteria in 8 or more consecutive frames).  
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Figure 24: The complex of SETD2-ssK36 established significantly more TS-like conformations than SETD2-

H3K36. A| Model of SETD2 SET domain complexed with ssK36 derived from crystal structure PDB 6VDB. B| 

Number of TS-like conformations reached in MD simulations of the H3K36 and ssK36-SETD2 complexes. The 

graph shows the average of 15 simulations à 100 ns. Error bars represent the standard error of mean (p-value 

1.2 × 10−8, based on two-tailed t-Test with equal variance). C| Stability of TS-like conformations formed by SETD2-

H3K36 and SETD2-ssK36 complexes as determined by the distribution of events with TS-like conformations 

persisting over a given number of consecutive MD frames. Note the strong overrepresentation of long-living TS-

like conformations of ssK36 (highlighted by the red box). Figure taken from (Philipp Schnee et al., 2022). 

 

To identify the molecular mechanisms leading to the differing abilities of the H3K36- and ssK36-SETD2 

complexes to reach TS-like structures, the contacts established between SETD2 and each peptide 

during the simulations were analyzed as described earlier for NSD2 (chapter 4.2.2). The resulting 

contact profile displayed contacts that were already observed in the crystal structure comparison 

before (Schuhmacher et al., 2020). However, a large difference in the contact map was found at 

residue 39, where H3 carries a histidine and ssK36 an asparagine, that was not detected in the static 
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crystal structure analysis (Fig. 25A). For detailed description of the contacts refer to original publication 

(manuscript #3, appendix I).  

Special attention needs to be paid to the contacts during the TS-like conformation, since these contacts 

are most relevant in stabilizing a catalytically component state. Surprisingly, this state is not reached 

by H3K36 and ssK36 in the same way (Fig. 25B). The contact profiles, which only considered TS-like 

conformation snapshots, differ heavily. The result of the different contacts showed that H3K36 and 

ssK36 have different average conformation in their TS-like conformation. The N- and C-terminal part 

of the ssK36 peptide were shifted towards SETD2, whereas the middle part of the peptide was slightly 

detached from SETD2, potentially giving more flexibility for K36 to orient itself (Fig. 8C in manuscript 

#3, appendix I). A counter movement was observed for H3K36, which showed a closer binding to SETD2 

around K36 and more detached at the N- and C-terminal part. This behavior might explain the overall 

higher number of TS-like conformation for ssK36 and the better stabilization leading to longer 

lifetimes.  
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Figure 25: Contact profiles of the H3K36 and ssK36 peptides bound to SETD2 observed in the MD simulations. 

A| Contact frequency difference (4.5 Å cut-off) of SETD2 simulations complexed with H3K36 or ssK36. Shown are 

all contacts which exhibited a change over 35% frequency, excluding neighboring residues. Blue indicates that a 

specific contact was more often observed in simulations with H3K36. Black symbolizes a higher contact frequency 

for ssK36. B| Contact frequency difference of SETD2 simulations complexed with H3K36 or ssK36 in TS-like 

conformations. Figure taken from (Philipp Schnee et al., 2022). 

 

Considering all presented findings, a model of the peptide binding process to SETD2 was developed 

(Fig. 26). The ssK36 peptide preferentially adopts hairpin conformation in solution, while H3K36 

prefers to exist in an extended conformation (Fig. 26A). This difference is a direct result of the four 

introduced mutations forming stabilizing intrapeptide contacts. The sMD data indicated that hairpin 

conformations facilitate the entry of the peptide into the binding cleft of SETD2 when compared with 

extended peptide conformations (Fig. 26B). After the formation of the initial SETD2-peptide complex, 

additional contacts between the peptide and SETD2 can gradually spread towards N- and C-terminus 
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of the peptide in a zipper-like process. This leads to an unfolding of the hairpin and adoption of an 

extended peptide conformation as observed in the crystal structures of SETD2 complexed with either 

H3K36 or ssK36 (Fig. 26C). Peptide-specific contacts with the enzyme are subsequently established 

stabilizing SN2 TS-like conformations between target lysine and Sam methyl group (Fig. 26D).  

 

Figure 26: The enhanced methylation activity of SETD2 towards ssK36 can be summarized as four steps. A| 

Preferred hairpin formation of ssK36 in solution due to favorable intrapeptide contacts. B| Accelerated binding 

of the hairpin into the SETD2 peptide binding cleft with the K36 facing outside. C| Unfolding of the hairpin 

conformation in the SETD2-peptide complex by specific enzyme-peptide contacts in a zipper-like process leading 

to the adoption of an extended peptide conformation. D| Distinct contact networks lead to different TS-like 

conformations and better stabilization of TS-like conformation of ssK36 than H3K36. Figure taken from (Philipp 

Schnee et al., 2022). 
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4.4. Peptides can function as competitive inhibitors for PKMTs 

Appendix III 

Schnee P, Jeltsch A, Weirich S (2023). Artifizielles Peptid mit PKMT-inhibitorischer Wirkung -  

  Universität Stuttgart PCT-Patentanmeldung. 

 

PKMTs play a key role in the dynamic regulation of cellular physiology and gene expression in all our 

cells. Given their key biological functions and implications in human diseases, there has been a growing 

interest in approaching these enzymes as potential therapeutic targets. Consequently, discovery and 

development of PKMT inhibitors has become a very active and fast-growing research area over the 

past decade. PKMT hyperactivity, overexpression, or aberrant methylation events are observed in 

different kinds of cancer (Hanley et al., 2023; Luo, 2015; Sato et al., 2021; Weirich et al., 2017). 

Developing specific inhibitors for mutated PKMTs could decrease the dysregulated methylation, 

potentially offering new avenues for disease treatment. A common strategy for developing PKMT 

inhibitors is to engage small molecules to selectively fit in SAM-binding pockets of specific PKMTs and 

compete with the cofactor SAM. This strategy however faces the obstacle, that SAM is used as a methyl 

group donor for all PKMTs but also other methyl group transferring enzymes like DNMTs. Specific, 

SAM-derivative inhibitors targeting only desired PKMTs have been developed (Luo, 2015), the 

screening effort to find such molecules however naturally increases with the number of potential off-

target enzymes due to fewer specific properties in the SAM binding pocket. An alternative approach 

to inhibit PKMTs is to target the substrate binding pocket. Here, a strong readout was evolutionary 

developed to identify the correct target lysine in a large variety of histone and non-histone substrates. 

Naturally, specific contact networks are present and could serve as a guidance for inhibitor 

development. Peptides originating from PKMTs substrates could be the starting point to find substrate-

competitive inhibitors. 

To test this hypothesis, SETD2 was incubated with radioactively labelled SAM, Glutathione-S-

Transferase (GST)-fused to a H3 peptide chain, mimicking a protein substrate, and either ssK36 or 

H3K36 peptides (Fig. 27A). The strongest methylation signal for the protein substrate was observed if 

no additional peptides were present (Fig. 27B). If the peptide concentration was increased, the 

substrate methylation signal dropped, indicating a competitive inhibition effect of the added peptide. 

Important to note is that this effect only appeared for the ssK36 peptide. The substrate methylation 

signal stayed constant with increasing concentration of H3K36 peptide. This indicates that the 

previously described properties of ssK36 are beneficial for the design of substrate competitive PKMT 

inhibitors (chapter 4.3) (Fig. 27C). 
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Figure 27: The ssK36 peptide functions as a substrate-competitive inhibitor for SETD2. A| Schematic 

representation of the components in the in vitro methylation assay containing: (i) the substrate GST-H3, where 

a GST protein (M1-K218) was fused to a H3 peptide chain (A1-60L) containing the target lysine 36 for SETD2; (ii) 

the investigated PKMT, in this case SETD2; (iii) radioactively labeled SAM; (vi) the peptide competitor. B| 

Autoradiography result of in vitro methylation of GST-H3 (4.5 µM) by SETD2 (9 µM) using radioactively labeled 

SAM (0.76 µM) and increasing concentration of peptide competitor ssK36 or H3K36. C| Representation of the 

inhibitory mechanism of the peptide competitor (green), which binds the targeted PKMT with a high affinity due 

its hairpin association and favorable contacts, thereby displacing the natural substrate (faded purple).  
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4.5. MD Simulation of NSD2 in complex with a new NSD2-specific super-substrate 

Manuscript #4, appendix II 

Weirich S, Kusevic D, Schnee P, Reiter J, Pleiss J, Jeltsch A (2023) Discovery of new NSD2 non-

histone  substrates and design of a super-substrate, Communications Biology – manuscript 

submitted for publication. 

  

Peptides can function as competitive inhibitors for PKMTs. However, potential candidates need to 

display a higher affinity towards the targeted PKMT compared to their natural substrate. A suitable 

method to find peptides, which display such high affinities are methylation experiments with 

Celluspots peptide arrays. Using this method, a super-substrate for SETD2 was designed, which 

displayed a ~100-fold activity increase compared to the natural H3K36 peptide substrate 

(Schuhmacher et al., 2020). The molecular mechanism behind this activity increase was found using 

MD simulation techniques. To validate the transferability of this method, a novel super-substrate was 

designed for the PKMT NSD2 by Dr. Sara Weirich using the same workflow as applied for the 

development of the SETD2 super-substrate (Weirich et al., 2023). Subsequently, the properties of the 

new NSD2-specific super-substrate were again investigated by MD simulation. 

Methylation experiments showed that NSD2 had a >100-fold higher activity towards the newly 

designed, NSD2-tailored super-substrate peptide ssK36(NSD2) compared to the canonical H3K36 

peptide. ssK36(NSD2) differs at four positions from the H3 sequence: A31K, K37R, H39N, R40N (Fig. 

28A). To investigate the molecular mechanism behind this massive increase in NSD2 activity, the H3K36 

and ssK36 peptide were modelled in complex with NSD2 as described before (chapter 3.1.3). Each 

complex was subject to MD simulation for 50 replicates à 100 ns (Fig. 28B). To define criteria describing 

the likelihood of a methyl group transfer during the MD simulation and approximate activity, the 

geometric requirements for a TS-like conformation were applied as described before (chapter 1.5.6, 

Fig. 8). Strikingly, the complex of NSD2 and ssK36(NSD2) was able to establish significantly more TS-

like conformation than the complex of NSD2 with H3K36 (Fig. 28C). The difference between the two 

peptides was even more pronounced after sorting the simulation replicates into bins. In 36 out of 50 

replicates the ssK36 peptides established > 1000 TS-like conformation frames (5000 frames in total, 

per replicate) indicating that it adopted a very active conformation in which the TS-like state was 

reached frequently. This state was only achieved once in the case of H3K36 (Fig. 28D). Adding to this, 

the majority (41 replicates) of H3K36 simulations had 0-250 TS-like conformation frames, whereas only 

4 of the ssK36(NSD2) simulation replicates had such a low number of TS-like conformation frames. 

These observations indicate that the four amino acid exchanged in ssK36(NSD2) cause a much better 

stabilization of TS-like conformations between target lysine and SAM. 
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Figure 28: The complex of NSD2 and ssK36(NSD2) establishes more TS-like conformations than the NSD2-

H3K36 complex. A| Sequences of the 15 amino acid long peptides H3K36 and ssK36(NSD2). Mutated 

residues are colored yellow in H3K36 and dark green in ssK36(NSD2). The target lysine 36 is colored 

pink. B| Overlay of representative structures from MD simulation runs of the 15 amino acid long H3K36 (yellow) 

and ssK36 (green) peptide, each complexed in the NSD2 SET domain (grey) binding cleft. The target lysine (pink) 

is deprotonated and inserted in the hydrophobic tunnel. SAM (orange) binds from the opposing site. C| Average 

number of TS-like conformations of 50 MD simulation replicates (100 ns) for each peptide complexed to NSD2. 

D| Histogram of simulation replicates, where every replicate was sorted in the indicated bins. Figure taken from 

(Weirich et al., 2023). 
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To investigate the molecular mechanism behind the better stabilization of the TS-like conformations, 

a contact map of the established contacts between peptide and NSD2 protein during the simulation 

was prepared using Contact Map Explorer as described before (chapter 4.3.6). The resulting contact 

maps for H3K36 and ssK36(NSD2) were then contrasted and differences extracted (Fig. 29).  

 

Figure 29: Contact profile analysis reveals different contact maps for H3K36 and ssK36 in complex with NSD2. 

Contact map difference obtained after the subtraction of the H3K36 and ssK36 contact map. Shown are all NSD2 

residues which exhibited noticeable changes (>5%). Yellow indicates that a specific contact was more often 

observed in simulations with H3K36. Green symbolizes a higher contact frequency for ssK36. Framed contacts 

displayed the largest difference. 
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The largest deviations between the two peptides were found at 3 out of the 4 mutated residues. At 

position 31, alanine was mutated to lysine in ssK36(NSD2). This caused peptide residues P30-T32 to 

strongly interact with NSD2 residues H1110-F1117 and E1187-T1189. The K31 side chain amino group 

was solvent exposed and interacted with the T1116 hydroxy group (Fig. 30A). This interaction led to 

an upward bending of the N-terminal part of the ssK36 peptide (A29-G33). In contrast, this part of the 

H3K36 peptide made contacts with I1106 and L1184-N1186, which guided the peptide to bend in the 

opposite direction. The second large difference between the contact maps was observed at peptide 

positions 37-39. The larger side chain of R37 enabled contacts primarily with the E1216 side chain and 

K1220, K1221 backbone atoms (Fig. 30B). Moreover, a higher contact frequency of ssK36(NSD2) P38 

with NSD2 residues F1177-Y1179, which are next to the H39 pocket was observed. P38 in H3K36 was 

oriented differently, potentially influencing the structure of the backbone atoms in the peptide. Hence, 

K31, R37 and P38 established other contacts in ssK36, potentially stabilizing the TS-like conformation. 

In contrast, H39 in H3K36 was positioned in a pocket surrounded by NSD2 residues P1146-T1150, while 

N39 pointed outwards into to solvent leading to the loss of this interaction (Fig. 30C). This finding 

suggests that the H39 contact to NSD2 residues P1146-T1150 is unfavorable for TS-like conformations. 

As a consequence of the described interactions, the mutated residues changed the conformation of 

the ssK36(NSD2) peptide in the NSD2 binding cleft. Especially at the N-terminus, the ssK36(NSD2) 

bended towards SAM, whereas H3K36 stayed straight (Fig. 30D). Due to this conformational change, 

K31 could also interact with the hydroxyl group of the SAM sugar moiety. Adding to this, the SET-I loop 

(D1114–Y1119), which was proposed to be contribute to the substrate specificity of PKMTs (Ronen 

Marmorstein, 2003; Qian & Zhou, 2006), changed its conformation towards SAM (Fig. 30A). Combined 

with K31, these interactions could stabilize SAM in the cofactor binding pocket and increase the 

probability of a methyl group transfer. 



74 

 

Figure 30: The H3K36 and ssK36(NSD2) peptide establish different contacts with NSD2. A| K31 in ssK36 

interacts with NSD2 T1116, whereas residues T32-V35 in H3K36 interact with I1106. B| The longer side chain of 

R37 reaches out to E1216. C| H39 of H3K36 is positioned in a pocket made by P1146, C1148, E1149, and T1150. 

In contrast, N39 points into solvent which positions P38 closer towards residues F1177, N1178 and Y1179. D| 

Overlay of representative snapshots from MD simulation of H3K36 and ssK36 peptides complexed with NSD2. 

Throughout the simulation, both peptides change their conformation, especially ssK36 bends at the N-terminus, 

eventually interacting with SAM. Figure taken from (Weirich et al., 2023). 

 

Since a super-substrate has already been designed for SETD2, it was investigated by Dr. Sara Weirich 

if NSD2 is specific for its own super-substrate or if NSD2 methylation is also increased for the SETD2-

tailored super-substrate. Therefore, a peptide array methylation experiment (Supplementary Figure 4, 

manuscript#4, appendix II) was performed were the methylation of the NSD2 specific ssK36(NSD2) and 

ssK36(SETD2) were directly compared on one array. The methylation data clearly demonstrated that 

NSD2 only methylates the NSD2 super-substrate with high activity, while no methylation was observed 

for the SETD2 specific super-substrate. 
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5. Discussion 

PKMTs and DNMTs function as key players in the regulation of genome stability, gene expression, DNA 

repair and cellular differentiation. Their activity is controlled by factors like substrate- and product 

specificity. Cancer mutations in these enzymes disturb the regulatory mechanisms, which makes their 

understanding a main target in modern epigenetic research. The goal of this work was to use MD 

simulation techniques in combination with methylation and FRET experiments to characterize somatic 

cancer mutations found in DNMT3A and the PKMT NSD2. Conducted MD simulations revealed yet 

unknown reason for the dominant effect of DNMT3A R882H in heterozygous states and explained the 

altered product specificity for NSD2 T1150A. Moreover, the features of the artificially designed super-

substrate peptides, which caused a ~100-fold activity increase of the PKMTs SETD2 and NSD2, were 

precisely described by MD simulation and validated by wet-lab experiments. The found molecular 

mechanisms in this work explain biochemical results at an atomistic resolution and suggest novel 

strategies for the design of a new class of substrate-competitive PKMT inhibitors. 

 

5.1. MD Simulation of the somatic cancer mutation R882H of DNMT3A  

DNMT3A mutations in blood cancers show a strong enrichment of missense mutations (73%), which 

most times occur in heterozygous states combined with an intact WT allele (Yang et al., 2015). Among 

missense mutations, R882 mutations are most abundant (66%), two thirds of them are R882H (Mack 

et al., 2022). In vitro methylation of the DNMT3A R882H mutant displayed a change in the flanking 

sequence preferences for DNMT3A, mainly at the +1 site of the CpG site, extending up to +4. 

Consequently, DNMT3A R882H preferred different DNA substrates than DNMT3A WT. In addition, it 

was shown that the RD interface in mixed DNMT3A tetramers preferentially forms in a symmetric 

manner by two R882H subunits. The molecular mechanism for these observations of DNMT3A R882H 

were however unclear. Therefore, MD simulations were conducted comparing WT and R882H to 

investigate the detected pathogenic effects. 

As a first step, the altered flanking sequence preference was investigated by developing contact maps 

of DNMT3A WT and R882H. The contact map analysis revealed strong differences for R882H in the 

interaction with the DNA substrate. Charged interactions between R882 and the sugar-phosphate DNA 

backbone at the +3/+4 flanking sites with Gua438 were found for DNMT3A WT. This contact was 

heavily reduced (~3-fold) in the DNMT3A R882H mutant. In contrast, H882 established more contacts 

in the RD interface, which connects the DNMT3A-subunits in the DNMT3A/L hetero tetramer. The 

reduced contact for H882 with Gua438 indicated a lower affinity towards DNA substrates with Gua at 

this position and explains the change in flanking sequence preference. 
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DNMTs were demonstrated to base their substrate specificity on the established contacts with their 

DNA substrate (Dukatz et al., 2020; Dukatz et al., 2022; Emperle et al., 2021). Especially arginine 

residues play a critical role in determining the substrate specificity. For instance, DNMT3A and 

DNMT3B display different flanking sequence preferences. Using different mutant cell lineages, it was 

shown that flanking sequence preferences do not stem from differential localization of DNMT3A and 

DNMT3B, but from minor variations in the structure of their catalytic domains (Mallona et al., 2021). 

Comparisons of the protein sequences and structures of DNMT3A (Zhang et al., 2018) or DNMT3B (Lin 

et al., 2020) complexed with DNA, found different residues contacting the +2 position of the 

methylated CpG in the major groove of the DNA. In DNMT3A, R836 was found to contact purines on 

the opposite strand from the methylated CpG, while at the same position K777 in DNMT3B contacts 

purines on the methylated strand. The proposed recognition mechanism was investigated further by 

MD simulations of DNMT3A complexed with multiple decameric DNA substrates containing favored 

and disfavored flanking sequences. In favored DNA sequences R836 plays a key role by interacting with 

the guanine that base-pairs with the cytosine at position +2. By introducing a lysine residue, as in 

DNMT3B, the flanking sequence preference of DNMT3A R836K was almost completely converted to 

resemble that of DNMT3B (Mallona et al., 2021). This result was later extended as R836 was shown to 

suppress activity at CNT sites but support methylation of CAC substrates, the preferred target for non-

CpG methylation of DNMT3A in cells (Dukatz et al., 2022). 

Besides the altered flanking sequence preference of DNMT3A R882H, biochemical data suggested a 

preference for R882H to form dimers at the RD interface in the inner position of the 3L-3A-3A-3L 

heterotetramers (Mack et al., 2022). Therefore, in a mixture of DNMT3A WT and R882H, DNMT3A WT 

is being displaced into the outer positions. This behavior was explained by MD simulation results 

performed in this work. Simulating the DNMT3A/L heterotetramer with and without R882H mutation 

in the DNMT3A subunits, displayed a higher number of contacts in the RD interface for R882H. More 

contacts stabilize the subunits in the RD interface leading to a higher affinity and a more tightly packing. 

