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Highlights 

• Overview of epigenetic writing, erasing and reading mechanisms from a 

chemical perspective.  

• Computational modelling is an effective approach for understanding the 

molecular basis of selectivity and activity of these processes. A literature 

review summarizing these studies is presented. 

• The importance of considering the protein environment when modelling 

these processes is discussed. 

• Hybrid techniques such as QM/MM with the inclusion of dispersion 

corrections are efficient approaches for determining accurate energetics.  

• Long-time MD simulations are necessary to describe conformational 

changes involved in substrate binding. 

• Energy Decomposition Analysis (EDA) is a powerful tool for quantifying the 

role of specific protein-interactions on histone modifying and reading 

mechanisms.    

 
Abstract 
Epigenetic pathways are involved in a wide range of diseases, including 

cancer and neurological disorders. Specifically, histone modifying and reading 

processes are the most broadly studied and are targeted by several licensed 

drugs. Although there have been significant advances in understanding the 

mechanistic aspects underlying epigenetic regulation, the development of 

selective small-molecule inhibitors remains a challenge.   
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Experimentally, it is generally difficult to elucidate the atomistic basis for 

substrate recognition, as well as the sequence of events involved in binding 

and the subsequent chemical processes. In this regard, computational 

modelling is particularly valuable, since it can provide structural features 

(including transition state structures along with kinetic and thermodynamic 

parameters) that enable both qualitative and quantitative evaluation of the 

mechanistic details involved. Here, we summarize knowledge gained from 

computational modelling studies elucidating the role of the protein 

environment in histone-lysine modifying and reading mechanisms. We give a 

perspective on the importance of calculations to aid and advance the 

understanding of these processes and for the future development of selective 

inhibitors for epigenetic regulators. 

 

Graphical Abstract: A tryptophan cage is important for methylated lysine 

recognition by PHD fingers. 
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1. Introduction  
 
Epigenetic modifications refer to changes in the structure of DNA and the 

associated histone-proteins, rather than in the DNA sequence itself (i.e. the 

genetic code). The result of these modifications is the activation or silencing of 

specific genes. These processes are highly dynamic, involving a number of 

proteins, which introduce (epigenetic writers), recognize (epigenetic readers), 

or remove (epigenetic erasers) chemical modifications. Methyl groups are 

added to the nucleobases of DNA while histones can undergo several 

modifications including the addition and removal of methyl, acetyl and 

phosphoryl groups. The downstream effects of these chemical changes 

impact upon transcription, DNA repair and replication.[1]  

 

The first recognized epigenetic change in humans was DNA methylation, 

which is involved in transcriptional silencing, gene regulation, development 

and tumorigenesis.[2] Histone modifications, also known as Post-Translational 

Modifications (PTM), which broadly describe changes made to proteins 

following their synthesis by the ribosome, were described later and are among 

the most studied epigenetic changes.[3, 4] Histones consist of a globular 

octamer shaped core, around which DNA wraps, and an unstructured tail 

domain. Most Histone PTMs occur at the N-terminal tails, and less commonly 

in their globular domains.[5] To date, more than 85,000 Histone PTMs have 

been experimentally identified; involving the addition of over 25 different 

chemical groups, such as phosphoryl, acetyl, methyl and hydroxyl.[6] Among 

them, lysine acetylation/deacetylation and methylation/demethylation have 

been shown to be the most common.  

 

The emergence of small-molecule inhibitors targeting these epigenetic 

regulators has stimulated interest in understanding the molecular basis 

underlying epigenetic regulation, as well as in the design of more potent and 

selective inhibitors. Over the past few years, an increasing number of these 

compounds have undergone clinical trials,[1] and some (Figure 1) have 

already been approved for clinical use by the Food And Drug Administration 

(FDA). For example, cytosine analogues 5-azacytidine and decibitabine block 



	 4 

DNA methylation (i.e. a writing inhibitor) and are used for the treatment of 

myelodysplastic syndromes,[7, 8] while romidepsin and vorinostat (both 

targeting epigenetic erasers) are used to treat cutaneous T-cell lymphoma.[9-

11] Inhibitors of epigenetic-reader bromodomains are in an early-stage of drug 

development, including OTX015, currently in the initial phases of clinical trials 

as a haematological malignancy therapeutic.[12] However, despite these 

advances, determining at a molecular level how these inhibitors interrupt the 

native chemical reactions associated with epigenetic modifications remains 

challenging. A better understanding of the chemical events underlying 

substrate recognition and epigenetic modifications offers the potential to aid 

the design of more biologically active compounds with greater target 

specificity.  
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Figure 1. Chemical structures of representative epigenetic FDA-approved 

drugs: 5-azacytidine, decibitabine, romidepsin, vorinostat and clinical-trial 

phase compound OTX015. 