H882 was observed to form more inter-subunit contacts with N879, but also rearranged a small 

network of inter-subunit contacts involving N879, I858, L859 and W860. The interaction of H882 with 

N879 could be a general mechanism for R882 cancer mutants, since somatic mutants R882C and 

R882S, which also occur in AML, have the ability to interact with the N879 side chain via polar 

interactions in a similar way as R882H (Jeltsch et al., 2021). Using the same mechanism, R882C and 

R882S could also orient N879 and cause a rearrangement of contacts involving I858, L859 and W860 

in the RD interface. Moreover, R882C and R882S might therefore loose contact to Gua438, as seen for 

R882H. This hypothesis could be tested with additional MD simulations of R882S and R882C using the 

same workflow as described in this work. More contacts with residues from the opposing subunit 

would hint towards a preference to form dimers at the RD interface. A reduced contact to Gua438 

would suggest a similar mechanism for the change in flanking sequence preference. This proposition 



77 

is supported by deep enzymology data revealing that R882C and R882S have similar flanking sequence 

preferences as R882H (Emperle et al., 2019). 

Previously it was found that R882H stabilizes long oligomers consisting of DNMT3A subunits (Nguyen 

et al., 2019). This agrees with the increased affinity of DNMT3A R882H dimers in the RD interface 

caused by more inter-subunit contacts. Moreover, the flanking sequence preference is determined in 

the RD interface. This explains the observed dominant effect of this mutation on DNA methylation 

even in a heterozygous genetic background, since the DNMT3A WT is displaced from the RD interface 

by DNMT3A R882H. The dominant effect of R882H leads to aberrant methylation patterns in cells and 

explains the lack of methylation at major satellite repeats in affected patients (Kim et al., 2013). 

A different mechanism was presented by Yang et al., who used a combination of MD simulation as well 

as Markov State Models to understand the catalytic process of DNMT3A mediated CpG methylation 

(W. Yang et al., 2023). Markov State Models can be used to discretize the MD simulation trajectory 

into a set of states and describe the transitions between these states as a Markov process. They found 

that the DNMT3A/3L heterotetramers are able to bend at 4 defined hinge positions. The bending 

movements at the hinge position are believed to be responsible for inserting the target cytosine into 

the DNMT3A active site. Two hinges are located at the RD interface, next to R882. It was speculated 

that R882H hinders the hinge swinging motion, thereby impeding the insertion of the target cytosine, 

effectively decreasing the methylation activity. This is in line with earlier studies showing that R882H 

had a reduced methylation activity (Emperle et al., 2018; Ley et al., 2010; O'Brien et al., 2014). A 

concrete mechanism explaining how R882H hampers the hinge has not been suggested. However, by 

connecting the results of Yang et al. with the results of this work, it is plausible, that the increase of 

contacts in the RD interface, observed in MD simulations of R882H in this work, lead to a stiffening of 

the hinge located next to R882. This could explain the decreased swinging motion observed in R882H. 

A different study proposed a mechanism for the reduced activity, in which R882H mutation induced a 

“folded” conformation in SAM through different hydrogen bond formations at the SAM ribose moiety 

(Liu et al., 2019). In this mechanism, R891 functions as a mediator. In DNMT3A R882H, R891 changed 

its interaction network through formation of more hydrogen bonds with the methionine portion of 

SAM and reducing its interactions with the ribose ring. The conformational changes of SAM induced 

an increase in the reaction barrier of the rate determining step through forming less reactive 

geometries. The distal transmission from R882H to the active site was rationalized through internal 

cascade, in which H882 slightly compresses residues L883, R887, R891. This compression was not 

observed for R882. The suggested mechanism fits to the observed contact maps in this work, 

suggesting that R882 was preferably in contact with the DNA backbone reaching upwards. In contrast 

H882 caused a rearrangement of contacts heavily involving I858 and L859. I858 and L859 are located 

on the helix next to L883, R887 and R891, which could lead to the compression described by Liu et al. 
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This could be validated by measuring the conformation of SAM or the altered contacts as described by 

Liu et al. throughout the MD simulation conducted in this work. 

In this context it is important to note that, the two proposed mechanisms might only explain a 

generally reduced methylation activity of DNMT3A R882H. However, the biochemical and MD 

simulation data in this work demonstrate and explain a change in flanking sequence preference, which 

is a more precise description of the pathogenic mechanism. This is supported by methylation 

experiments in which R882H was even more active on 13% of the used substrates than the WT and 

only less active on 52%. A simply reduced methylation activity falls short against this observation. 

 

5.2. MD Simulation of the T1150A cancer mutant of NSD2 

H3K36 methylation is an important histone modification affecting many cellular processes (Wagner & 

Carpenter, 2012). H3K36me2 and H3K36me3 function as two distinct signals that have different 

downstream effects. The H3K36me2 mark occurs at intergenic regions and promoters, while the 

H3K36me3 mark is enriched at gene bodies of active genes (Cornett et al., 2019; Yun et al., 2011). 

H3K36me2 directly interacts with the DNA methyltransferase DNMT3A via its PWWP domain (Dukatz 

et al., 2019; Weinberg et al., 2019), while H3K36me3 is bound by the PWWP domain of DNMT3B 

(Baubec et al., 2015). NSD2 deposits up to dimethylation at H3K36 and was shown to be crucial for 

genome stability (Topchu et al., 2022). An example for this is the developmental disease Wolf-

Hirschhorn syndrome, which is caused by a heterozygous loss of NSD2 (Bergemann et al., 2005). Unlike 

the clear-cut impact of gene deletions that always result in a loss of the gene function, unraveling the 

biological consequences of single point mutations is more challenging. Many somatic missense 

mutations in PKMTs have been detected in diverse cancer types, altering the enzyme’s activity, 

substrate specificity, product specificity, or other enzymatic properties (Brohm et al., 2019; Oyer et al., 

2014; Weirich et al., 2017; Weirich et al., 2015). The NSD2 missense single point mutation T1150A, was 

detected in leukemic patients and characterized in this work using a combination of biochemical and 

MD simulation approaches. 

In different in vitro methylation experiments, Dr. Mina Saad Khella showed that NSD2 T1150A and its 

paralogue NSD1 T2029A are hyperactive and introduce trimethylation to H3K36. The hyperactivity of 

NSD2 T1150A was observed before (Li et al., 2021; Sato et al., 2021). However, the change in product 

specificity from di-to trimethylation was unknown and displays a completely new pathogenic 

mechanism of this mutation. The NSD2 T1150A mediated trimethylation was further confirmed by Dr. 

Mina Saad Khella in human cells highlighting its biological relevance. Despite the intensive biochemical 

work, the molecular mechanism of how T1150A overcomes the dimethylation barrier remained 
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elusive. In this work, the mechanism for the altered product specificity was revealed using MD and 

sMD simulation techniques combined with cutting edge analysis tools. 

In the sMD experiments, the association of a SAM molecule into the SAM binding pocket of NSD2 WT 

or NSD2 T1150A complexed to a H3K36me2 was simulated. In the analysis it was found that NSD2 WT 

can barely accommodate SAM and H3K36me2 in a productive conformation at the same time. In 

contrast, NSD2 T1150A was able to do so, and TS-like conformation were observed frequently. This 

confirmed the Western blot and MALDI mass spectrometry results in which trimethylation catalyzed 

by NSD2 T1150A was detected. The drastic difference was not observed in sMD simulation with 

H3K36me1 peptides complexed to NSD2, showing that a distinct mechanism occurs only with a 

dimethylated peptide on the verge to trimethylation. 

To investigate this, MD simulation of NSD2 WT and T1150A complexed with H3K36me2 and SAM were 

conducted. Using POVME3 (Wagner et al., 2017), the volume of the active site was calculated. The 

analysis showed that large volumes occurred more often in T1150A compared to the WT. The reason 

for this was found in a subsequent contact analysis. In NSD2 WT, T1150 engaged in contacts with Y1092 

and L1120, which oriented these residues effectively reducing the volume of the active site. The T1150 

side chain hydroxyl group interacted with the Y1092 backbone nitrogen. The side chain methyl group 

hydrophobically interacted with the L1120 side chain. These two contacts were lost in NSD2 T1150A 

because of the absence of the side chain hydroxyl and methyl group. The orientation of Y1092 and 

L1120 was more flexible and the active site volume increased. The importance of Y1092 for the 

structural integrity of the active site was also highlighted by the finding that the Y1971C mutation in 

NSD1 (NSD1 Y1971 corresponds to NSD2 Y1092) was demonstrated to abolish the enzyme activity 

(Khella et al., 2023a). 

The active site volume has been identified before as a key factor in regulating the product specificity 

of PKMTs and restricting further methylation. In multiple sequence alignments it was observed, that 

PKMTs possessing a tyrosine at the so-called F/Y-switch position are limited to catalyze mono- or 

dimethylation. PKMTs possessing a phenylalanine or another hydrophobic residue in this position 

display di- or trimethyltransferase activity (Collins et al., 2005). Mutating the F/Y-switch residue to the 

respective other amino acid led to predictable changes in product specificity (Collins et al., 2005; 

Cortopassi et al., 2016; DiFiore et al., 2020; Qian & Zhou, 2006; Trievel et al., 2003; Wu et al., 2010; 

Zhang et al., 2003). The trimethyltransferase DIM-5 was converted into a dimethylase by mutating 

F281 into tyrosine (Zhang et al., 2003). The monomethyltransferases SET7/9 and SET8 were changed 

to dimethyltransferases through the corresponding Y-to-F mutation (Y305F for SET7/9 and Y334F for 

SET8) (Del Rizzo et al., 2010; Zhang et al., 2003). The F/Y-switch is not fixed to a defined position and 

more than one residue can take this function. The dimethyltransferase G9a was turned into a 

trimethyltransferase by Y1067F (Wu et al., 2010), but into a monomethyltransferase by F1152Y 
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indicating that two susceptible positions exist (Collins et al., 2005). The difference between tyrosine 

and phenylalanine is the side chain hydroxyl group. The hydroxyl group influences the volume in the 

active site in two ways and thereby the product specificity. Firstly, through the simple addition of the 

hydroxyl group. Secondly, because of the interactions of the hydroxyl group with other tyrosines (e.g., 

Y305, Y335 and Y245 in SET7/9) and water molecules in the active site (Hu & Zhang, 2006). These polar 

interactions build a network pulling the active site residues closer to each other (Schnee et al., 2023). 

In contrast, phenylalanine is not able to interact via polar contacts. The described mechanism for the 

F/Y-switch is in very good agreement to the results for NSD2 T1150A obtained in this study. 

Moreover, NSD2 L1120 is the only amino acid residue near the target lysine side chain which is not 

conserved between the dimethyltransferase NSD2 and the trimethyltransferase SETD2. SETD2 

contains a less bulky methionine at this position highlighting that L1120 might have an important role 

in controlling the product specificity of NSD2. Likewise, L1120M was shown to enhance the 

trimethylation activity of NSD2 (Sato et al., 2021), strengthening the important role of L1120 and its 

interaction with T1150 in the control of the product specificity of NSD2. 

The consequence of the reduced active site volume is a failure to accommodate SAM and the 

dimethylated target lysine in the active site. This prevents the formation of catalytically competent TS-

like conformations (Schnee et al., 2023). Product specificity was demonstrated to depend on the SN2 

TS-like criteria, as in MD and QM/MM simulations of the monomethyltransferase SET7/9 complexed 

with the K4 or K4me1 peptide, the distance between the SAM sulfur atom and the lysine Nε was higher 

for K4me1 (6.1 Å) than for K4 (5.7 Å) (Zhang & Bruice, 2007b). After the first methylation, a 

reorientation of Kme1 was not possible due to steric constraints. A productive state in which 

monomethylated lysine Nε and SAM methyl group are close together did not occur.  

The presented results precisely explain the molecular mechanism behind the altered product 

specificity observed for NSD2 T1150A. The hyperactivity of NSD2 T1150A was investigated before by 

Sato and coworkers, who simulated the binary NSD2 T1150A-SAM complex. Their MD simulation 

results showed that the autoinhibitory loop (AL) adopts more open conformations in NSD2 T1150A 

compared to WT. Hence, T1150A was suggested to destabilize the interactions that keep the AL closed. 

With an open AL, the probability for a substrate to successfully bind in the active site increases. It needs 

to be noted that the starting conformation of the MD simulations conducted by Sato et al. had the AL 

in a conformation in which the placeholder residue C1183 was already turned outwards (Schnee et al., 

2023). As described earlier, prior steps are necessary to turn the placeholder residue in this position. 

These type of conformational changes of the AL were not observed in the MD simulation conducted in 

my work, because the ternary complex of NSD2-peptide and SAM was simulated. The increased 

probability of an open AL can however not explain the trimethylation activity of T1150A. 
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It is important to emphasize that T1150A does not occur in cancer alone, but in combination with the 

missense mutation E1099K (Bea et al., 2013). This mutation displayed hyperactivity in the same range 

as T1150A in in vitro methylation experiments (Li et al., 2021; Sato et al., 2021). Li and colleagues solved 

the cryo-EM structure of the NSD2 E1099K/T1150A mutant bound to a nucleosome (PDB 7CRO). In this 

structure, the linker DNA was partially unwrapped to accommodate NSD2 (Fig. 12) (Li et al., 2021). 

Furthermore, the positively charged lysine residue in E1099K was noticed to interact with the 

negatively charged sugar-phosphate backbone of the nucleosomal DNA. The authors proposed this to 

be a reason for the increased activity. This model was supported by the finding that NSD2 exhibits 

weak and non-specific lysine methylation activity on histone protein octamers as substrates, but 

specific and strong methylation was measured when nucleosomal substrates were used (Li et al., 

2009). However, kinetic analysis revealed that NSD2 E1099K and T1150A have no increased 

nucleosome affinity compared to the WT (Li et al., 2021; Sato et al., 2021). Through MD simulations, 

Sato and coworkers found, that E1099K destabilizes the AL as observed for T1150A. Thus, a 

combination of the proposed mechanisms by Sato and Li for the hyperactivity of NSD2 E1099K/T1150A 

could potentially fully explain the pathogenic behavior. The destabilization of the AL, caused by E1099K 

and T1150A, need prior structural rearrangements of the AL by e.g. conformational changes of the 

Post-SET loop or the placeholder residue. These could be induced upon interactions with nucleosomes. 

The necessary conformational changes upon nucleosome binding are enhanced in NSD2 E1099K du to 

the improved E1099K-DNA contact. This is supported by the absence of the Post-SET loop in structures 

of PKMTs bound nucleosomes, indicating a high flexibility and an open state (Schnee et al., 2023). 

Using this explanation, both approaches can be reconciled. However, the destabilized AL and the 

increased interaction with the nucleosomal DNA can only account for the hyperactivity of NSD2 

T1150A but cannot explain the change in product specificity described in this work. 

The proposed mechanisms by Sato, Li and this work could operate simultaneously, as they are not 

mutually exclusive. Together, they might fully explain the pathogenic mechanism of the NSD2 T1150A 

cancer mutation and its biological behavior. The observed hyperactivity of T1150A can be explained 

by the destabilizing effect of T1150A on the AL, which needs prior interaction with a substrate, 

enhanced by NSD2 E1099K. The change in product specificity can only be explained by the increase in 

active site volume as observed in this work. The identification of the mechanisms using biochemical 

experiments and MD simulation showcases the strengths of a combined approach especially in the 

context of complex cancerogenic missense mutations.  

 

5.3. Mechanistic basis of the SETD2 super-substrate peptide 

Many PKMTs methylate more than one substrate, which raises the question how PKMTs recognize 

different substrates. To distinguish different potential methylation substrates, PKMTs form contacts 
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to the amino acid residues surrounding the target lysine. This results in a specific readout of the 

substrate’s amino acid sequence (Del Rizzo & Trievel, 2014). To systematically investigate the substrate 

specificity of PKMTs Celluspots peptide arrays can be used as described earlier (chapter 1.5.7). The 

resulting specificity profile of SETD2 revealed that the natural H3K36 substrate sequence is not ideal 

at many positions and other amino acids were preferred (Schuhmacher et al., 2020). Mutating the 

disfavored residues in the H3 sequence to preferred ones led to the design of the 15 amino acid long 

super-substrate peptide (ssK36), which was methylated ~100-fold faster than the canonical H3K36 

peptide. The solved crystal structures of SETD2 complexed with the H3K36M or ssK36M peptides 

represented important steps towards the understanding of SETD2’s substrate specificity by illustrating 

how H3K36M and ssK36M peptides bind into the active site of SETD2 and which contacts are 

established between SETD2 and the peptides in each complex (Schuhmacher et al., 2020; Yang et al., 

2016; Zhang et al., 2017). However, despite the discovery of peptide-specific contacts, these structures 

were very similar overall, and they could not fully explain the 100-fold increase in the methylation rate 

of the ssK36. One reason for this is that static crystal structures only capture the conformation of the 

ground state, and it is unknown to which extent this represents the catalytically competent 

conformations able to reach the TS of the enzymatic reaction. Moreover, complex structures do not 

describe the pathway of the peptide entry into the active site, nor the different structures of the 

peptides in the solvent, which may affect the association reaction. Hence, critical questions regarding 

the substrate-specific activity of SETD2 remained unsolved. This created the urge to compare H3K36 

and ssK36 using MD simulation techniques and reveal, which factors influence the methylation activity 

of SETD2. Determining these factors helps to understand how PKMTs interact and discriminate 

between substrates avoiding off-target methylation in cells. Moreover, the factors determining the 

interaction of PKMTs with super-substrates may function as a starting point for a rational inhibitor 

design. 

In this work, the mechanisms of the sequence specific methylation of SETD2 were explored by a 

combination of various MD simulation techniques and biochemical experiments. The combined 

approach made use of the predictive power of simulations and the validation by biochemical FRET and 

methylation experiments, highlighting a powerful interplay. Together, multiple steps in catalysis were 

investigated at which differences between the H3K36 and ssK36 peptide could arise: (i) the 

conformations of the peptide in solution; (ii) the pathway of the peptide into the SETD2 binding cleft 

and the conformational changes accompanying it; (iii) the enzyme-peptide complex and the 

establishment of TS-like conformations priming the methyl group transfer.  

5.3.1. Hairpins in histone tails might facilitate the binding towards PKMTs 

MD simulations of the H3K36 and ssK36 peptides in solution with subsequent backbone-based 

clustering showed that the ssK36 peptide preferably adopted a hairpin-like conformation. The H3K36 
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peptide preferred an extended conformation. It is important to note that despite these preferences, 

both peptides adopted extended and hairpin conformation throughout the simulation time and did 

not stay exclusively in their preferred shape. The differing conformational preferences were a direct 

result of the four introduced mutations in ssK36. Multiple intra-peptide contacts were established by 

the mutated residues stabilizing a hairpin shape. The hairpin conformation of the ssK36 peptide in 

solution was confirmed by FRET experiments. Remarkably, the hairpin conformation presents K36 and 

the adjacent V35 in the loop region facing outside, suggesting that these residues could act as first 

contact points during the docking of the peptide into the SETD2 binding cleft.  

Thereby, contacts between the target lysine, surrounding amino acids and the PKMT are established 

first. This could resemble a probing process, since PKMTs need to identify distinct lysine residues along 

histone tails or other proteins. Exposed side chains of the target lysine and one or more characteristic 

surrounding residue(s) could support this probing process. This presumption is in agreement with 

multiple specificity profiles of PKMTs, showing that the most specific sequence readout occurs at the 

positions close to the target lysine (Schuhmacher et al., 2020; Schuhmacher et al., 2015; Weirich et al., 

2016; Weirich et al., 2023; Weirich et al., 2020). An example for this is the hydrophobic V35 position, 

which was shown to be obligatory for substrate recognition by SETD2 (Schuhmacher et al., 2020). The 

key role of an outwards facing lysine was further supported by inhibition experiments, in which the 

inhibition constant of ssK36M towards SETD2 was only moderately (3.5-fold) improved compared to 

H3K36M, while the stimulation of ssK36 methylation was much stronger (Schuhmacher et al., 2020). 

Besides the identification of the correct methylation target, the positively charged, outwards facing 

lysine side chain could further interact with solvent exposed residues of the AL. As mentioned earlier, 

the AL needs to undergo conformational changes to bind a substrate (chapter 1.5.3). The target lysine 

in the hairpin structure might therefore not only function as a probe, but may also be the start of the 

conformational changes of the AL, which are needed to overcome autoinhibition (Schnee et al., 2023). 

Structural data (PDB 3HNA) showed that residues R1214 and D1217 of the PKMT GLP (G9a-like protein) 

are located at the AL, solvent exposed and play a role in substrate recognition (Wu et al., 2010; Zheng 

et al., 2012). In SETD2 these AL residues could resemble Q1667, Q1669 and Y1671, which might 

interact with the target lysine and surrounding residues, lifting the AL up in an open position. Alanine 

mutants Q1669A and Y1671A lead to a disruption of the SETD2 methylation activity, emphasizing the 

importance of the side chains, supporting a possible interaction with the substrate (Zheng et al., 2012). 

R1670 is the placeholder residue in SETD2 and is also part of the AL. The complex role of R1670 was 

highlighted by a strong reduction of SETD2 methylation activity by the R1670G mutation (Zheng et al., 

2012). A simple destabilization of the AL by R1670G should lead to a higher catalytic activity, which 

was not observed, highlighting potential interactions needed to facilitate catalysis. 
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Important to note is that MD simulation results suggesting this model are based on peptides as 

substrates. For larger substrate structures like proteins or nucleosomes, additional factors might come 

into play. Considering nucleosomes as substrates, a working model for the association between PKMT 

and histone tails could be envisioned. Cryo-EM structure of PKMTs, including SETD2 and NSD2, 

demonstrated that PKMTs bind nucleosome substrates by squeezing in between the nucleosome 

histone octamer particle and the linker DNA, thereby partially unwrapping it (Fig. 12) (Li et al., 2021; 

Liu et al., 2021; Sato et al., 2021). Thereby, the PKMT is positioned close to the location, where the H3 

histone tail exits the octamer structure (Fig. 31A). The histone tail could interact with the nucleosomal 

DNA, dynamically wrapping around it. This bends the histone tail, creating transient hairpin 

conformations, exposing the target lysine and nearby residues, which are then recognized by the 

PKMTs (Fig. 31B) (Schnee et al., 2023). This model is in line with cryo-EM structures of MLL1, MLL3 or 

SetD2 in complex with nucleosomal substrates (PDB 6KIX, 6KIU, 6UH5) (Hsu et al., 2019; Xue et al., 

2019). In these structures, the target lysine and amino acids around the target lysine are resolved (A1-

R8 for PDB 6UH5) and positioned correctly in the SET domain of the respective PKMT. However, the 

H3 tail is not completely resolved, but misses the connecting residues K9-K36. Connecting the resolved 

parts, creates a flexible histone tail, wrapped around the nucleosomal DNA (Fig. 31C). This model is 

supported by a large number of positively charged residues in the H3 sequence, which could interact 

with the negatively charged DNA phosphate sugar backbone (Schnee et al., 2023). 
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Figure 31: Possible mechanism for the binding of a PKMT towards a nucleosome and the recognition of the 

target lysine. A| The PKMT (white) binds the nucleosome by partially unwrapping the linker DNA (orange), 

positioning the binding cleft towards the exit point of the histone tail (cyan, modified from PDB 7EA5). The 

histone tail interacts with the DNA thereby forming a hairpin-like conformation with the target lysine facing 

outside. B| First contacts between H3K36 (pink) and H3V35 and the SETD2 AL (modified from PDB 6VDB) lead to 

conformational changes in the AL and R1670 (rose) opening the SETD2 binding cleft. Figure taken and modified 

from (Schnee et al., 2023). C| Binding of the yeast MLL1 homologue Set1 (white) to a nucleosome (PDB 6UH5). 

Histone tail residues H3A1-H3R8 (cyan) are resolved and the target lysine K4 (pink) is correctly bound in the SET 

domain. The H3 tail reaches out from the nucleosome core body and is not resolved. Potentially, it wraps around 

the nucleosomal DNA to establish a stable binding in the Set1 SET domain. 

 

5.3.2. Peptide hairpin conformations unfold upon binding to PKMTs and establish distinct contacts 

The sMD data in this work indicated that hairpin conformations facilitate the entry in the SETD2 active 

site when compared with extended peptide conformations. This suggests that a transient hairpin 

conformation is needed during the initial docking of the substrate peptide. However, crystal structures 

of SETD2 complexed with either H3K36M or ssK36M show both peptides bound in an extended 

conformation in the binding cleft. In the sMD simulations, it was observed that the N- to C-terminal 

distance of the peptides increased during the peptide association. This implies a gradual unfolding of 
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the hairpin conformation in a zipper-like process during the binding. Residues in the middle of the 

peptide could position themselves at the start of the association with high flexibility and rotational 

freedom. Ultimately, outer residues bind last and have thus limited freedom to position themselves, 

decreasing their impact on substrate specificity. This was supported by specificity profiles of PKMTs 

showing a loose readout for residues towards the N- and C-terminus. The peptide unfolding was 

accompanied with a decrease in RMSD between the sMD conformations and the crystal structures. 

Eventually, the peptide conformations in the sMD simulations displayed a good overlay with the crystal 

structures. The simulation findings were confirmed by FRET experiments, in which the addition of 

SETD2 to each peptide led to an increase in fluorescence, indicating a separation of quencher and 

fluorophore.  

The unfolding process of the hairpin peptide was found to play a role in catalysis. Preventing the 

unfolding process by chemically fixing the hairpin conformation for ssK36 using disulfide bonds, 

reduced the methylation by SETD2. This observation could imply that the contacts between peptide 

and enzyme at the N-and C-terminus of the peptide lead to a tighter binding and a more stable peptide 

conformation. This could be critical to reduce fluctuations and stabilize the target lysine in the middle 

of the peptide for the methyl group transfer. Without the stabilization, the fluctuations could destroy 

long lasting TS like conformation, which were shown in this work to be a critical for catalysis.  

During the sMD simulation, it was discovered that the unfolding process was accompanied by a closing 

movement of the Post-SET loop. The Post-SET loop is highly flexible and not resolved in PKMT 

structures without bound substrate, exposing the binding cleft and AL. Upon substrate binding, the 

Post-SET loop closed behind the substrate further strengthening the binding (Yang et al., 2016; Zheng 

et al., 2012). These results agree with proposed open-close models of the Post-SET loop. These models 

were however purely based on static crystal structures. Not covered in this work is the release of the 

methylated product, which is suggested to involve an uplifting of the Post-SET loop (Yang et al., 2016). 

In the last step of the enzymatic turnover cycle, the peptide is complexed in the PKMT binding cleft in 

an extended conformation. Here, contacts with the PKMT led to a stronger or weaker stabilization of 

SN2 TS-like conformations, depending on the peptide sequence. Results from MD simulations in this 

work of SETD2-peptide complexes revealed specific TS-like conformation for ssK36 that were stabilized 

more efficiently in SETD2-peptide complexes than the TS-like conformation of H3K36. The four 

introduced mutations formed unique contacts with the enzyme exclusively accessible for ssK36. 

Because of these contacts, the N- and C-terminal parts of ssK36 moved closer to SETD2 when compared 

with H3K36. However, the central part of the peptide showed the opposite trend and slightly detaches 

from SETD2, potentially giving more flexibility for K36 to reorient.  
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Interestingly, the peptides reached the TS-like conformation through different contact networks. This 

indicates that methylation of different peptide sequences by one PKMT may involve distinct, substrate-

specific contact networks, adding another layer of substrate discrimination. This was further supported 

by the previously designed, NSD2-specifc super-substrate ssK36(NSD2). The contacts between enzyme 

and peptide again differed heavily for H3K36 and ssK36(NSD2). 

Based on the presented data in this work, the roughly 100-fold increase in SETD2 methylation rate for 

ssK36 can be attributed to two distinct effects, the accelerated association due to preferred hairpin 

formation and the better stabilization of TS-like conformations. The finding that kinetic barriers during 

association and formation of TS-like conformations are lowered with ssK36 is in agreement with 

previous data showing that the KM-value of ssK36 was only marginally improved (1.4-fold), leaving most 

of the rate enhancement for kcat (about 70-fold) (Schuhmacher et al., 2020). The overall rate 

enhancement of ssK36 is in a very good agreement with the results of the MD simulations presented 

in this work. The 4.8-fold increase in the stable hairpin formation of ssK36 combined with the 30-fold 

increase in TS-like conformations with long lifetimes could explain an up to 140-fold increase in 

reaction rate. Currently, it is not possible to determine the minimal lifetimes of hairpin conformations 

and TS-like structures that are needed for productive association and catalysis. Hence, the 140-fold 

change represents an upper limit of the potential effect, because the differences in both properties 

were smaller if lifetimes were not considered. 

For NSD2, a >100-fold higher methylation activity of the NSD2-tailored super-substrate was observed. 

The MD simulation data showed that hyperactive conformations of NSD2 were observed 36-fold more 

often for ssK36(NSD2) than for H3K36. This is in rough agreement with the methylation data. It is 

important to note that whereas 36 simulation replicates with >1000 TS were observed for ssK36, only 

one was observed for H3K36. Increasing the number of replicates might increase the discrepancy 

between the two peptides, which could align biochemical with simulation results.  

 

5.4. Super-substrate peptides function as PKMT inhibitors 

PKMTs were shown to be hyperactive and deliver methylation at aberrant loci in different kinds of 

cancer (Hanley et al., 2023; Luo, 2015; Sato et al., 2021; Weirich et al., 2017). Developing specific 

inhibitors for mutated PKMTs could decrease the dysregulated methylation. Common strategies for 

the development of PKMT inhibitors focus on small molecules blocking the SAM-binding pockets to 

compete with the cofactor SAM (Feoli et al., 2022). Since SAM is used by variety of PKMTs and DNMTs, 

the risk of potential off-targets is high, meaning that other unrelated methyltransferases may also be 

inhibited. In contrast, substrate-competitive inhibitors could be tailored towards a binding cleft, which 

has been evolutionary optimized to heavily discriminate between potential substrates. This creates an 
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advantage for the design of substrate-competitive PKMT-specific inhibitors. In this work, it was tested 

if PKMT-specific super-substrate peptides could function as starting points for the development of 

PKMT inhibitors. In in vitro methylation assays it was found that the addition of ssK36 to a mixture of 

SETD2 and a protein substrate caused a decrease in substrate methylation. This effect was not 

observed after the addition of equal concentrations of the H3K36 peptide. This implies that the 

inhibitory strength is related to the peptide sequence and its properties. The transferability of this 

strategy was shown by the design of new NSD2-specific super-substrate peptide (ssK36(NSD2)). The 

sequence of ssK36(NSD2) differs from the SETD2 super-substrate (ssK36(SETD2)). Remarkably, the 

super-substrates were highly specific for their respective PKMT and did not display a high activity for 

the other (Weirich et al., 2023). This underlines the high potential of substrate-competitive inhibitors 

to act in an enzyme specific manner. 

The results presented in this work can however only account for a qualitative proof-of concept since 

the reduction in PKMT activity was not comparable to industry relevant PKMT inhibitors. The inhibitor 

concentration of ssK36(SETD2) to achieve a 50% activity reduction (IC50) for SETD2 was roughly 

estimated to be 100 µM using this assay. SAM competitive inhibitors displayed and IC50 value of 0.8 

µM (Feoli et al., 2022). Important to note is that the assay used in this work was just a starting point. 

In the presented set up, the peptide inhibitor was methylated by the investigated PKMT 

(Supplementary Fig. 1, appendix III). Due to the methylation, the peptide inhibitor dissociates from the 

PKMT and is unable to bind again, leading to a constant decrease of effective inhibitor concentration 

over time. Replacing the lysine with a methionine, which is not methylated and a known substrate 

competitive inhibitor (Fang et al., 2016), causes a drop in binding affinity (Schuhmacher et al., 2020). 

This is due to the different biochemical properties of lysine and methionine. As described earlier, the 

positive charge of lysine stabilizes the hairpin formation and interacts with SETD2 to overcome 

autoinhibition. One possibility to circumvent this problem could be to use non-natural amino acids like 

ornithine. Ornithine is one carbon shorter than lysine and could therefore still account for the 

biochemical properties found for the ssK36 peptide. Mass spectrometry experiments with multiple 

PKMTs showed that peptides containing ornithine at the target position were not methylated, since 

the ornithine Nε and SAM methyl group were too far apart (Al Temimi et al., 2017). It is possible that 

a super-substrate peptide with an ornithine at the target lysine position leads to heavily increased 

inhibitory strength since a permanent binding is expected as seen for K36M peptides. 

Although incorporation of ornithine at the target lysine position might decrease the IC50, peptides as 

inhibitors in a clinal context do still have a variety of drawbacks: bioavailability, degradation through 

proteases, triggering immune responses and the costs of production to name a few. Some of these 

problems can be tackled by using exosome delivery systems (Hade et al., 2023; Kim et al., 2021; Xu et 

al., 2021). Still, small molecules display many advantages compared to peptides in terms of cell 
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permeability, oral administration, stability, established screening pipelines, synthesis and large-scale 

production. A promising approach could be to transfer the chemical features of ssK36 to small 

molecules. A first step towards this approach was shown in this work as the hairpin formation feature 

was transferred to a different peptide sequence, namely H3K36. Methylation experiments with a 

modified H3K36 sequence, having two cysteine residues and the N-and C-terminus and forcing the 

peptide in a hairpin conformation increased its capability to be methylation by SETD2 by ~2-fold. In 

earlier studies, disulfide bridges were used to enforce hairpin conformation in other peptides as well 

(Dhayalan et al., 2011). The SET domain-containing PKMT SET7/9 displayed an increased methylation 

activity towards an artificially designed peptide with a disulfide-stabilized hairpin structure compared 

to its canonical substrate. 

If small molecules are considered, it could be beneficial to not chemically fix a hairpin during the 

design, but establish a charged interaction which only transiently support hairpin formation and allow 

for unfolding of the small molecule upon PKMT binding, as was shown in this work to be critical. 

Moreover, the generated contact profiles of super-substrates peptides in this work could be the basis 

for the design of functional groups in the small molecule as the critical interactions required for PKMT 

binding were identified. Despite the rational design approach using the found properties of super-

substrates, screening of numerous small molecules and combinations of the properties is 

indispensable. The super-substrate properties can however heavily reduce the screening effort and 

function as a starting template providing key chemical properties from which combinatorial chemistry 

strategies could start. 
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Abstract 

NSD2 catalyzes dimethylation at H3K36 and it has very important roles in development and disease. 

We investigated the substrate sequence specificity of NSD2 and discovered strong sequence readout 

between the target site position -3 and +2. Strikingly, amino acid residues differing from the H3K36 

target were preferred at some positions in the specificity profile. Combination of preferred residues 

allowed the design of a super-substrate which was methylated >100-fold faster by NSD2. Molecular 

dynamics simulations demonstrated that this activity increase is due to distinct hyperactive 

conformations of the enzyme-peptide complex. A search for human nuclear proteins matching the 

NSD2 specificity profile led to the discovery of 22 novel peptide substrates. In protein methylation 

studies, we identified ATRX and FANCM as novel NSD2 protein substrates in vitro and in human cells. 

Both proteins have important roles in DNA repair strengthening the connection of NSD2 and H3K36 

methylation to DNA repair. 
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Introduction 

Together with DNA methylation and the presence of non-coding RNAs, histone posttranslational 

modifications (PTM) regulate many chromatin templated processes (Allis & Jenuwein, 2016), control 

cellular phenotypes and development of diseases (Jambhekar et al., 2019; Zhao et al., 2021). The most 

prominent histone PTMs are acetylation, phosphorylation, ubiquitination and methylation (Huang et 

al., 2015). Histone lysine methylation is an extensively studied modification and up to three methyl 

groups can be transferred on lysine residues by specific Protein lysine methyltransferases (PKMTs) 

(Boriack-Sjodin & Swinger, 2016; D. Husmann & O. Gozani, 2019). Dependent on the site and degree 

of methylation, effector proteins with specific binding properties are recruited and regulate further 

downstream biological processes (Patel & Wang, 2013). Besides the methylation of lysine residues of 

histone tails, high-throughput proteomic studies led to the identification of lysine methylation events 

at numerous non-histone proteins where it controls important processes, like protein degradation, 

protein localization and protein-protein interactions, which in turn regulate many biological processes 

(Biggar & Li, 2015; Cornett et al., 2019; Zhang et al., 2015). Up to date, the discovery of non-histone 

targets is incomplete for many PKMTs and it is often difficult to associate the matching substrates and 

PKMTs. One opportunity to search for possible non-histone substrates of PKMTs is to analyze their 

substrate specificity (Kudithipudi & Jeltsch, 2016).  

The Nuclear Receptor Binding SET Domain Protein 2 (NSD2, also known as MMSET, or WHSC1), 

together with NSD1 and NSD3 form the nuclear receptor SET domain-containing (NSD) enzyme family. 

The NSD enzymes are key epigenetic enzymes that catalyze H3K36 mono- and dimethylation (Bennett 

et al., 2017; Lam et al., 2022; Li et al., 2019). H3K36 methylation in gene bodies is associated with active 

transcription and splicing and this modification is also involved in the regulation of heterochromatin 

formation, DNA replication, recombination and DNA repair (Lam et al., 2022; Li et al., 2019; E. J. 

Wagner & P. B. Carpenter, 2012). The NSD enzymes differ in protein length, where NSD2 with 1365 

amino acids (aa) is the smallest among all NSD family members. All three NSD enzyme share the SET 

domain as catalytically functional part, flanked by AWS (Associated with SET) and Post-SET domains. 

In addition, they contain PWWP (proline-tryptophan-tryptophan-proline motif) domains and PHD 

(plant homeodomain) domains, which are important for mediating interaction with chromatin and 

other proteins (Sankaran et al., 2016). In contrast to all other NSD family members, NSD2 also contains 

a high mobility group (HMG) domain that interacts with the DNA binding domain of the androgen-

receptor (AR) and results in enhanced nuclear translocation of both proteins (Kang et al., 2009). The 

gene encoding NSD2 was identified in 1998 when it was observed that patients suffering from the 

Wolf-Hirschhorn syndrome have either a partial or complete deletion of the NSD2 gene, which leads 

to a haploinsufficiency of NSD2, resulting in the name Wolf-Hirschhorn syndrome candidate 1 (WHSC1) 

(Stec et al., 1998). NSD2-deficient mice exhibit phenotypes similar to the human WHS, such as growth 

defects, deficiencies in midline fusion and congenital heart defects and die 10 days after birth (Nimura 

et al., 2009). Moreover, the Wolf-Hirschhorn syndrome is linked to the DNA damage response (DDR) 

(Hajdu et al., 2011). 

Later it was discovered that NSD2 has PKMT activity and several studies reported that NSD2 catalyze 

dimethylation of H3K36 (Nimura et al., 2009), H3K4 and H3K9 (Kang et al., 2009), trimethylation of 

H3K27 (Kim et al., 2008), di- and trimethylation of H4K20 (Marango et al., 2008; Pei et al., 2011), and 

monomethylation of H4K44, but this reaction was not observed in the chromatin context (Li et al., 

2009). However, there is disagreement among published reports regarding the methylation activities 

of NSD2 in particular at H3K4, H3K27 and H4K20 (Li et al., 2009). In addition, several non-histone 

substrates of NSD2 with important roles in tumorigenesis and tumor progression have been described. 

Song et al. (2020) detected Signal transducer and activator of transcription 3 (STAT3) as novel target 
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of NSD2. With the methylation of STAT3 at lysine 163 by NSD2, the STAT3 signaling pathway was 

activated, which promotes tumor angiogenesis (Song et al., 2021). Methylation of the Aurora kinase A 

(AURKA) by NSD2 was discovered, which reduces p53 stability resulting in increased cell proliferation 

and oncogenic activity (Park et al., 2018). NSD2 has been shown to be crucial for the recruitment of 

p53 binding protein (53BP1) to DNA double-strand breaks (Pei et al., 2011). Later, it was also shown to 

methylate K349 of Phosphatase and tensin homolog (PTEN) K349, which is bound by the Tudor domain 

of 53P1 and facilitates its recruitment to DNA double strand breaks (Zhang et al., 2019). 

In addition to its key role in WHS, many reports demonstrated that NSD2 is mutated in several tumors 

(Kudithipudi & Jeltsch, 2014; Oyer et al., 2014). Especially, the E1099K mutation, located in the active 

pocket in a loop next to the bound substrate is recurrently occurring in lung adenocarcinoma where it 

increases NSD2 activity promoting KRAS signaling and other oncogenic gene expression programs 

(Sengupta et al., 2021b). The effect of the hyperactivating mutations is comparable to the chromatin 

alterations often leading to NSD2 overexpressing in tumor cells (Oyer et al., 2014). The activating 

T1150A mutation in NSD2 is often found in leukemia patients (Sato et al., 2021). This mutation also 

changes the product specificity from H3K36me2 to H3K36me3 (Khella et al., 2023b). 

In this study, we investigated the peptide sequence specificity of NSD2. We observed that amino acid 

residues different from the natural ones in the H3 tail were preferred at some positions in the substrate 

peptide. Combining four of these preferred residues led to the development of a super-substrate 

which was methylated at least 100-fold faster by NSD2. Molecular dynamics simulations demonstrated 

that this activity increase is caused by distinct hyperactive conformations of the enzyme-peptide 

complex. In addition, based on the specificity profile of NSD2, we identified K1033 of ATP-dependent 

helicase (ATRX) and K819 of Fanconi anemia group M (FANCM) protein as novel NSD2 protein 

substrates in vitro and demonstrated their methylation in cells. Both these proteins have important 

roles in DNA repair and they strengthen the connection of NSD2 and H3K36 methylation to DNA repair. 

 

Results 

Substrate specificity analysis of NSD2 

Several previous publications reported that PKMTs methylate different substrates, but for many 

enzymes of this class, the full substrate spectrum is not known (Kudithipudi & Jeltsch, 2016). 

Knowledge about PKMT substrates is essential to understand their biological roles, because each 

individual protein methylation event can regulate a specific biological pathway (Biggar & Li, 2015; 

Cornett et al., 2019; D. Husmann & O. Gozani, 2019; Zhang et al., 2015). One approach to determine 

the full substrate spectrum of PKMTs and identify novel substrates is to characterize the sequence 

specificity of the enzyme. For this task, peptide SPOT arrays can be employed, as they allow to study 

the methylation of several hundred peptides in one experiment at moderate costs (Kudithipudi, 

Kusevic, et al., 2014; S. Weirich & A. Jeltsch, 2022). NSD2 is an essential PKMT which generates H3K36 

mono- and dimethylation and has essential roles in chromatin regulation, cell physiology and cancer 

(Bennett et al., 2017). To investigate the substrate specificity of this enzyme, we have cloned the 

catalytic SET domain (aa 991-1240) of human NSD2 (Uniprot O96028) in a GST-tagged form, 

overexpressed it in E. coli cells, and purified the enzyme by affinity chromatography with good yield 

and quality (Supplementary Figure 1A). To confirm its methyltransferase activity, peptide arrays 

containing 15 aa long peptides of potential histone substrates and the corresponding K-to-A mutations 

as negative control were synthesized on a cellulose membrane using the SPOT technology. The peptide 

arrays were incubated with NSD2 in presence of radioactively labeled AdoMet as cofactor. As 
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expected, the autoradiographic image confirmed the methylation of H3K36 and loss of methylation for 

the negative controls (Supplementary Figure 1B). In addition, we detected strong methylation of 

H4K44 as previously shown (Li et al., 2009) and observed strong methylation of H1.5K168, which was 

previously identified as preferred substrate of NSD1 (Kudithipudi, Lungu, et al., 2014). In all these 

peptides, methylation occurs in a G V K (KR)  sequence context ( represents a hydrophobic amino 

acid residue). To test the PKMT activity of NSD2 with protein substrates, recombinant H3.1 and H4 

were incubated with NSD2 in presence of radioactively labeled AdoMet. Since many PKMTs show an 

automethylation activity (Iglesias et al., 2018; Khella et al., 2020; Lee et al., 2019; Piao et al., 2016; 

Rathert, Dhayalan, Murakami, et al., 2008; Weil et al., 2018; Weirich et al., 2017), an additional sample 

without external protein substrate was included. After methylation, the samples were separated by 

SDS-PAGE and methyl transfer was detected by autoradiography. In this experiment, methylation of 

recombinant H3.1 and H4 was confirmed and in addition, a strong automethylation signal of NSD2 in 

absence and presence of recombinant H3.1 and H4 was detected (Supplementary Figure 1C). 

Since NSD2 methylates H3K36 at peptide level and recombinant H3.1 at protein level, we next intended 

to investigate the detailed substrate sequence specificity of NSD2 using H3K36 as template sequence. 

Therefore, peptide SPOT array was synthesized in which each single position of the template sequence 

H3K36 (29-43) was exchanged against 18 natural amino acids (excluding cysteine and tryptophan) to 

create all possible single amino acid exchanges of the template sequence. Three independent 

methylation reactions were performed and the results of each methylation assay were quantitatively 

analyzed, normalized and the data averaged (Figure 1A and B). Calculating the standard deviation (SD) 

of the methylation activity of each single spot indicated a high reproducibility and a good quality of the 

data, because 90 % of the peptides had an SD less than ±20 % and 60 % of the peptides even showed 

an SD smaller than ±10 % (Supplementary Figure 2). Next, the discrimination factors were calculated 

for better visualization of the substrate specificity at each position as previously described (Figure 1C) 

(Kudithipudi, Kusevic, et al., 2014). The substrate specificity profile of NSD2 shows that it strongly 

recognizes the residues from the G33 to P38 of the H3 tail. The results revealed a preference for G at 

the -3 side, as well as preference for aromatic amino acids and glycine at the -2 position (F>G>Y). At 

the -1 position, only large aliphatic amino acids (I>L>V) are allowed, whereas at the +1 site few residues 

are strongly disfavored (A, D, E, G, P). At the +2 position, hydrophobic residues are preferred 

(V>I>L>P>T). 

 

Design of an NSD2 specific super-substrate 

Surprisingly, we observed at several positions of the NSD2 specificity analysis, that residues different 

from the natural ones occurring in H3 were preferred, for example K at the -5 site, F at -2, or N at the 

+3 and +4 sites (Figure 1A and B). We, therefore, speculated that it might be possible to develop an 

NSD2 specific H3K36 super-substrate (ssK36), which would provide additional information about the 

mechanism of NSD2 and its potential novel substrates. To this end, we first selected all strongly 

methylated single point mutations based on the substrate specificity profile from position -5 to +4 and 

synthesized the corresponding peptides again on an additional peptide array to validate the 

observations. As positive control H3K36 (Figure 2A; spot A1 and C9) and as negative control H3K36A 

(Figure 2A; spot A2 and C10) was added (Supplementary Table 1). After methylation with NSD2, direct 

comparison of the methylation signals was performed which reproduced the previous findings in most 

places. The red circles indicate mutations, which led to a strong increase in methylation activity and 

which were used for the next step of super-substrate development. With an additional array all 

possible double, triple, quadruple and quintuple combinations of these amino acid mutations were 
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further analyzed (Figure 2B and Supplementary Table 2), again using H3K36 (Figure 2B; spot A1 and 

A3) and H3K36A (Figure 2B; spot A2 and A4) as positive and negative controls. From this array the 

sequences of the most strongly methylated spots (marked with red circles) were synthesized on an 

extra array in the first line together with the corresponding K-to-A mutant sequences in the second 

line (Figure 2C and Supplementary Table Nr.3). The methylation data clearly showed that all sequences 

were much more preferred than the H3K36 sequence in position A1. For all sequences loss of 

methylation was observed in the K-to-A mutants indicating that methylation occurred at K36. The best 

and strongest signal we detected for spot A8 (marked with blue circle), which from now on will be 

designed as super-substrate ssK36 for NSD2. It contains 4 amino acids exchanges when compared with 

H3K36: A31K, K37R, H38N and R39N. As the H3 peptide contains P at position 2 and the end, we were 

concerned that this may cause artefacts. Hence, in some design steps, P30 and P43 were replaced by 

G and S, but this change does not affect the methylation levels (Supplementary Figure 3A). Since our 

lab already designed an H3K36 super-substrate for SETD2 (P. Schnee et al., 2022; Schuhmacher et al., 

2020), we were interested to see if NSD2 is specific for the ssK36 designed here or if it can also 

methylate the ssK36 developed for SETD2. Therefore, a peptide array methylation experiment 

(Supplementary Figure 4) was performed were the methylation of the NSD2 specific ssK36 (spot B1) 

and SETD2 ssK36 (spot B3), together with its K-to-A mutants (spot B2 and B4, respectively) were 

directly compared on one array. As observed in Supplementary Figure 4, methylation of ssK36 (NSD2) 

was much stronger compared to the wildtype H3K36 sequence spotted at position A1 and A3. 

Moreover, the methylation data clearly demonstrated that NSD2 only methylates the ssK36 specially 

designed for NSD2, while no methylation was observed for the SETD2 specific ssK36. 

Based on the successful design of an NSD2 specific ssK36 at peptide level, we next intended to 

investigate its methylation at protein level. For this, GST-tagged H3K36 (29-43) and ssK36 (29-43) were 

overexpressed and purified. For the protein methylation assay, equal protein amounts were incubated 

with NSD2 in the presence of radioactively labelled AdoMet separated by SDS-PAGE and the 

methylation was analyzed by autoradiography. As shown in Figure 2D, a strong methylation signal of 

the GST-tagged ssK36 was detected, but no signal for the wildtype H3K36 protein, even not after 

massive increase of image sensitivity (Supplementary Figure 5). By comparison of the intensities of the 

strong K36ss methylation signal and the weak NSD2 automethylation signal in the presence of H3K36, 

and considering the dynamic range of the analysis, we estimate that H3K36 is methylated at least 100-

fold weaker than ssK36. This confirms that NSD2 strongly prefers the NSD2 super-substrate for 

methylation also at protein level. Moreover, we noticed, that NSD2 showed a much stronger 

automethylation signal in the presence of ssK36 than in the presence of H3K36, which provides 

interesting mechanistic clues that are described in the discussion section. 

 

MD Simulation of NSD2-peptide complexes 

Methylation experiments showed that NSD2 has a >100-fold higher activity towards the artificially 

designed super-substrate peptide ssK36 compared to the canonical H3K36 peptide. We next applied 

molecular dynamics (MD) simulations to reveal the molecular mechanism behind this massive increase 

in NSD2 activity. For this, we used NSD2 complexed with the H3 histone tail from PDB 7CRO as the 

starting point. The peptide in this complex was elongated using PDB 5V21 as a structural template. By 

mutating the H3K36 peptide sequence, the NSD2-ssK36 complex was modelled. The target K36 was 

manually deprotonated as required for the SN2 mechanism (Poulin et al., 2016; X. Zhang & T. C. Bruice, 

2008). NSD2 in complex with ssK36 and H3K36 was subjected to MD simulations in 50 replicates à 100 

ns and frames were recorded every 20 ps (Figure 3A). In order to define criteria describing the 
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likelihood of a methyl group transfer during the MD simulation and by this approximate the enzymatic 

NSD2 activity, the geometric requirements for a transition state (TS)-like conformation were applied, 

which were derived from the known SN2 geometry of methyl group transfer reactions (Supplementary 

Figure 6) (Khella et al., 2023b; P. Schnee et al., 2022). Strikingly, the complex of NSD2-ssK36 established 

significantly more TS-like conformations than the complex of NSD2 with H3K36 (Figure 3B). The 

difference between the two peptides was even more pronounced after sorting the simulation 

replicates into bins. In 36 out of 50 replicates the ssK36 peptides established >1000 TS-like 

conformation frames (5000 frames in total per replicate) indicating that it had adopted a very active 

conformation in which the TS-like state was reached frequently. This state was observed only once in 

the case of H3K36 (Figure 3C). Conversely, the majority (41 replicates) of H3K36 simulations had 0-250 

TS-like conformation frames, whereas only 4 of the ssK36 simulation replicates had such a low number 

of TS-like conformation frames. These observations indicate that the 4 amino acid exchanges in ssK36 

cause a much better stabilization of TS-like conformations of the target lysine together with AdoMet, 

because it can adopt a hyperactive conformation. Comparison of exemplary snapshots of complex 

structures revealed that the ssK36 peptide tends to bend towards the active site of NSD2 and the 

bound AdoMet, a structural change that was not observed with the H3K36 peptide (Figure 3A). MD 

simulation of peptides with sequences as were used for the peptide methylation experiments (P30G, 

P43S double mutant) were conducted. Analysis of the simulations agreed with simulation data with 

canonical peptide sequences. All PDB files and MD simulation protocols used in this study and MD 

simulations results using the peptide sequence as used for the peptide array are deposited at DaRUS 

(https://doi.org/10.18419/darus-3263) 

 

Contact analysis of H3K36 and ssK36-NSD2 complexes 

To investigate the molecular mechanisms behind the better stabilization of the TS-like conformations, 

a contact map of the established contacts between peptide and protein during the simulation was 

prepared using contact map explorer (Swenson & Roet, 2017). The analysis was based on distance 

criteria, and contacts were considered if the distance of a pair of heavy atoms from the peptide and 

an NSD2 residue was below 4.5 Å. The fraction of time in which a contact was established was 

measured and a contact profile created. The resulting contact maps for H3K36 and ssK36 were 

contrasted and differences extracted (Figure 4). The largest deviations between the two peptides were 

found at three of the four mutated residues. The A31K mutation in ssK36 causes the peptide residues 

P30-T32 to strongly interact with NSD2 residues H1110-F1117 and E1187-T1189. The K31 side chain 

amino group is solvent exposed and interacts with the T1116 hydroxy group (Figure 5). This interaction 

likely triggers a bending of the N-terminal part of the ssK36 peptide (A29-G33) towards the active site 

and AdoMet. In contrast, this part of the H3K36 peptide makes contacts with I1106 and L1184-N1186, 

which keeps the peptide in a straight orientation. The second large difference between the contact 

maps was observed at peptide positions 37-39. The larger side chain of R37 enables contacts primarily 

with the E1216 side chain and K1220, K1221 backbone atoms (Figure 5). In contrast, H39 in H3K36 is 

positioned in a pocket surrounded by NSD2 residues P1146-T1150, while N39 points outwards into to 

solvent leading to the loss of this interaction (Figure 5). Moreover, a higher contact frequency of ssK36 

P38 with NSD2 residues F1177-Y1179 next to the H39 pocket is observed. P38 in H3K36 is oriented 

differently than in ssK36, potentially influencing the structure of the backbone atoms in the peptide. 

Hence, for K31, R37 and P38 new contacts are established in ssK36, potentially stabilizing the TS-like 

conformation. Conversely, our data suggest that the H39 contact to NSD2 residues P1146-T1150 is 

unfavorable for TS-like conformations and loss of this interaction stimulates catalytic activity. 
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As a consequence of these altered interactions, the mutated residues change the conformation of the 

ssK36 peptide in the NSD2 binding cleft. Especially at the N-terminus, ssK36 bends towards the 

AdoMet, whereas H3K36 stays straight (Figure 3A and 5C). Due to this conformational change, K31 can 

also interact with the hydroxyl group of the AdoMet sugar moiety. Moreover, the SET-I loop (D1114–

Y1119), which is suspected to contribute to the substrate specificity of PKMTs (R. Marmorstein, 2003; 

Qian & Zhou, 2006), changes its conformation towards AdoMet and H1116 interacts with the AdoMet 

sugar moiety (Figure 5C). Combined with K31, these interactions could stabilize AdoMet in the cofactor 

binding pocket, bridge between AdoMet and the bound ssK36 peptide and hence increase the 

probability of a methyl group transfer. Again, simulations with peptide sequences as were used for the 

peptide methylation experiments (P30G, P43S double mutant) agreed with generated contact maps. 

All MD simulation analysis scripts used in this study and MD simulation results using the peptide 

sequence as used for the peptide array are deposited at DaRUS (https://doi.org/10.18419/darus-3263) 

 

Identification and methylation of non-histone peptide substrates by NDS2 

Next, we were interested to use the newly derived specificity profile of NSD2 to identify novel 

substrates of NSD2. To this end, a ScanSite search (Obenauer et al., 2003) with the specificity sequence 

motif was performed to identify human proteins that contain a sequence matching the sequence 

specificity profile. In order to cover most possible substrates, the search profile was expanded at this 

stage, also including less preferred but still allowed residues at several positions (Table 1): 

 

Site -1 K +1 +2 +3 +4 

Motif I L V K K R V Q N I V I L P 
N G L S F T M 

I H Q A E K 

L N Q G H I K 

M F 

Table 1: Motif used for the search for novel NSD2 non-histone substrates. 

 

Since NSD2 is mainly localized in the nucleus (www.proteinatlas.org/ENSG00000109685-NSD2), the 

search was restricted to nuclear proteins, which led to the identification of 226 substrate candidates. 

A peptide array with 15 aa long peptides of each candidate with the target lysine centered in the 

middle was synthesized using the SPOT synthesis method (Figure 6A, Supplementary Table Nr.4). As 

positive controls H3K36 (aa 29-43) (spot A1) and H4K44 (spot A3) were included and the corresponding 

K-to-A mutations served as negative controls (spot A2 and A3, respectively). The peptide array was 

incubated with NSD2 using radioactively labeled AdoMet as cofactor and the methyl transfer was 

detected by autoradiography revealing numerous methylation signals. Depending on the strength of 

the methylation signal and the biological relevance of the target protein, 25 peptides were selected 

and further analyzed by additional peptide arrays to determine if the predicted target lysine is the site 

of modification. For this, pairs of the 15 aa long WT sequences and the respective K-to-A mutants were 

prepared and incubated with NSD2 in presence of radioactively labelled AdoMet (Figure 6B, 

Supplementary Table 5). Methylation was validated in all of the peptides, and activity at the target 

lysine was confirmed in all but 3 of the candidate substrates which showed no loss of methylation in 

the K-to-A mutant indicating that the methylation did not occur at the predicted target lysine in these 

peptides. All three peptides have additional lysine residues, which may be methylated by NSD2. To 

confirm this, additional experiments would be required. In summary, 22 new peptide substrates of 

NSD2 with methylation at the predicted target lysin were discovered. 
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Investigation of the methylation of non-histone protein substrates by NDS2 

It is possible that some of the methylated peptide substrates are not methylated at protein level, 

because the NSD2 target site is rich in hydrophobic residues which might be buried in folded proteins 

making them inaccessible. For this reason, we cloned the 22 newly identified non-histone substrate 

candidates with GST-tag and expressed them in E. coli, and finally 17 of them were successfully 

purified. Roughly comparable amounts of the purified proteins were verified by SDS-PAGE and 

Western Blot using an anti-GST antibody (Supplementary Figure 7) and used for subsequent protein 

methylation assays. After incubation of the substrate proteins with NSD2 and radioactively labelled 

AdoMet, the samples were separated by SDS-PAGE and methyl transfer was detected by 

autoradiography. For two of the targets, ATRX and FANCM, a methylation signal was detected and loss 

of methylation of the corresponding K-to-R mutants (Figure 6C), which validated the methylation at 

the target lysine residues K1033 of ATRX and K819 FANCM which were identified in the peptide 

methylation experiments. 

To analyze methylation of ATRX and FANCM by NSD2 at cellular level, we aimed to apply an H3K36me1 

antibody, because the methylation sites in ATRX and FANCM have a similar sequence context as 

H3K36. To investigate if the anti-H3K36me1 antibody was also able to detect the methylation of the 

novel NSD2 substrates ATRX and FANCM, in vitro protein methylation reactions were performed by 

incubating either ATRX or FANCM with or without NSD2 enzyme in methylation buffer containing 

unlabeled AdoMet. The samples were separated by SDS-PAGE, transferred to nitrocellulose 

membranes and the membrane was probed with the anti-H3K36me1 antibody (Supplementary Figure 

8). A clear signal was observed for the methylated FANCM protein, only when NSD2 was present. For 

ATRX, the H3K36me1 antibody was not able to discriminate perfectly between methylated and 

unmethylated proteins, but the signal for the methylated ATRX protein was much stronger than for 

the unmethylated protein. Additionally, the automethylated NSD2 was stained by the antibody, 

demonstrating that it has a rather broad Kme1 reactivity. 

In the next step, ATRX and FANCM were cloned into the mammalian expression vector pEYFP-C1 and 

the full-length NSD2 enzyme into the mammalian expression vector pECFP-C1 and expression of all 

proteins was validated after transfection of the plasmids into HEK293 cells by Western blot using 

antibodies against the fluorophore tags (Supplementary Figure 9). For methylation analysis, HEK293 

cells were cotransfected with two plasmids encoding CFP-tagged NSD2 enzyme and YFP-tagged ATRX 

or FANCM. As a control, HEK293 cells were only transfected with one of the substrate protein 

expression plasmids without the NSD2 plasmid. After isolation of the YFP-tagged substrate proteins by 

GFP trap, equal loading of methylated and unmethylated sample was analyzed by Western Blot using 

an anti-GFP antibody (Figure 6D). The cellular methylation of ATRX and FANCM was investigated using 

the previously verified H3K36me1 antibody. The results showed strong methylation of ATRX and 

FANCM, which were isolated from cells cotransfected with NSD2, whereas no methylation signal was 

observed without NSD2 cotransfection. This result indicates that NSD2 is the responsible 

methyltransferase for ATRX and FANCM methylation in HEK293 cells establishing both proteins as 

novel non-histone substrates of NSD2. 

 

Discussion 

Investigation of the substrate specificity of PKMTs has important implications by providing details 

about the mechanism of peptide interaction and catalysis and allowing for unbiased searchers for 
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novel PKMT substrates. In this work, we have investigated the substrate specificity of the NSD2 PKMT, 

which is a well-established H3K36 mono- and dimethyltransferase with important roles in chromatin 

regulation, cell physiology and cancer. Our data revealed a highly specific interaction of NSD2 with the 

amino acid residues between the -3 and +2 sites surrounding the K36 target lysine. Interestingly, we 

observed at several positions of the H3K36 sequence that amino acid residues, differing from the 

natural ones in the H3 protein, were preferred by NSD2. A combination of four of these preferred 

residues led to the design of a super-substrate (ssK36) that was methylated >100 time more strongly 

both at peptide level and as GST-tagged protein. MD simulations revealed that the super-substrate 

peptide adopts a bend conformation in complex with NSD2 that may help K36 to approach the AdoMet 

more efficiently. This conformational change was driven by novel contacts established between the 

ssK36 and NSD2 which support catalysis and loss of unfavorable contacts engaged by H3K36. 

Interestingly, automethylation of NSD2 was reduced with H3K36 when compared to ssK36. This 

observation suggests that H3K36 binds to the active site of NSD2, but it stays in a catalytically 

incompetent conformation, which blocks the active site and reduces automethylation. 

It is interesting to consider that the natural H3K36 methylation by NSD2 takes place in the nucleosomal 

context, where the histone tail binding occurs together with interactions of the enzyme with the other 

parts of the nucleosome and the linker DNA. Moreover, the H3 tail must be partially lifted up in order 

to make K36 accessible for methylation. This may require special conformational adaptations that are 

not ideal for the interaction with the isolated peptide, explaining why alternative peptide sequences 

can be better substrates. This mechanism could explain, why a super-substrate could also be designed 

for SETD2, another H3K36 methyltransferase (Khella et al., 2023b; Schuhmacher et al., 2020). More 

systematic studies will be required to find out, if super-substrate can also be designed for other PKMTs 

that do not normally methylate H3K36. 

The role of NSD2 in the Wolf-Hirschhorn syndrome and H3K36 methylation implicated a direct 

connection to DNA repair. This conjecture was further validated when it was discovered that the 

interactome of NSD2 comprises many factors involved in the DNA repair including Poly(ADP-ribose) 

polymerase 1 (PARP1) (Huang et al., 2019). Subsequently, it was found that PARylation reduces NSD2 

histone methyltransferase activity and impedes its chromatin binding (Huang et al., 2019). Different 

non-histone substrates of NSD2 have important role in DNA damage repair such as PTEN (Zhang et al., 

2019) and Aurora kinase A (AURKA) (Park et al., 2018) and other studies showed that NSD2 enhances 

DNA damage repair leading to an increase in resistance to chemotherapeutic agents (Shah et al., 2016). 

This connection between NSD2 and DNA damage repair is further enhanced by our finding that ATRX 

and FANCM are direct targets of NSD2. These two proteins are helicases with important roles in DNA 

repair and R-loop metabolism (S. Yang et al., 2023). Future work will be needed to unravel the effects 

of NSD2 methylation on these factors and its biological implications. 

 

Methods 

Cloning, expression and purification of proteins  

The DNA sequence encoding for the human NSD2 enzyme (aa 991-1240; Swiss Prot No. O96028) and 

the putative human substrate protein domains were amplified by PCR using cDNA isolated from 

HEK293 cells. Protein domains of the non-histone substrates were designed with the Scooby domain 

prediction tool (http://www.ibi.vu.nl/programs/scoobywww/) (George et al., 2005). All constructs 

were cloned into the pGex-6p-2 expression vector as GST-fusion proteins. The K-to-R mutations of the 

non-histone substrates were introduced using a megaprimer PCR mutagenesis method (Jeltsch & 

http://www.ibi.vu.nl/programs/scoobywww/
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Lanio, 2002). The ssK36 (29-43)-GST construct was cloned by side-directed mutagenesis using H3K36 

(29-43)-GST plasmid as template taken from Schuhmacher et. al (2020) (Schuhmacher et al., 2020). For 

mammalian expression the coding sequence of the full-length NSD2 (Swiss Prot No. O96028) was 

cloned into the pECFP-C1 (Clontech, USA). The protein domains encoding for ATRX (aa 893-1188; Swiss 

Prot No. P46100) and FANCM (aa 723-933; Swiss Prot No. Q8IYD8) were cloned into the pEYFP-C1 

vector (Clontech, USA). All cloning steps were confirmed by Sanger sequencing.  

For protein overexpression, the plasmids were transformed into E. coli BL21-CodonPlus (DE3) cells 

(Novagen, USA) which were grown in LB medium at 37 °C until an OD600 of 0.6 to 0.8 was reached. The 

culture was then shifted to 20 °C overnight (14 to 16 h) and protein expression was induced with 1 mM 

isopropyl-D-thiogalactopyranoside (IPTG). Afterward, the cells were harvested by centrifugation at 

4,500 rpm, washed once with STE buffer (10 mM Tris-HCl pH 8, 1 mM EDTA and 100 mM NaCl) and the 

cell pellet was stored at -20 °C. For purification, the cell pellet was thawed on ice, resuspended in 

sonication buffer (50 mM Tris/HCl pH 7, 150 mM NaCl, 1 mM DTT, 5 % (w/v) glycerol) supplemented 

with protease inhibitor cocktail and lysed by sonication (14 rounds, 30 % power, 4°C). Thereafter, the 

sample was centrifuged at 18,000 rpm for 90 min and the supernatant was loaded onto a Glutathione 

Sepharose 4B resin (GE Healthcare) column, which was pre-equilibrated with sonication buffer. 

Afterward, the beads were washed once with sonication buffer and twice with washing buffer (50 mM 

Tris/HCl pH 8, 500 mM NaCl, 1 mM DTT, 5 % (w/v) glycerol). Subsequently, the bound proteins were 

eluted with elution buffer (40 mM reduced glutathione, 50 mM Tris/HCl pH 8, 500 mM NaCl, 1 mM 

DTT, 5 % (w/v) Glycerol) and then dialyzed against low glycerol dialysis buffer 1 (20 mM Tris/HCl pH 

7.4, 100 mM KCl, 0.5 mM DTT, 10 % (w/v) glycerol) for 3 h and afterwards over night against high 

glycerol dialysis buffer 2 (20 mM Tris/HCl pH 7.4, 100 mM KCl, 0,5 mM DTT, 60 % (w/v) glycerol). The 

purified proteins were analyzed by sodium-dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). 

 

Peptide array synthesis 

Peptide arrays, containing 15 aa long peptides, were synthesized on cellulose membrane using the 

SPOT synthesis method (Frank, 2002) with an Autospot Multipep synthesizer (Intavis AG). Each spot 

contained approximately 9 nmol peptide (Autospot Reference Handbook, Intavis AG) and the 

successful synthesis of the peptides on the cellulose membrane was qualitatively confirmed by 

bromophenol blue staining (Kudithipudi, Kusevic, et al., 2014; S. Weirich & A. Jeltsch, 2022). Data 

analysis and derivation of sequence motif and discrimination factor calculation was performed as 

described previously (Kudithipudi, Kusevic, et al., 2014; S. Weirich & A. Jeltsch, 2022). 

 

Peptide array methylation 

All peptide arrays were preincubated in methylation buffer containing 50 mM Tris pH 8.5, 50 mM NaCl 

and 0.5 mM DTT for 5 min at room temperature. Then, the membranes were incubated in methylation 

buffer supplemented with 260 nM NSD2 and 0.76 µM labelled [methyl-3H]-AdoMet (Perkin Elmer Inc., 

dissolved at 25 µM in 10 mM sulfuric acid) for 60 min at 25 °C on a shaker. Afterwards, the arrays were 

washed five times with 100 mM NH4HCO3 and 1 % SDS, followed by incubation for 5 min in Amplify 

NAMP100V solution (GE Healthcare). The membranes were exposed to HyperfilmTM high performance 

autoradiography films (GE Healthcare) in the dark at -80°C. Film development was performed with an 

Optimus TR developing machine. 
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Protein methylation assay 

The methylation of non-histone substrate proteins and recombinant H3.1 (NEB) was performed in 

methylation buffer (50 mM Tris pH 8.5, 50 mM NaCl and 0.5 mM DTT) supplemented with 3 µM NSD2 

and 0.76 µM labelled [methyl-3H]-AdoMet (Perkin Elmer Inc., dissolved at 25 µM in 10 mM sulfuric 

acid) for 4 h at 25°C. For methylation of the H3K36 (29-43)-GST and ssK36 (29-43)-GST proteins, 420 

nM NSD2 was added and the mixture incubated over night at 25°C. The methylation reaction was 

stopped by the addition of SDS loading buffer and boiling for 5 min at 95°C. Equal amounts of target 

protein was confirmed by Coomassie Brilliant Blue staining and Western Blot using as primary antibody 

anti-GST (GE Healthcare, 27457701V). The methylated samples were separated by 12 % SDS-PAGE. 

Then, the SDS gel was incubated for 1 h in Amplify NAMP100V (Ge Healthcare) and dried for 90 min at 

65°C under vacuum. The dried SDS gel was exposed to HyperfilmTM high performance autoradiography 

films (GE Healthcare) in the dark at -80°C. Film development was performed with an Optimus TR 

developing machine. 

 

Cell culture, transfection and immunoprecipitation 

HEK293 cells were grown in Dulbecco’s Modified Eagle’s Medium (Sigma) supplemented with 5 % fetal 

bovine serum, penicillin/streptomycin, and L-glutamine (Sigma) in an incubator providing 37°C and 5 

% CO2. The pECFP-C1 tagged full-length NSD2 was co-transfected with pEYFP-C1 fused ATRX or FANCM 

using polyethylenimine (Polyscience, USA; according to manufacturer´s instructions). 72 h after 

transfection, the cells were washed with PBS buffer and harvested by centrifugation at 500 g for 5 min. 

For methylation analysis the YFP-fused ATRX and FANCM substrate proteins were immunoprecipitated 

from cell extract using GFP-Trap® A (Chromotek) following the manufacturer´s instructions. The 

samples were heated to 95°C for 5 min in SDS-gel loading buffer and resolved by 16 % SDS-PAGE. 

Analysis was performed by Western Blot using as primary antibody H3K36me1 (Abcam, UK; Cat. No: 

ab9048) or GFP antibody (Clontech, lot. 1404005). 

 

MD Simulation of the NSD2-peptide complexes and trajectory analysis 

All-atom MD simulations were conducted similarly as described recently (Khella et al., 2023b; P. 

Schnee et al., 2022). In brief, the structure of human NSD2 (positions Y991–K1220) was modeled based 

on the cryo-EM structure of NSD2 E1099K, T1150A in complex with its nucleosome substrate (PDB: 

7CRO) (Li et al., 2021). Reverting mutations of K1099E and A1150T were modeled using PyMOL (2.4.1) 

(L. Schrödinger, 2015). The missing part of the post-SET loop (positions P1206–K1220) was modeled 

based on the SET domain of SETD2 (PDB: 5V21) (Zhang et al., 2017) using PyMOD 3.0 (Janson & 

Paiardini, 2021), since no structure of NSD2 complexed with the H3K36 peptide and post-SET loop has 

been resolved. The histone tail of PDB 7CRO was replaced by the 15 aa long H3K36M peptide from PDB 

5V21, and methionine 36 mutated to lysine. The H3K36 peptide (29-APATGGVKKPHRYRP-43) was 

manually mutated in PyMOL to generate the ssK36 peptide (29-APKTGGVKRPNNYRP-43). The K36 was 

manually deprotonated as required for the SN2 mechanism (Poulin et al., 2016; X. Zhang & T. C. Bruice, 

2008). AdoMet was modeled based on the coordinates in PDB 7CRO and parametrized using 

ANTECHAMBER from AmberTools (18.0) (Wang et al., 2001). The Zn2+ ions were modeled using the 

cationic dummy atom method (Oelschlaeger, 2003; Pang, 1999). Cysteines 1016, 1018, 1026, 1032, 

1041, 1046, 1052, 1145, 1192, 1194 and 1199 were treated as unprotonated to ensure proper Zn2+ 

binding (Cheng & Zhang, 2007). The protein charge was neutralized and an ionic strength of 0.1 M NaCl 

was applied, by adding 30 Na+ and 27 Cl− ions. Total number of atoms and water molecules for the 
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NSD2-H3K36-system: 61,128 and 10,000; for NSD2-ssK36-system: 62,503 and 10,000 . To equilibrate 

the solvent, a 5 ns pressure coupled equilibration with Monte Carlo barostat (Faller & de Pablo, 2002) 

was performed at a pressure of 1 atm. Initially, the C-alpha (Cα) atoms of NSD2, the peptide, and the 

AdoMet atoms were restrained with a force constant of 100 and 5 kJ mol-1 Å-², respectively. The 

restraints were removed successively, starting with the NSD2 Cα restraints, followed by a 5 ns 

equilibration with the peptide and AdoMet still being restrained. Subsequently, the AdoMet and 

peptide restraints were removed as well, followed by 5 ns equilibration with no restraints. For 

production, MD simulations were conducted in 50 replicates à 100 ns (total simulation time 5 μs). 

In order to define criteria describing a catalytically competent conformation, the following geometric 

requirements for a transition state (TS)-like conformation were derived from the known SN2 geometry 

of methyl group transfer reaction (P. Schnee et al., 2022) (Supplementary Figure 6). 

(1) The distance between the lysine Nε and AdoMet methyl group C-atom is <4 Å. 

(2) The angle between the lysine Nε, the lysine Cδ bond and the virtual bond between lysine Nε 

and the AdoMet methyl group C-atom is in a range of 109° ± 30°. 

(3) The angle between the lysine Nε, the AdoMet methyl group C-atom and AdoMet S-atom bonds 

is in a range of 180° ± 30°. 

Data analysis was performed utilizing MDTraj (1.9.4) (McGibbon et al., 2015) to calculate the distances 

and angles necessary for the geometric criteria of an SN2 TS-like conformation. All structures were 

visualized using PyMOL (2.4.1). The contact map analysis was performed utilizing contact-map explorer 

(0.7.1) (Swenson & Roet, 2017). For the contact maps a cut-off of 4.5 Å was used for the analysis. A 

contact was counted if at least one heteroatom of a residue was in a 4.5 Å3 sphere surrounding one 

heteroatom from another residue excluding neighboring residues. 
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DaRUS (https://doi.org/10.18419/darus-3263). 

 

Supporting information 

This article contains supporting information. 

 

Author contributions 

S.W. and A.J. devised the study. D.K. and S.W. conducted the biochemical experiments. P.S. conducted 

the MD simulations with the help of J.R. A.J. supervised the work. J.P. contributed to the supervision 

of the MD simulations. S.W., D.K., P.S., and A.J. prepared the figures. S.W., P.S., and A.J. wrote the 

manuscript draft. All authors were involved in data analysis and interpretation. The final manuscript 

was approved by all authors. 

 

https://doi.org/10.18419/darus-3263


123 

Funding 

This work was supported by the Deutsche Forschungsgemeinschaft under Germany’s Excellence 

Strategy EXC 2075 390740016 in PN2-5. 

 

Conflict of interest 

The authors declare that they have no conflicts of interest with the contents of this article. 

 

References 

 

1 Allis, C. D. & Jenuwein, T. The molecular hallmarks of epigenetic control. Nat Rev Genet 17, 

487-500 (2016). 

2 Jambhekar, A., Dhall, A. & Shi, Y. Roles and regulation of histone methylation in animal 

development. Nat Rev Mol Cell Biol 20, 625-641 (2019). 

3 Zhao, S., Allis, C. D. & Wang, G. G. The language of chromatin modification in human cancers. 

Nat Rev Cancer 21, 413-430 (2021). 

4 Huang, H., Lin, S., Garcia, B. A. & Zhao, Y. Quantitative proteomic analysis of histone 

modifications. Chemical reviews 115, 2376-2418 (2015). 

5 Boriack-Sjodin, P. A. & Swinger, K. K. Protein Methyltransferases: A Distinct, Diverse, and 

Dynamic Family of Enzymes. Biochemistry 55, 1557-1569 (2016). 

6 Husmann, D. & Gozani, O. Histone lysine methyltransferases in biology and disease. Nature 

structural & molecular biology 26, 880-889 (2019). 

7 Patel, D. J. & Wang, Z. Readout of epigenetic modifications. Annu Rev Biochem 82, 81-118 

(2013). 

8 Zhang, X., Huang, Y. & Shi, X. Emerging roles of lysine methylation on non-histone proteins. 

Cellular and molecular life sciences : CMLS 72, 4257-4272 (2015). 

9 Biggar, K. K. & Li, S. S. Non-histone protein methylation as a regulator of cellular signalling and 

function. Nat Rev Mol Cell Biol 16, 5-17 (2015). 

10 Cornett, E. M., Ferry, L., Defossez, P. A. & Rothbart, S. B. Lysine Methylation Regulators 

Moonlighting outside the Epigenome. Molecular cell 75, 1092-1101 (2019). 

11 Kudithipudi, S. & Jeltsch, A. Approaches and Guidelines for the Identification of Novel 

Substrates of Protein Lysine Methyltransferases. Cell Chem Biol 23, 1049-1055 (2016). 

12 Bennett, R. L., Swaroop, A., Troche, C. & Licht, J. D. The Role of Nuclear Receptor-Binding SET 

Domain Family Histone Lysine Methyltransferases in Cancer. Cold Spring Harb Perspect Med 7 

(2017). 

13 Li, J., Ahn, J. H. & Wang, G. G. Understanding histone H3 lysine 36 methylation and its 

deregulation in disease. Cellular and molecular life sciences : CMLS 76, 2899-2916 (2019). 

14 Lam, U. T. F., Tan, B. K. Y., Poh, J. J. X. & Chen, E. S. Structural and functional specificity of 

H3K36 methylation. Epigenetics & chromatin 15, 17 (2022). 

15 Wagner, E. J. & Carpenter, P. B. Understanding the language of Lys36 methylation at histone 

H3. Nat Rev Mol Cell Biol 13, 115-126 (2012). 

16 Sankaran, S. M., Wilkinson, A. W., Elias, J. E. & Gozani, O. A PWWP Domain of Histone-Lysine 

N-Methyltransferase NSD2 Binds to Dimethylated Lys-36 of Histone H3 and Regulates NSD2 

Function at Chromatin. J Biol Chem 291, 8465-8474 (2016). 



124 

17 Kang, H. B. et al. The histone methyltransferase, NSD2, enhances androgen receptor-mediated 

transcription. FEBS Lett 583, 1880-1886 (2009). 

18 Stec, I. et al. WHSC1, a 90 kb SET domain-containing gene, expressed in early development and 

homologous to a Drosophila dysmorphy gene maps in the Wolf-Hirschhorn syndrome critical 

region and is fused to IgH in t(4;14) multiple myeloma. Hum Mol Genet 7, 1071-1082 (1998). 

19 Nimura, K. et al. A histone H3 lysine 36 trimethyltransferase links Nkx2-5 to Wolf-Hirschhorn 

syndrome. Nature 460, 287-291 (2009). 

20 Hajdu, I., Ciccia, A., Lewis, S. M. & Elledge, S. J. Wolf-Hirschhorn syndrome candidate 1 is 

involved in the cellular response to DNA damage. Proceedings of the National Academy of 

Sciences of the United States of America 108, 13130-13134 (2011). 

21 Kim, J. Y. et al. Multiple-myeloma-related WHSC1/MMSET isoform RE-IIBP is a histone 

methyltransferase with transcriptional repression activity. Mol Cell Biol 28, 2023-2034 (2008). 

22 Marango, J. et al. The MMSET protein is a histone methyltransferase with characteristics of a 

transcriptional corepressor. Blood 111, 3145-3154 (2008). 

23 Pei, H. et al. MMSET regulates histone H4K20 methylation and 53BP1 accumulation at DNA 

damage sites. Nature 470, 124-128 (2011). 

24 Li, Y. et al. The target of the NSD family of histone lysine methyltransferases depends on the 

nature of the substrate. J Biol Chem 284, 34283-34295 (2009). 

25 Song, D. et al. NSD2 promotes tumor angiogenesis through methylating and activating STAT3 

protein. Oncogene 40, 2952-2967 (2021). 

26 Park, J. W., Chae, Y. C., Kim, J. Y., Oh, H. & Seo, S. B. Methylation of Aurora kinase A by MMSET 

reduces p53 stability and regulates cell proliferation and apoptosis. Oncogene 37, 6212-6224 

(2018). 

27 Zhang, J. et al. PTEN Methylation by NSD2 Controls Cellular Sensitivity to DNA Damage. Cancer 

Discov 9, 1306-1323 (2019). 

28 Kudithipudi, S. & Jeltsch, A. Role of somatic cancer mutations in human protein lysine 

methyltransferases. Biochimica et biophysica acta 1846, 366-379 (2014). 

29 Oyer, J. A. et al. Point mutation E1099K in MMSET/NSD2 enhances its methyltranferase activity 

and leads to altered global chromatin methylation in lymphoid malignancies. Leukemia 28, 

198-201 (2014). 

30 Sengupta, D. et al. NSD2 dimethylation at H3K36 promotes lung adenocarcinoma 

pathogenesis. Molecular cell 81, 4481-4492.e4489 (2021). 

31 Sato, K. et al. Structural basis of the regulation of the normal and oncogenic methylation of 

nucleosomal histone H3 Lys36 by NSD2. Nat Commun 12, 6605 (2021). 

32 Khella, M. S. et al. The T1150A cancer mutant of the protein lysine dimethyltransferase NSD2 

can introduce H3K36 trimethylation. J Biol Chem 299, 104796 (2023). 

33 Weirich, S. & Jeltsch, A. Specificity Analysis of Protein Methyltransferases and Discovery of 

Novel Substrates Using SPOT Peptide Arrays. Methods in molecular biology (Clifton, N.J.) 2529, 

313-325 (2022). 

34 Kudithipudi, S., Kusevic, D., Weirich, S. & Jeltsch, A. Specificity analysis of protein lysine 

methyltransferases using SPOT peptide arrays. Journal of visualized experiments : JoVE, 

e52203 (2014). 

35 Kudithipudi, S., Lungu, C., Rathert, P., Happel, N. & Jeltsch, A. Substrate specificity analysis and 

novel substrates of the protein lysine methyltransferase NSD1. Chemistry & biology 21, 226-

237 (2014). 

36 Weil, L. E. et al. Oligomerization and Auto-methylation of the Human Lysine Methyltransferase 

SETD6. J Mol Biol 430, 4359-4368 (2018). 



125 

37 Piao, L. et al. Automethylation of SUV39H2, an oncogenic histone lysine methyltransferase, 

regulates its binding affinity to substrate proteins. Oncotarget 7, 22846-22856 (2016). 

38 Iglesias, N. et al. Automethylation-induced conformational switch in Clr4 (Suv39h) maintains 

epigenetic stability. Nature 560, 504-508 (2018). 

39 Lee, C. H. et al. Automethylation of PRC2 promotes H3K27 methylation and is impaired in 

H3K27M pediatric glioma. Genes Dev 33, 1428-1440 (2019). 

40 Weirich, S., Kudithipudi, S. & Jeltsch, A. Somatic cancer mutations in the MLL1 histone 

methyltransferase modulate its enzymatic activity and dependence on the 

WDR5/RBBP5/ASH2L complex. Mol Oncol 11, 373-387 (2017). 

41 Khella, M. S., Brohm, A., Weirich, S. & Jeltsch, A. Mechanistic Insights into the Allosteric 

Regulation of the Clr4 Protein Lysine Methyltransferase by Autoinhibition and 

Automethylation. Int J Mol Sci 21 (2020). 

42 Rathert, P. et al. Protein lysine methyltransferase G9a acts on non-histone targets. Nat Chem 

Biol 4, 344-346 (2008). 

43 Schuhmacher, M. K. et al. Sequence specificity analysis of the SETD2 protein lysine 

methyltransferase and discovery of a SETD2 super-substrate. Communications biology 3, 511 

(2020). 

44 Schnee, P. et al. Mechanistic basis of the increased methylation activity of the SETD2 protein 

lysine methyltransferase towards a designed super-substrate peptide. Communications 

Chemistry 5, 139 (2022). 

45 Poulin, M. B. et al. Transition state for the NSD2-catalyzed methylation of histone H3 lysine 36. 

Proceedings of the National Academy of Sciences of the United States of America 113, 1197-

1201 (2016). 

46 Zhang, X. & Bruice, T. C. Enzymatic mechanism and product specificity of SET-domain protein 

lysine methyltransferases. Proceedings of the National Academy of Sciences of the United 

States of America 105, 5728-5732 (2008). 

47 Swenson, D. E. H. & Roet, S. Contact Map Explorer. 

https://github.com/dwhswenson/contact_map. https://contact-

map.readthedocs.io/en/latest/index.html (2017). 

48 Marmorstein, R. Structure of SET domain proteins: a new twist on histone methylation. Trends 

Biochem Sci 28, 59-62 (2003). 

49 Qian, C. & Zhou, M. M. SET domain protein lysine methyltransferases: Structure, specificity 

and catalysis. Cellular and molecular life sciences : CMLS 63, 2755-2763 (2006). 

50 Obenauer, J. C., Cantley, L. C. & Yaffe, M. B. Scansite 2.0: Proteome-wide prediction of cell 

signaling interactions using short sequence motifs. Nucleic acids research 31, 3635-3641 

(2003). 

51 Huang, X. X. et al. Defining the NSD2 interactome: PARP1 PARylation reduces NSD2 histone 

methyltransferase activity and impedes chromatin binding. Journal of Biological Chemistry 

294, 12459-12471 (2019). 

52 Shah, M. Y. et al. MMSET/WHSC1 enhances DNA damage repair leading to an increase in 

resistance to chemotherapeutic agents. Oncogene 35, 5905-5915 (2016). 

53 Yang, S., Winstone, L., Mondal, S. & Wu, Y. Helicases in R-loop Formation and Resolution. J Biol 

Chem 299, 105307 (2023). 

54 George, R. A., Lin, K. & Heringa, J. Scooby-domain: prediction of globular domains in protein 

sequence. Nucleic acids research 33, W160-163 (2005). 

55 Jeltsch, A. & Lanio, T. Site-directed mutagenesis by polymerase chain reaction. Methods in 

molecular biology (Clifton, N.J.) 182, 85-94 (2002). 

https://github.com/dwhswenson/contact_map
https://contact-map.readthedocs.io/en/latest/index.html
https://contact-map.readthedocs.io/en/latest/index.html


126 

56 Frank, R. The SPOT-synthesis technique. Synthetic peptide arrays on membrane supports--

principles and applications. Journal of immunological methods 267, 13-26 (2002). 

57 Li, W. et al. Molecular basis of nucleosomal H3K36 methylation by NSD methyltransferases. 

Nature 590, 498-503 (2021). 

58 Schrödinger, L. The PyMOL molecular graphics system, version 1.7. 6.6. Schrödinger LLC (2015). 

59 Zhang, Y. et al. Molecular basis for the role of oncogenic histone mutations in modulating 

H3K36 methylation. Sci Rep 7, 43906 (2017). 

60 Janson, G. & Paiardini, A. PyMod 3: a complete suite for structural bioinformatics in PyMOL. 

Bioinformatics (Oxford, England) 37, 1471-1472 (2021). 

61 Wang, J., Wang, W., Kollman, P. A. & Case, D. A. Antechamber: an accessory software package 

for molecular mechanical calculations. J. Am. Chem. Soc 222 (2001). 

62 Oelschlaeger, P. S., Rolf D.; Pleiss, Juergen. Modeling domino effects in enzymes: molecular 

basis of the substrate specificity of the bacterial metallo-beta-lactamases IMP-1 and IMP-6. 

Biochemistry 30, 12 (2003). 

63 Pang, Y.-P. Novel Zinc Protein Molecular Dynamics Simulations: Steps Toward Antiangiogenesis 

for Cancer Treatment. J. Mol. Model 5, 7 (1999). 

64 Pang, Y.-P. Successful Molecular Dynamics Simulation ofTwo Zinc Complexes Bridged by a 

Hydroxide in Phosphotriesterase Using the Cationic Dummy Atom Method. PROTEINS: 

Structure, Function, and Genetics 45, 7 (2001). 

65 Cheng, X. & Zhang, X. Structural dynamics of protein lysine methylation and demethylation. 

Mutat Res 618, 102-115 (2007). 

66 Faller, R. & de Pablo, J. J. Constant pressure hybrid Molecular Dynamics–Monte Carlo 

simulations. The Journal of Chemical Physics 116 (2002). 

67 McGibbon, R. T. et al. MDTraj: A Modern Open Library for the Analysis of Molecular Dynamics 

Trajectories. Biophysical journal 109, 1528-1532 (2015). 

  



127 

Figures and figure legends 

 

 

Figure 1. Substrate specificity analysis of NSD2. A) Autoradiographic image (3 days of exposure) of a 

peptide SPOT array methylated by NSD2 in presence of radioactively labeled AdoMet. The horizontal 

axis represents the H3K36 (29-43) template sequence with the target lysine highlighted in red. The 

vertical axis indicates the residues that were sequentially exchanged at the position corresponding to 

the row. B) Data from three independent experiments were averaged after normalizing the full activity 

to 1. The activity is displayed in grey-scale as indicated. C) Discrimination factors for the recognition of 

each amino acid at the corresponding position of the H3 substrate by NSD2 represented in a bar 

diagram. 
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Figure 2. Development of an H3K36 super-substrate specific for NSD2. A) Based on the substrate 

specificity profile in Figure 1A all strongly methylated sequences with single point mutations from 

position -5 to +4 were synthesized on an extra array (Supplementary Table 1). As positive control 

H3K36 (spot A1 and C9) and as negative control H3K36A (spot A2 and C10) was added. Spots labelled 

with red circle indicate single point mutations used for the next array in panel B. B) Peptide array 

containing all possible double, triple, quadruple and quintuple amino acid mutation combinations from 

panel A (Supplementary Table 2). As positive and negative controls H3K36 (spot A1 and A3) and 

H3K36A (spot A2 and A4) were used. Strongest spots are marked with red circles and further used for 

the next peptide array in panel C. C) In first line all peptide sequences selected from panel B were 

synthesized next to each other together with its K-to-A mutants in the second line (Supplementary 

Table 3). Two autoradiographic images with exposure after 6 h and 2 days are presented. The best and 

strongest signal was detected for spot A8 labelled with a blue circle. Direct comparison of the natural 

H3 sequence and the NSD2 specific H3K36 super-substrate (ssK36) reveals 4 amino acids exchanges 

A31K, K37R, H38N and R39N. D) GST-tagged H3K36 (29-43) and ssK36 (29-43) were overexpressed and 

purified. For the protein methylation assay, equal protein amounts, verified by Coomassie staining, 

were incubated with NSD2 in the presence of radioactively labelled AdoMet separated by SDS-PAGE. 

Methylation was analyzed by autoradiography after 2 weeks of exposure. The corresponding band of 

the expected size is marked with a red asterisk. Automethylation of NSD2 is labelled with a blue 

asterisk. 
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Figure 3. The NSD2-ssK36 peptide complex establishes more SN2 TS-like conformations than the 

NSD2-H3K36 complex. A) Superposition of 10 randomly selected frames taken from the ssK36 and 

H3K36 MD simulations after superposition of the NSD2 proteins. The peptides are shown in red (ssK36) 

and blue (H3K36) ribbon. NSD2 is shown in tan ribbon, with Zinc ions in grey and AdoMet in yellow. B) 

Average number of SN2 TS-like conformations of 50 MD simulation replicates (100 ns) for each peptide 

complexed to NSD2. C) Histogram of simulation replicates, where every replicate was sorted in the 

indicated bins depending on how many TS-like conformations were observed during the simulation 

run. 
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Figure 4. The H3K36 and ssK36 peptides establish different contacts with NSD2. The figure shows the 

contact map difference as the results of the subtraction of the H3K36 and ssK36 contact map including 

all NSD2 residues which exhibited noticeable changes. Yellow indicates that a specific contact was 

more often observed in simulations with H3K36. Green symbolizes a higher contact frequency for 

ssK36. Framed regions displayed the largest difference. 
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Figure 5. Overlay and starting structure of the 15 aa long H3K36 (yellow) and ssK36 (green) peptide 

complexed in the NSD2 (grey) binding cleft. The target lysine (pink) is inserted in the hydrophobic 

tunnel of the NSD2 SET domain. AdoMet (orange) binds from the opposing site. A) H39 of H3K36 is 

positioned in a pocket made by P1146, C1148, E1149, and T1150. In contrast, N39 points into solvent 

which positions P38 closer towards residues F1177, N1178 and Y1179. B) The longer side chain of R37 

in ssK36 contacts E1216, which is not possible for K37 in H3K36. C) K31 in ssK36 interacts with NSD2 

T1116, whereas residues T32-V35 in H3K36 interact with I1106. 
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Figure 6. Identification of NSD2 non-histone substrates. A) 15 aa long peptides (with the target K in 

the middle) of potential non-histone substrates identified in ScanSite searches (Obenauer et al., 2003) 

were synthesized on a SPOT peptide array and methylated by NSD2. As positive controls H3K36 (aa 29-

43) and H4K44 (aa 161-175) were included in spot A1 and A3. As negative controls, the corresponding 

K-to-A mutants were used: H3K36A (aa 29-43) in spot A2 and H4K44A (aa 161-175) in spot A4 

(Supplementary Table 4). 25 substrate peptides were selected for further analysis based on their 

methylation strength and the biological relevance marked with blue circles. B) To determine the 

correct target site position additional peptide array methylation experiments were performed, 

including the K-to-A mutants of each selected candidate substrate (Supplementary Table 5). 

Methylation of the predicted target lysine was validated in all but 3 of the candidate substrates 

(DPOLA, ELK4 and SETD8) which showed no loss of methylation in the K-to-A mutant. C) Purified 

wildtype and K-to-A mutant proteins of ATRX and FANCM were methylated by the NSD2 enzyme. Equal 

protein amounts were verified by Coomassie staining and the bands of expected size are marked with 

red asterisk. The autoradiographic image after 5 days for ATRX and 9 days for FANCM shows 

methylation in the wildtype protein and loss of methylation in the corresponding mutants. 

Automethylation of NSD2 is labelled with a blue asterisk. D) HEK293 cells were transfected with YFP-

tagged ATRX or FANCM with or without CFP-tagged NSD2. After cell lysis the substrate proteins were 

purified by GFP trap and equal loading of the sample was verified by Ponceau S staining and Western 

Blot using anti-GFP antibody. To determine ATRX and FANCM methylation at cellular level Western 

Blot with the previously verified anti-H3K36me1 antibody (Supplementary Figure 8) was performed.  
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Supplementary Figures 

 

Supplementary Figure 1. Investigation of the protein quality and methylation activity of NSD2. A) 

Coomassie stained gel of the purified GST tagged NSD2 (aa 991-1240). B) Peptide array containing 15 

aa long peptides of H3K36 (29-43), H4K44 (37-51) and H1.5K168 (161-175) and the corresponding K-

to-A mutations as negative controls were incubated with NSD2 in presence of radioactively labeled 

AdoMet as cofactor. The autoradiographic image after exposure for one week confirmed the 

methylation of H3K36, H4K44, H1.5K168 and loss of methylation for the negative controls. C) 

Recombinant H3.1 and H4 were methylated by NSD2 using radioactively labeled AdoMet. To 

investigate potential automethylation of NSD2 same experiment was performed without substrate. 

Methylated samples were separated by SDS-PAGE and analyzed by autoradiography after 5 days of 

exposure. The corresponding bands of the methylated H3 and H4 are marked in red. Automethylation 

of NSD2 is labelled with a blue asterisk. Both parts were taken from the same gel image. 
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Supplementary Figure 2. Additional information related to Figure 1. The distribution of the standard 

errors of the mean of NSD2 activity is given for all peptides tested in the three independent substrate 

specificity arrays used for the averaged data shown in Figure 1B and C. 
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Supplementary Figure 3. Comparison of the methylation level at peptides when P30 and P43 were 

replaced by G and S. As the H3 peptide contains P at position 2 and at the end, we were concerned 

that this may cause artefacts. Therefore, in some of the design steps, P30 and P43 were replaced by G 

and S. This array shows a direct comparison of the methylation of PP and GS peptides in the design 

step shown in Figure 2C, indicating that this change does not affect the peptide methylation. 
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Supplementary Figure 4. NSD2 specifically methylates the NSD2 super-substrate designed here, but 

not the previously designed super-substrate for SETD2. SsK36 (NSD2) refers to the NSD2 super-

substrate designed here. SsK36 (SETD2) refers to the SETD2 super-substrate designed and investigated 

by us previously (P. Schnee et al., 2022; Schuhmacher et al., 2020). The exchange of P30 and P43 by G 

and S in the SsK36 (NSD2) has no effect on enzyme activity (see Supplementary Figure 3). 
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Supplementary Figure 5. Additional information related to Figure 2D. No methylation signal for the 

wildtype H3K36 protein is detectable in the film shown in Figure 2D, even after a massive increase of 

image sensitivity. 
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Supplementary Figure 6. Additional information related to Figure 2. Criteria used for definition of a 

successful docking event derived from the geometry of the SN2 TS-like conformation of PKMTs (P. 

Schnee et al., 2022). 
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Supplementary Figure 7. Purification and Western Blot analysis of NSD2 non-histone substrate 

candidate proteins. A) Coomassie stained SDS gel of 17 potential NSD2 substrate proteins. B) Western 

Blot analysis of the purified proteins using an anti-GST antibody. The protein bands of expected size 

are labelled with red asterisk. 
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Supplementary Figure 8. Validation of the anti-H3K36me1 antibody for detection of methylated 

ATRX and FANCM proteins. ATRX and FANCM proteins were incubated with or without NSD2 in the 

presence of unlabeled AdoMet as methyl group donor, followed by SDS-PAGE and Western Blot 

analysis. Ponceau S staining of the methylated and unmethylated protein substrates is shown in the 

lower panel. Western blot of the transferred methylated and unmethylated protein substrates probed 

with the anti-H3K36me1 antibody is shown in the upper panel. The corresponding bands of the 

expected size are marked with a red asterisk. Automethylation of NSD2 is labelled with a blue asterisk. 
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Supplementary Figure 9. Immunoblot detection of the expression of NSD2 full-length, ATRX and 

FANCM in HEK293 cells. The expressed proteins were detected by probing with an anti-GFP antibody. 

The corresponding bands of the expected size are marked with a red asterisk. 
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Supplementary Tables 

Supplementary Table 1: Sequences of the peptide SPOT array shown in Figure 2A. 

Spot 

position 

ID Sequence 

A1 H3K36 A P A T G G V K K P H R Y R P 

A2 H3K36A A P A T G G V A K P H R Y R P 

A3 H3A31G A P G T G G V K K P H R Y R P 

A4 H3A31H A P H T G G V K K P H R Y R P 

A5 H3A31K A P K T G G V K K P H R Y R P 

A6 H3A31M A P M T G G V K K P H R Y R P 

A7 H3T32G A P A G G G V K K P H R Y R P 

A8 H3T32K A P A K G G V K K P H R Y R P 

A9 H3T32F A P A F G G V K K P H R Y R P 

A10 H3T32V A P A V G G V K K P H R Y R P 

B1 H3G34F A P A T G F V K K P H R Y R P 

B2 H3V35I A P A T G G I K K P H R Y R P 

B3 H3V35L A P A T G G L K K P H R Y R P 

B4 H3K37R A P A T G G V K R P H R Y R P 

B5 H3K37Q A P A T G G V K Q P H R Y R P 

B6 H3K37I A P A T G G V K I P H R Y R P 

B7 H3K37V A P A T G G V K V P H R Y R P 

B8 H3P38I A P A T G G V K K I H R Y R P 

B9 H3P38L A P A T G G V K K L H R Y R P 

B10 H3P38V A P A T G G V K K V H R Y R P 

C1 H3H39N A P A T G G V K K P N R Y R P 

C2 H3H39G A P A T G G V K K P G R Y R P 

C3 H3H39L A P A T G G V K K P L R Y R P 

C4 H3H39S A P A T G G V K K P S R Y R P 

C5 H3R40N A P A T G G V K K P H N Y R P 

C6 H3R40H A P A T G G V K K P H H Y R P 

C7 H3R40L A P A T G G V K K P H L Y R P 

C8 H3R40K A P A T G G V K K P H K Y R P 

C9 H3K36 A P A T G G V K K P H R Y R P 

C10 H3K36A A P A T G G V A K P H R Y R P 
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Supplementary Table 2: Sequences of the peptide SPOT array shown in Figure 2B. 

Spot 

position 

ID Sequence 

A1 H3K36 A P A T G G V K K P H R Y R P 

A2 H3K36A A P A T G G V A K P H R Y R P 

A3 H3K36_GS A G A T G G V K K P H R Y R S 

A4 H3K36A_GS A G A T G G V A K P H R Y R S 

A5     

A6 H3A31K_GS A G K T G G V K K P H R Y R S 

A7 H3K37R_GS A G A T G G V K R P H R Y R S 

A8 H3P38V_GS A G A T G G V K K V H R Y R S 

A9 H3H39N_GS A G A T G G V K K P N R Y R S 

A10 H3T32V_GS A G A T G G V K K P H N Y R S 

B1 

tw
o

 m
u

ta
ti
o
n

s
 G

S
 

A G K T G G V K R P H R Y R S 

B2 A G K T G G V K K V H R Y R S 

B3 A G K T G G V K K P N R Y R S 

B4 A G K T G G V K K P H N Y R S 

B5 A G A T G G V K R V H R Y R S 

B6 A G A T G G V K R P N R Y R S 

B7 A G A T G G V K R P H N Y R S 

B8 A G A T G G V K K V N R Y R S 

B9 A G A T G G V K K V H N Y R S 

B10 A G A T G G V K K P N N Y R S 

C1 

th
re

e
 m

u
ta

ti
o
n

s
 G

S
 

A G K T G G V K R V H R Y R S 

C2 A G K T G G V K R P N R Y R S 

C3 A G K T G G V K R P H N Y R S 

C4 A G K T G G V K K V N R Y R S 

C5 A G K T G G V K K V H N Y R S 

C6 A G K T G G V K K P N N Y R S 

C7 A G A T G G V K R V N R Y R S 

C8 A G A T G G V K R V H N Y R S 

C9 A G A T G G V K R P N N Y R S 

C10 A G A T G G V K K V N N Y R S 

D1 

fo
u

r 
m

u
ta

ti
o

n
s
 

 G
S

 

A G K T G G V K R V N R Y R S 

D2 A G K T G G V K R V H N Y R S 

D3 A G K T G G V K R P N N Y R S 

D4 A G K T G G V K K V N N Y R S 

D5 A G A T G G V K R V N N Y R S 

D6     

D7 5 mutations_GS A G K T G G V K R V N N Y R S 

D8 

5 mutations 

H3K36A_GS  
A G K T G G V A R V N N Y R S 

D9 five mutations  A P K T G G V K R V N N Y R P 

D10 
5 mutations H3K36 A P K T G G V A R V N N Y R P 
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Supplementary Table 3: Sequences of the peptide SPOT array shown in Figure 2C. 

Spot 

position 

ID Sequence 

A1 H3K36 A P A T G G V K K P H R Y R P 

A2 two mutations A P A T G G V K K P N N Y R P 

A3 

three mutations 

A P K T G G V K R P H N Y R P 

A4 A P K T G G V K K P N N Y R P 

A5 A P A T G G V K R P N N Y R P 

A6 A P A T G G V K K V N N Y R P 

A7 

four mutations 

A P K T G G V K R V H N Y R P 

A8 A P K T G G V K R P N N Y R P 

A9 A P K T G G V K K V N N Y R P 

A10 A P A T G G V K R V N N Y R P 

A11 five mutations A P K T G G V K R V N N Y R P 

B1 H3K36A A P A T G G V A K P H R Y R P 

B2 two mutations_K36A A P A T G G V A K P N N Y R P 

B3 

three 

mutations_K36A 

A P K T G G V A R P H N Y R P 

B4 A P K T G G V A K P N N Y R P 

B5 A P A T G G V A R P N N Y R P 

B6 A P A T G G V A K V N N Y R P 

B7 

four mutations_K36A 

A P K T G G V A R V H N Y R P 

B8 A P K T G G V A R P N N Y R P 

B9 A P K T G G V A K V N N Y R P 

B10 A P A T G G V A R V N N Y R P 

B11 five mutations_K36A A P K T G G V A R V N N Y R P 
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Supplementary Table 4: Sequences of the peptide SPOT array shown in Figure 6A. 

Spot 

position 

Swiss 

Prot No 

ID Protein name Sequence Target 

position 

A1 
P68431 H3K36  H3K36 A P A T G G V K K P H R Y R P 36 

A2 
P68431 H3K36A H3K36A A P A T G G V A K P H R Y R P 36 

A3 
P62805 H4K44 H4K44 L A R R G G V K R I S G L I Y 44 

A4 
P62805 H4K44A H4K44A L A R R G G V A R I S G L I Y 44 

A5 

Q9UKV3 ACINU Apoptotic chromatin 

condensation inducer in the 

nucleus 

P P A E H E V K K V T L G D T 969 

A6 

Q9UKV3 ACINU Apoptotic chromatin 

condensation inducer in the 

nucleus 

G I T E E C L K Q P S L E Q K 548 

A7 
Q9Y2D8 ADIP Afadin- and alpha-actinin-

binding protein 

L M E N A E L K K V L Q Q M K 278 

A8 
Q8IUX7 AEBP1 Adipocyte enhancer-binding 

protein 1 

D E E K E E L K K P K K E D S 340 

A9 
Q08117 AES Amino-terminal enhancer of 

split 

H K Q A E I V K R L N G I C A  83 

A10 
Q9NVM4 ANM7 Protein arginine N-

methyltransferase 7 

N G F S D K I K V I N K H S T 117 

A11 
Q86SG2 ANR23 Ankyrin repeat domain-

containing protein 23 

G G H L V I L K Q L L N Q G A  194 

A12 
Q9NX46 ARHL2 Poly(ADP-ribose) 

glycohydrolase ARH3 

S S S E H F L K Q L L G H M E 213 

A13 
P29374 ARI4A AT-rich interactive domain-

containing protein 4A 

V K R L V K V K V L L K Q D N 39 

A14 
Q9HBZ2 ARNT2 Aryl hydrocarbon receptor 

nuclear translocator 2 

I C T N T N V K Q L Q Q Q Q A 439 

A15 

Q8IZT6 ASPM Abnormal spindle-like 

microcephaly-associated 

protein 

A L S K F T L K K L L L L V C 888 

A16 

Q8IZT6 ASPM Abnormal spindle-like 

microcephaly-associated 

protein 

Q T Y F N K L K K I T K T V Q 2213 

A17 
P46100 ATRX Transcriptional regulator 

ATRX 

C H F P K G I K Q I K N G T T 1033 

A18 
P54253 ATX1 Ataxin-1 V C I S L T L K N L K N G S V 688 

A19 
Q8N9N5 BANP Protein BANP R Q N T I V V K V P G Q E D S 165 

A20 
Q9UIF8 BAZ2B Bromodomain adjacent to zinc 

finger domain protein 2B 

M K Q Q E K I K R I Q Q I R M 948 

A21 
Q9P287 BCCIP BRCA2 and CDKN1A-

interacting protein 

D N D Y D G I K K L L Q Q L F 75 

B1 
Q14137 BOP1 Ribosome biogenesis protein 

BOP1 

N P L L V P V K V L K G H V L 708 

B2 
Q9H0E9 BRD8 Bromodomain-containing 

protein 8 

A E R V E E L K K V I K E T Q 109 

B3 
Q5VTR2 BRE1A E3 ubiquitin-protein ligase 

BRE1A 

K K E A E I I K Q L K I E L K 627 

B4 
Q13892 BT3L3 Transcription factor BTF3 

homolog 3 

K K L Q F S L K K L Q V N N I 79 

http://research.bioinformatics.udel.edu/iptmnet/entry/Q9VPH7
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B5 

O43683 BUB1 Mitotic checkpoint 

serine/threonine-protein 

kinase BUB1 

D L L R Q K L K K V F Q Q H Y 1055 

B6 
Q8TBZ0 CC110 Coiled-coil domain-containing 

protein 110 

I Q P Q S A L K V L Q Q Q L E 57 

B7 
Q8TD31 CCHCR Coiled-coil alpha-helical rod 

protein 1 

L E H S D S V K Q L K G Q V A 360 

B8 
P21127 CD2L1 PITSLRE serine/threonine-

protein kinase CDC2L1 

T D E I V A L K R L K M E K E 467 

B9 
Q9UQ88 CD2L2 PITSLRE serine/threonine-

protein kinase CDC2L2 

T D E I V A L K R L K M E K E 455 

B10 
P50613 CDK7 Cell division protein kinase 7 T N Q I V A I K K I K L G H R 41 

B11 
P50750 CDK9 Cell division protein kinase 9 T G Q K V A L K K V L M E N E 48 

B12 
O15078 CE290 Centrosomal protein of 290 

kDa 

S S L L V K L K K V S Q D L E 1645 

B13 
O15078 CE290 Centrosomal protein of 290 

kDa 

E N H E D E V K K V K A E V E 1681 

B14 
Q96EP1 CHFR E3 ubiquitin-protein ligase 

CHFR 

G T V I N K L K V V K K Q T C 88 

B15 
Q969X6 CIR1A Cirhin G V H V Y N V K Q L K L H C T 514 

B16 
Q86XI2 CNDG2 Condensin-2 complex subunit 

G2 

T I L I D L L K K V T G E L A 421 

B17 
Q9P2I0 CPSF2 Cleavage and polyadenylation 

specificity factor subunit 2 

R S D G D S I K K I I N Q M K 550 

B18 
O60716 CTND1 Catenin delta-1 L G A C G A L K N I S F G R D 433 

B19 
Q9UI36 DACH1 Dachshund homolog 1 I A E A M K V K K I K L E A M 347 

B20 
Q9BVC3 DCC1 Sister chromatid cohesion 

protein DCC1 

R P K L K K L K K L L M E N P 139 

B21 
P27707 DCK Deoxycytidine kinase S S E G T R I K K I S I E G N 22 

C1 
Q9UNQ2 DIMT1 Probable dimethyladenosine 

transferase 

G I G Q H I L K N P L I I N S 40 

C2 
O60832 DKC1 H/ACA ribonucleoprotein 

complex subunit 4 

H G I V A K I K R V I M E R D 367 

C3 
Q13316 DMP1 Dentin matrix acidic 

phosphoprotein 1 

S E E D G Q L K N I E I E S R 482 

C4 
Q9BZG8 DPH1 Diphthamide biosynthesis 

protein 1 

Q I P P E I L K N P Q L Q A A 43 

C5 
Q15054 DPOD3 DNA polymerase delta subunit 

3 

S K K A E P V K V L Q K E K K 292 

C6 
P09884 DPOLA DNA polymerase alpha 

catalytic subunit 

V E R R K Q V K Q L M K Q Q D 926 

C7 

Q92630 DYRK2 Dual specificity 

tyrosinephosphorylation - 

regulated kinase 2 

A Y R Y E V L K V I G K G S F 226 

C8 
Q3B7T1 EDRF1 Erythroid differentiation-

related factor 1 

V S D S E N I K K L L K I P Y 131 

C9 
Q5THR3 EFCB6 EF-hand calcium-binding 

domain-containing protein 6 

T L S S L D V K R I L F Q K I 61 

C10 
P60228 EIF3E Eukaryotic translation initiation 

factor 3 subunit E 

Q V L K D L V K V I Q Q E S Y 279 

C11 
P41970 ELK3 ETS domain-containing 

protein Elk-3 

Y Y D K N I I K K V I G Q K F 73 
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C12 
P28324 ELK4 ETS domain-containing 

protein Elk-4 

Y Y V K N I I K K V N G Q K F 73 

C13 
O00472 ELL2 RNA polymerase II elongation 

factor ELL2 

H N K L A H I K R L I G E F D 625 

C14 
P60228 ENOA Alpha-enolase Q V L K D L V K V I Q Q E S Y 279 

C15 
Q14674 ESPL1 Separin R L Q V E S L K K L G K Q A Q 515 

C16 
Q14674 ESPL1 Separin T Q H L D S V K K V H L Q K G 1075 

C17 
Q03112 EVI1 Ecotropic virus integration site 

1 protein homolog 

P Q S P G E V K K L Q K G S S 543 

C18 
Q9UQ84 EXO1 Exonuclease 1 A N N P D I V K V I K K I G H 252 

C19 
Q8IYD8 FANCM Fanconi anemia group M 

protein 

H K K S S F I K N I N Q G S S 819 

C20 
Q13451 FKBP5 FK506-binding protein 5 R G V L K I V K R V G N G E E 38 

C21 
O15117 FYB FYN-binding protein K T E E K D L K K L K K Q E K 683 

D1 
P04150 GCR Glucocorticoid receptor K Y S N G N I K K L L F H Q K 770 

D2 
Q9HC44 GPBL1 Vasculin-like protein 1 P S K M L V I K K V S K E D P 199 

D3 
P78347 GTF2I General transcription factor II-

I 

A G I S F I I K R P F L E P K 185 

D4 
P0C1H6 H2BFM Histone H2B type F-M P Y F P R V L K Q V H Q G L S 69 

D5 
Q7Z2G1 H2BWT Histone H2B type W-T T Y F R R V L K Q V H Q G L S 90 

D6 
Q9UBN7 HDAC6 Histone deacetylase 6 H Q A L L D V K N I A H Q N K 1199 

D7 
Q9H2X6 HIPK2 Homeodomain-interacting 

protein kinase 2 

S S A F C S V K K L K I E P S 29 

D8 
A6NHT5 HMX3 Homeobox protein HMX3 K E S P F S I K N L L N G D H 34 

D9 
Q5SSJ5 HP1B3 Heterochromatin protein 1-

binding protein 3 

R P S S T V I K K P S G G S S 517 

D10 
P38919 IF4A3 Eukaryotic initiation factor 4A-

III 

A I Q Q R A I K Q I I K G R D 70 

D11 
Q9UKT9 IKZF3 Zinc finger protein Aiolos I C P R D S V K V I N K E G E 440 

D12 
Q9UL03 INT6 Integrator complex subunit 6 Y S V I S Y L K K L S Q Q A K 457 

D13 
Q9NVH2 INT7 Integrator complex subunit 7 N D P R K A V K R L A I Q D L 269 

D14 
Q9BZI1 IRX2 Iroquois-class homeodomain 

protein IRX-2 

E I A T S D L K Q P S L G P G 341 

D15 
Q8NHM5 KDM2B Lysine-specific demethylase 

2B 

Q A L L E G V K N V L K E H A 549 

D16 
O75164 KDM4A Lysine-specific demethylase 

4A 

E V K F E E L K N V K L E E E 468 

D17 
Q96Q89 KI20B Kinesin-like protein KIF20B T D A K K Q I K Q V Q K E V S 1300 

D18 
P46013 KI67 Antigen KI-67 M H T P P V L K K I I K E Q P 548 

D19 
Q2VIQ3 KIF4B Chromosome-associated 

kinesin KIF4B 

F Q Y Q D N I K N L E L E V I 562 
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D20 
Q6P0N0 KNL2 Kinetochore-associated 

protein KNL-2 homolog 

T R L L P K L K K I E N Q V A 752 

D21 
P50748 KNTC1 Kinetochore-associated 

protein 1 

E K A E A L L K K L H I Q Y R 1737 

E1 
Q15349 KS6A2 Ribosomal protein S6 kinase 

alpha-2 

P S Q F E L L K V L G Q G S Y 63 

E2 
A8MZ59 LEUTX Putative leucine-twenty 

homeobox 

L R E P S G I K N P G G A S A 92 

E3 
Q6MZP7 LIN54 Protein lin-54 homolog K L P P Q Q I K V V T I G G R 184 

E4 
Q86V48 LUZP1 Leucine zipper protein 1 V I V D K D V K K I M G G S G 766 

E5 
Q86V48 LUZP1 Leucine zipper protein 1 K G G L D Y L K Q V E N E T R 265 

E6 
Q9Y2U5 M3K2 Mitogen-activated protein 

kinase 2 

E C E I Q L L K N L L H E R I 411 

E7 
Q6ZN28 MACC1 Metastasis-associated in 

colon cancer protein 1 

L V H C K N V K V I S K E Q V 615 

E8 
Q05195 MAD1 MAD protein G Y S S T S I K R I K L Q D S 207 

E9 

Q86YW9 MD12L Mediator of RNA polymerase II 

transcription subunit 12-like 

protein 

R A Y M N L V K K L K K E L G 1604 

E10 
Q9NU22 MDN1 Midasin M G E E A A L K R P E I I S T 1622 

E11 
Q9NU22 MDN1 Midasin E C L K F L I K R L A K I V R 1670 

E12 
P35240 MERL Merlin S S K H N T I K K L T L Q S A 578 

E13 
A1L020 MEX3A RNA-binding protein MEX3A G P K G A T I K R I Q Q Q T N 247 

E14 
Q6ZN04 MEX3B RNA-binding protein MEX3B G P K G A T I K R I Q Q Q T H 184 

E15 
Q5U5Q3 MEX3C RNA-binding protein MEX3C G P K G A T I K R I Q Q Q T H 350 

E16 
Q8IWI9 MGAP MAX gene-associated protein P T F F V I L K Q P G N G K T 29 

E17 
P16455 MGMT Methylated-DNA-protein-

cysteine methyltransferase 

Q V L W K L L K V V K F G E V 104 

E18 
Q96T58 MINT Msx2-interacting protein V T Q G G T V K V L T Q G I N 2930 

E19 
O14686 MLL2 Histone-lysine N-

methyltransferase MLL2 

R A S E A L L K Q L K Q E L S 4553 

E20 
O14686 MLL2 Histone-lysine N-

methyltransferase MLL2 

G R P E F V I K V I E Q G L E 5244 

E21 
Q9NYL2 MLTK Mitogen-activated protein 

kinase MLT 

Q D K E V A V K K L L K I E K 45 

F1 
P41218 MNDA Myeloid cell nuclear 

differentiation antigen 

T Q E K A P V K K I N Q E E V 102 

F2 
Q99549 MPP8 M-phase phosphoprotein 8 V K E T K E L K K V K K G E I 228 

F3 
Q9BYG7 MSTRO Protein maestro F Q K R E P L K N V F F I L A 47 

F4 
P10242 MYB Myb proto-oncogene protein E N G P P L L K K I K Q E V E 524 

F5 
P01106 MYC Myc proto-oncogene protein P D D E T F I K N I I I Q D C 126 

F6 
Q9NPC7 MYNN Myoneurin G N S Y T D I K N L K K H K T 512 
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F7 
Q92794 MYST3 Histone acetyltransferase 

MYST3 

E W I L E A I K K V K K Q K Q 18 

F8 
Q01538 MYT1 Myelin transcription factor 1 S S M E K N L K N I E E E N K 1040 

F9 
Q15742 NAB2 NGFI-A-binding protein 2 E L G G P P L K K L K Q E V G 376 

F10 
Q9C000 NALP1 NACHT, LRR and PYD 

domains-containing protein 1 

I K F S R H V K K L Q L I E G 765 

F11 
P52298 NCBP2 Nuclear cap-binding protein 

subunit 2 

F S K S G D I K K I I M G L D 67 

F12 
Q6KC79 NIPBL Nipped-B-like protein G S I E R I L K Q V S G G E D 1639 

F13 
Q9ULX3 NOB1 RNA-binding protein NOB1 W I T P S N I K Q I Q Q E L E 215 

F14 
Q8WTT2 NOC3L Nucleolar complex protein 3 

homolog 

E M C C E A V K K L F K Q D K 386 

F15 
P78316 NOP14 Nucleolar protein 14 L F T P R L V K V L E F G R K 772 

F16 
Q8TAT6 NPL4 Nuclear protein localization 

protein 4 homolog 

E T A A T F L K K V A K E F G 31 

F17 
Q15466 NR0B2 Nuclear receptor subfamily 0 

group B member 2 

A P V P S I L K K I L L E E P 119 

F18 
O75469 NR1I2 Nuclear receptor subfamily 1 

group I member 2 

L K F H Y M L K K L Q L H E E 331 

F19 
P19338 NUCL Nucleolin F E K A T F I K V P Q N Q N G 513 

F20 
Q13416 ORC2 Origin recognition complex 

subunit 2 

P S F S A E L K Q L N Q Q Y E 288 

F21 
Q13177 PAK2 Serine/threonine-protein 

kinase PAK 2 

L G Q E V A I K Q I N L Q K Q 278 

G1 
Q460N3 PAR15 Poly [ADP-ribose] polymerase 

15 

T P S L K T V K V V I F Q P E 444 

G2 
Q9H4Z3 PCIF1 Phosphorylated CTD-

interacting factor 1 

Q P S G N G V K K P K I E I P 126 

G3 
O60437 PEPL Periplakin S F L Q D K L K R L E K E R A 1099 

G4 
O60437 PEPL Periplakin A E R A K D L K N I T N E L L 550 

G5 
P56645 PER3 Period circadian protein 

homolog 3 

Y A S V N K I K N L G Q Q L Y 470 

G6 
Q96BD5 PF21A PHD finger protein 21A A T P P Q P I K V P Q F I P P 214 

G7 

O60346 PHLP1 PH domain leucine-rich 

repeat-containing protein 

phosphatase 1 

M S C E E E L K R I K Q H K A 1317 

G8 

O60346 PHLP1 PH domain leucine-rich 

repeat-containing protein 

phosphatase 1 

H K G G G V V K V L G Q G P G 246 

G9 
Q9UMS5 PHTF1 Putative homeodomain 

transcription factor 1 

E I P H F R L K K V E N I K I 585 

G10 
Q9UMS5 PHTF1 Putative homeodomain 

transcription factor 1 

T I F G N R I K R V K L I S N 210 

G11 
Q8N3S3 PHTF2 Putative homeodomain 

transcription factor 2 

E V P H F R L K K V Q N I K M 574 

G12 
Q9H307 PININ Pinin D P E D D D V K K P A L Q S S 108 

G13 
P54278 PMS2 Mismatch repair 

endonuclease PMS2 

S S L A K R I K Q L H H E A Q 630 
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G14 
Q12972 PO6F2 POU domain, class 6, 

transcription factor 2 

L V Y H K H L K R V F L I D L 81 

G15 
Q9UBT6 POLK DNA polymerase kappa R T V T I K L K N V N F E V K 461 

G16 
Q15435 PP1R7 Protein phosphatase 1 

regulatory subunit 7 

D I A S N R I K K I E N I S H 287 

G17 
Q12972 PP1R8 Nuclear inhibitor of protein 

phosphatase 1 

L V Y H K H L K R V F L I D L 81 

G18 
Q7Z3G6 PRIC2 Prickle-like protein 2 P G E K L R I K Q L L H Q L P 74 

G19 
P28070 PSB4 Proteasome subunit beta 

type-4 

Y A D F Q Y L K Q V L G Q M V 109 

G20 
P61289 PSME3 Proteasome activator complex 

subunit 3 

T L H D M I L K N I E K I K R 237 

G21 
Q5TB80 QN1 Protein QN1 homolog P V T G E K L K Q I Q K E I Q 704 

H1 
Q8TDY2 RBCC1 RB1-inducible coiled-coil 

protein 1 

E E N E N K I K K L K G E L V 893 

H2 
Q9Y4C8 RBM19 Probable RNA-binding protein 

19 

E Q A Q K A L K Q L Q G H V V 792 

H3 
Q96LT9 RBM40 RNA-binding protein 40 P N C R I Y V K N L A K H V Q 425 

H4 
P49792 RBP2 E3 SUMO-protein ligase 

RanBP2 

P G I R K W L K Q L F H H L P 458 

H5 
Q9H1J1 REN3A Regulator of nonsense 

transcripts 3A 

E V R I K L L K K P E K G E E 285 

H6 
Q9BZI7 REN3B Regulator of nonsense 

transcripts 3B 

V N Q K N L L K K P E K G D E 285 

H7 
Q33E94 RFX4 Transcription factor RFX4 A K R Q G S L K K V A Q Q F L 421 

H8 
O14715 RGPD8 RANBP2-like and GRIP 

domain-containing protein 8 

A A N L E Y L K N V L L Q F I 1713 

H9 
Q5UIP0 RIF1 Telomere-associated protein 

RIF1 

R S G A P M I K K I A F I A W 290 

H10 
Q9H9A7 RMI1 RecQ-mediated genome 

instability protein 1 

L L K P E N V K V L G G E V D 188 

H11 
Q92753 RORB Nuclear receptor ROR-beta G L D M T G I K Q I K Q E P I 187 

H12 
P24928 RPB1 DNA-directed RNA 

polymerase II subunit RPB1 

A C P L R T I K R V Q F G V L 19 

H13 
P56182 RRP1 Ribosomal RNA processing 

protein 1 homolog A 

M V L N E S L K V L K M Q G W 131 

H14 
Q9Y3Z3 SAMH1 SAM domain and HD domain-

containing protein 1 

F Q R L R Y I K Q L G G G Y Y 148 

H15 
Q9UN30 SCML1 Sex comb on midleg-like 

protein 1 

K H S Y R L V K K L K L Q K M 115 

H16 
O60524 SDCG1 Serologically defined colon 

cancer antigen 1 

G A T S C V I K N P T G E P I 578 

H17 
Q9P0V9 Sep 10 Septin-10 Q A K F E H L K R L H Q E E R 396 

H18 
Q9NQR1 SETD8 Histone-lysine N-

methyltransferase SET8 

A I A K Q A L K K P I K G K Q 158 

H19 
Q15637 SF01 Splicing factor 1 G P R G N T L K N I E K E C N 165 

H20 
O00141 SGK1 Serine/threonine-protein 

kinase Sgk1 

P S D F H F L K V I G K G S F 102 

H21 
O95905 SGT1 Protein SGT1 W F I V Y V I K Q I T K E F P 96 

http://research.bioinformatics.udel.edu/iptmnet/entry/Q9VPH7
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I1 
Q96ST3 SIN3A Paired amphipathic helix 

protein Sin3a 

K E D K Y K I K Q I M H H F I 813 

I2 

Q96GM5 SMRD1 SWI/SNF-related matrix-

associated actin-dependent 

regulator of chromatin 

subfamily D member 1 

L D I Q E A L K R P I K Q K R 173 

I3 

Q6STE5 SMRD3 SWI/SNF-related matrix-

associated actin-dependent 

regulator of chromatin 

subfamily D member 3 

V D I Q E A L K R P M K Q K R 148 

I4 

Q96DI7 SNR40 U5 small nuclear 

ribonucleoprotein 40 kDa 

protein 

S E T G E R V K R L K G H T S 145 

I5 
Q9BQ15 SOSB1 SOSS complex subunit B1 K D I K P G L K N L N L I F I 15 

I6 
Q9H6I2 SOX17 Transcription factor SOX-17 R K Q V K R L K R V E G G F L 149 

I7 
O00267 SPT5H Transcription elongation factor 

SPT5 

P T K N N K V K V I L G E D R 1042 

I8 
Q96SB4 SRPK1 Serine/threonine-protein 

kinase SRPK1 

G L P L P C V K K I I Q Q V L 190 

I9 
Q9UEW8 STK39 STE20/SPS1-related proline-

alanine-rich protein kinase 

R Q E R V A I K R I N L E K C 92 

I10 
Q13188 STK3 Serine/threonine-protein 

kinase 3 

D G D F D F L K N L S L E E L 441 

I11 
Q8IYB8 SUV3 ATP-dependent RNA helicase 

SUPV3L1, mitochondrial 

L L T P D M L K Q L E K E W M 749 

I12 
Q15022 SUZ12 Polycomb protein SUZ12 G A A V L P V K K P K M E H V 72 

I13 
Q5T4T6 SYC2L Synaptonemal complex 

protein 2-like 

K I F I I Y L K K P M I I S Y 370 

I14 
Q15431 SYCP1 Synaptonemal complex 

protein 1 

E V E L E E L K K V L G E K E 437 

I15 
Q8NF91 SYNE1 Nesprin-1 Q D S G I V L K R V T I H L E 4833 

I16 
Q8WXH0 SYNE2 Nesprin-2 K L L E S Q I K Q L E H G W E 2601 

I17 
Q8WXH0 SYNE2 Nesprin-2 Q E Q N E L L K V V I K Q T N 3992 

I18 
P13984 T2FB General transcription factor IIF 

subunit 2 

S E N Y M R L K R L Q I E E S 128 

I19 

Q15573 TAF1A TATA box-binding protein-

associated factor RNA 

polymerase I subunit A 

K Y L A K Y L K N I L M G N H 357 

I20 
Q6P1X5 TAF2 Transcription initiation factor 

TFIID subunit 2 

W K H V D E L K V L K I H I N 142 

I21 
Q92750 TAF4B Transcription initiation factor 

TFIID subunit 4B 

K V A V T P V K K L A Q I G T 179 

J1 
Q6SJ96 TBPL2 TATA box-binding protein-like 

protein 2 

L A C K L D L K K I A L H A K 218 

J2 
O14776 TCRG1 Transcription elongation 

regulator 1 

T S T W K E V K K I I K E D P 981 

J3 
Q13569 TDG G/T mismatch-specific 

thymine DNA glycosylase 

E V F G V K V K N L E F G L Q 248 

J4 
Q8NFU7 TET1 Methylcytosine dioxygenase 

TET1 

T L S P G K L K Q L I Q E R D 50 

J5 
Q9Y5Q9 TF3C3 General transcription factor 

3C polypeptide 3 

F C L R L M L K N P E N H A L 728 
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J6 
Q01664 TFAP4 Transcription factor AP-4 H M Y P E K L K V I A Q Q V Q 189 

J7 
Q04725 TLE2 Transducin-like enhancer 

protein 2 

H K Q A E I V K R L S G I C A 82 

J8 
Q9UKI8 TLK1 Serine/threonine-protein 

kinase tousled-like 1 

N L H I R E L K R I N N E D N 436 

J9 
Q86UE8 TLK2 Serine/threonine-protein 

kinase tousled-like 2 

N L H I R E L K R I H N E D N 442 

J10 
Q02880 TOP2B DNA topoisomerase 2-beta K V G K P K V K K L Q L E E T 1226 

J11 
Q9ULW0 TPX2 Targeting protein for Xklp2 N L P E K K V K N V T Q I E P 585 

J12 
Q9Y606 TRUA tRNA pseudouridine synthase 

A 

H I R I L G L K R V T G G F N 184 

J13 
Q9UNY4 TTF2 Transcription termination 

factor 2 

S Q W T N M L K V V A L H L K 1023 

J14 

O75643 U520 U5 small nuclear 

ribonucleoprotein 200 kDa 

helicase 

S N S L I S I K R L T L Q Q K 2080 

J15 
Q13404 UB2V1 Ubiquitin-conjugating enzyme 

E2 variant 1 

W Q N S Y S I K V V L Q E L R 118 

J16 
P63279 UBC9 SUMO-conjugating enzyme 

UBC9 

W R P A I T I K Q I L L G I Q 110 

J17 
Q9UK80 UBP21 Ubiquitin carboxyl-terminal 

hydrolase 21 

G L P D E R L K K L E L G R G 64 

J18 
Q9P275 UBP36 Ubiquitin carboxyl-terminal 

hydrolase 36 

L V H S S N V K V V L N Q Q A 408 

J19 
Q9NWZ5 UCKL1 Uridine-cytidine kinase-like 1 D L I I S T L K K L K Q G K S 170 

J20 
O94901 UN84A Protein unc-84 homolog A K P T T S R L K Q P L Q G D S 374 

J21 
P13051 UNG Uracil-DNA glycosylase M C D I K D V K V V I L G Q D 147 

K1 
Q9Y3A2 UTP11 Probable U3 small nucleolar 

RNA-associated protein 11 

V T N Q T G L K R I A K E R Q 189 

K2 
O75691 UTP20 Small subunit processome 

component 20 homolog 

H R R A R A L K K L A K Q L M 1591 

K3 
O75691 UTP20 Small subunit processome 

component 20 homolog 

S E Q D P L L K N L S Q E I I 2690 

K4 
P11473 VDR Vitamin D3 receptor I K F Q V G L K K L N L H E E 321 

K5 
Q9HBM0 VEZA Vezatin H C T V V P L K Q P T L H I A 525 

K6 
O75554 WBP4 WW domain-binding protein 4 K A Y Q E D L K R L G L E S E 81 

K7 
Q9ULM3 YETS2 YEATS domain-containing 

protein 2 

A Q G Q Q T L K V I S G Q K T 900 

K8 
P59817 Z280A Zinc finger protein 280A F K C L S C V K V L K N I K F 305 

K9 
Q6P3V2 Z585A Zinc finger protein 585A S Q L K V H L K V L A G E K L 150 

K10 
Q52M93 Z585B Zinc finger protein 585B S Q F K V H L K V P T G E K L 150 

K11 
Q9P1Z0 ZBTB4 Zinc finger and BTB domain-

containing protein 4 

G G P E H V V K V V G G H V L 301 

K12 
Q9P243 ZFAT Zinc finger protein ZFAT K K K Y S D V K N L I K H I R 367 

K13 
Q86UP3 ZFHX4 Zinc finger homeobox protein 

4 

V S H L H K L K K V L Q E A S 1525 
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K14 
Q9UJ78 ZMYM5 Zinc finger MYM-type protein 5 G S S N T L L K K I E G I P E 454 

K15 
Q9BRH9 ZN251 Zinc finger protein 251 K R Y F I H I K K I F Q E R H 663 

K16 
O60281 ZN292 Zinc finger protein 292 R Q K A S N L K R V N K E K N 2531 

K17 
Q6ZSB9 ZN509 Zinc finger protein 509 D V F H L D V K N V S G I G Q 70 

K18 
Q9H582 ZN644 Zinc finger protein 644 D H R R V A V K R V I K E S K 809 

K19 
P51814 ZNF41 Zinc finger protein 41 N N L L S H V K V L I K E R G 201 

K20 
P17098 ZNF8 Zinc finger protein 8 L K E Q N N L K Q L E F G L K 157 
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Supplementary Table 5: Sequences of the peptide SPOT array shown in Figure 6B. 

Swiss 

Prot No 

ID Protein name Sequence Target 

position 

Q8IZT6 ASPM Abnormal spindle-like 

microcephaly-

associated protein 

Q T Y F N K L K K I T K T V Q 2213 

Q8IZT6 ASPM Abnormal spindle-like 

microcephaly-

associated protein 

Q T Y F N K L A K I T K T V Q 2213 

P46100 ATRX Transcriptional 

regulator ATRX 

C H F P K G I K Q I K N G T T 1033 

P46100 ATRX Transcriptional 

regulator ATRX 

C H F P K G I A Q I K N G T T 1033 

Q9UIF8 BAZ2B Bromodomain 

adjacent to zinc 

fingerdomain protein 

2B 

M K Q Q E K I K R I Q Q I R M 948 

Q9UIF8 BAZ2B Bromodomain 

adjacent to zinc 

fingerdomain protein 

2B 

M K Q Q E K I A R I Q Q I R M 948 

Q9BVC3 DCC1 Sister chromatid 

cohesion protein 

DCC1 

R P K L K K L K K L L M E N P 139 

Q9BVC3 DCC1 Sister chromatid 

cohesion protein 

DCC1 

R P K L K K L A K L L M E N P 139 

P09884 DPOLA DNA polymerase 

alpha catalytic 

subunit 

V E R R K Q V K Q L M K Q Q D 926 

P09884 DPOLA DNA polymerase 

alpha catalytic 

subunit 

V E R R K Q V A Q L M K Q Q D 926 

P41970 ELK3 ETS domain-

containing protein 

Elk-3 

Y Y D K N I I K K V I G Q K F 73 

P41970 ELK3 ETS domain-

containing protein 

Elk-3 

Y Y D K N I I A K V I G Q K F 73 

P28324 ELK4 ETS domain-

containing protein 

Elk-4 

Y Y V K N I I K K V N G Q K F 73 

P28324 ELK4 ETS domain-

containing protein 

Elk-4 

Y Y V K N I I A K V N G Q K F 73 

O00472 ELL2 RNA polymerase II 

elongation factor 

ELL2 

H N K L A H I K R L I G E F D 625 

O00472 ELL2 RNA polymerase II 

elongation factor 

ELL2 

H N K L A H I A R L I G E F D 625 

Q8IYD8 FANCM Fanconi anemia 

group M protein 

H K K S S F I K N I N Q G S S 819 
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Q8IYD8 FANCM Fanconi anemia 

group M protein 

H K K S S F I A N I N Q G S S 819 

P38919 IF4A3 Eukaryotic initiation 

factor 4A-III 

A I Q Q R A I K Q I I K G R D 70 

P38919 IF4A3 Eukaryotic initiation 

factor 4A-III 

A I Q Q R A I A Q I I K G R D 70 

Q86YW9 MD12L Mediator of RNA 

polymerase II 

transcription subunit 

12-like protein 

R A Y M N L V K K L K K E L G 1604 

Q86YW9 MD12L Mediator of RNA 

polymerase II 

transcription subunit 

12-like protein 

R A Y M N L V A K L K K E L G 1604 

A1L020 MEX3A RNA-binding protein 

MEX3A 

G P K G A T I K R I Q Q Q T N 247 

A1L020 MEX3A RNA-binding protein 

MEX3A 

G P K G A T I A R I Q Q Q T N 247 

Q6ZN04 MEX3B RNA-binding protein 

MEX3B 

G P K G A T I K R I Q Q Q T H 184 

Q6ZN04 MEX3B RNA-binding protein 

MEX3B 

G P K G A T I A R I Q Q Q T H 184 

Q5U5Q3 MEX3C RNA-binding protein 

MEX3C 

G P K G A T I K R I Q Q Q T H 350 

Q5U5Q3 MEX3C RNA-binding protein 

MEX3C 

G P K G A T I A R I Q Q Q T H 350 

Q9NPC7 MYNN Myoneurin G N S Y T D I K N L K K H K T 512 

Q9NPC7 MYNN Myoneurin G N S Y T D I A N L K K H K T 512 

Q8N3S3 PHTF2 Putative 

homeodomain 

transcription factor 2 

E V P H F R L K K V Q N I K M 574 

Q8N3S3 PHTF2 Putative 

homeodomain 

transcription factor 2 

E V P H F R L A K V Q N I K M 574 

P54278 PMS2 Mismatch repair 

endonuclease PMS2 

S S L A K R I K Q L H H E A Q 630 

P54278 PMS2 Mismatch repair 

endonuclease PMS2 

S S L A K R I A Q L H H E A Q 630 

Q7Z3G6 PRIC2 Prickle-like protein 2 P G E K L R I K Q L L H Q L P 74 

Q7Z3G6 PRIC2 Prickle-like protein 2 P G E K L R I A Q L L H Q L P 74 

Q33E94 RFX4 Transcription factor 

RFX4 

A K R Q G S L K K V A Q Q F L 421 

Q33E94 RFX4 Transcription factor 

RFX4 

A K R Q G S L A K V A Q Q F L 421 

Q9NQR1  SETD8 Histone-lysine N-

methyltransferase 

SET8 

A I A K Q A L K K P I K G K Q 158 

Q9NQR1  SETD8 Histone-lysine N-

methyltransferase 

SET8 

A I A K Q A L A K P I K G K Q 158 

http://research.bioinformatics.udel.edu/iptmnet/entry/Q9VPH7
http://research.bioinformatics.udel.edu/iptmnet/entry/Q9VPH7
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Q96DI7 SNR40 U5 small nuclear 

ribonucleoprotein 40 

kDa protein 

S E T G E R V K R L K G H T S 145 

Q96DI7 SNR40 U5 small nuclear 

ribonucleoprotein 40 

kDa protein 

S E T G E R V A R L K G H T S 145 

Q9H6I2 SOX17 Transcription factor 

SOX-17 

R K Q V K R L K R V E G G F L 149 

Q9H6I2 SOX17 Transcription factor 

SOX-17 

R K Q V K R L A R V E G G F L 149 

Q9UEW8 STK39 STE20/SPS1-related 

proline-alanine-rich 

protein kinase 

R Q E R V A I K R I N L E K C 92 

Q9UEW8 STK39 STE20/SPS1-related 

proline-alanine-rich 

protein kinase 

R Q E R V A I A R I N L E K C 92 

Q9Y3A2 UTP11 Probable U3 small 

nucleolar 

RNA-associated 

protein 11 

V T N Q T G L K R I A K E R Q 189 

Q9Y3A2 UTP11 Probable U3 small 

nucleolar 

RNA-associated 

protein 11 

V T N Q T G L A R I A K E R Q 189 

O60281 ZN292 Zinc finger protein 

292 

R Q K A S N L K R V N K E K N 2531 

O60281 ZN292 Zinc finger protein 

292 

R Q K A S N L A R V N K E K N 2531 
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7.3. Appendix III 

 

Schnee P, Jeltsch A, Weirich S (2023) Artifizielles Peptid mit PKMT-inhibitorischer Wirkung - Universität  

  Stuttgart PCT-Patentanmeldung 

 

Substrate-competitive peptide inhibitors were tested to reduce the methylation activity of SETD2. In 

the presented set up, the peptide inhibitor was methylated by the investigated PKMT (Supplementary 

Fig. 1). As expected, the ssK36 peptide is being methylated much faster compared to the H3K36 

peptide. Due to the methylation, the peptide inhibitor dissociates from the PKMT and is unable to bind 

again, leading to a constant decrease of effective inhibitor concentration over time.  

 

Supplementary Figure 1: The substrate-competitive peptide inhibitors are methylated by SETD2. 

Autoradiography result of in vitro methylation of GST-ssK36 (0.28 µM) by His6-tagged SETD2 (12 µM) 

using radioactively labeled SAM (0.76 µM) and increasing concentration of peptide competitor ssK36 

or H3K36. 
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