 

Computational modelling of epigenetic processes has been a topic of 

significant research in recent years. Important reviews in the field include 

Vellore and Baron,[13] who have surveyed the work on histone deacetylases, 

demethylases and tail dynamics, giving valuable explanations of the 

background biology in each case; and Smith and Denu (2009),[14] who 

covered both experimental and computational studies on the chemical 
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mechanisms of histone lysine and arginine modifications. In the present 

perspective, we will expand on these works by reviewing recent computational 

studies, using both Molecular Dynamics (MD) and Quantum 

Mechanics/Molecular Mechanics (QM/MM) techniques, on histone lysine 

modifying enzymes. These studies emphasise the role of the protein 

environment for the binding of reactants and stabilization of transition states 

and intermediates. Our focus is on mechanistic work rather than non-covalent 

inhibition: we refer readers to recent excellent reviews concerning the 

development of epigenetic inhibitors [15-20] and recent works regarding 

accurate binding free energy predictions.[21-23] A valuable resource of 

publicly available experimentally determined binding sites of histone tails in 

complex with human proteins has been developed as an open access web 

server.[24]  

 

In this perspective, we begin by outlining the key chemical processes 

regulating histone writing, erasing and reading, as shown in Scheme 1. 

Following this, we will provide a brief overview of relevant computational 

approaches used to study these processes, highlighting recent advances and 

challenges. To illustrate this point, we will present key examples in the field. 

Finally, we conclude by discussing the future role of computational 

approaches in the continued study of these mechanisms.  

 

 
Scheme 1. Schematic overview of the classification of epigenetic protein families and their 

function as presented in the main text. 
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2. Overview of Epigenetic Regulators 
 
Epigenetic regulators can be divided into three main groups based on their 

functions: writers, erasers and readers (Scheme 1). Additionally, they can be 

grouped into families – usually structurally related - and according to the 

chemical process they catalyse. In this section we will briefly introduce the 

structural, kinetic and chemical features associated with the addition/removal 

of methyl and acetyl groups to histone lysines. A more detailed description on 

the chemical aspects of modifications to arginine residues, not discussed 

here, is presented in ref. [14].  

 

2.1 Epigenetic Writing Regulators 
 
Histone acetylation and methylation are epigenetic writing modifications 

involved in a large number of druggable targets [19, 25, 26] and have been 

observed for a wide range of histones, such as the core histones H3, H4 and 

H2B, dimers containing three alpha helices linked by two loops.[27] The 

writing process itself refers to the addition of an acetyl or methyl group to the 

ε-amino group of a lysine at the N-terminal tail of the histone, catalysed by 

Histone Acetyltransferase (HAT) and Methyltransferases (HKMT) enzymes, 

respectively. The reaction involves the participation of Acetyl coenzyme A 

(Ac-CoA) as a cofactor for acetylation, (Figures 2 and 3) and S-Adenosyl-L-

methionine (AdoMet) as a cofactor for methylation. The reaction mechanism 

for both processes has been extensively studied experimentally – through 

structural and kinetics analysis [28-31] – and computationally, as discussed in 

detail in Sections 3.1.1 and 3.1.2. 
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Figure 2. Overview of histone lysine acetylation and methylation 

mechanisms. 

 

Histone Lysine Acetyltransferases (HATs): Most HATs can be grouped into 

three families based on sequence, structural, and functional similarities.[32] 

They include i) the GNAT (GCN5-related N-terminal acetyltransferases) 

family; (ii) the MYST (Moz, Ybf2/Sas3, Sas2, Tip60) family and (iii) the 

p300/CREB-binding protein (CBP/CREBBP) family. GNAT proteins contain 

~160 residues, forming the HAT domain and a bromodomain, which is 

responsible the reading/recognition process. Proteins belonging to the MYST 

family have a ~250 HAT residues, a zinc finger, and an N-terminal 

chromodomain, which is involved in the reading/recognition process of 

methylated lysines. Finally, the CBP family proteins are ~500 residues long 

and contain a HAT-domain, a zinc-finger domain and a bromodomain.[33]  

 

Experimental kinetic data for several HATs suggest the exact sequence of 

cofactor- and substrate-binding is protein family dependent.[30, 31, 34-36] For 

example, GNAT proteins are proposed to follow a sequential mechanism 
(Figure 3),[30] in which following binding of the Ac-CoA cofactor and the 

substrate in the active site, a glutamate residue activates the positively 
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charged lysine for its nucleophilic attack at the Ac-CoA carbonyl group. This 

leads to the formation of a HAT/Ac-CoA/substrate ternary complex. On the 

other hand, MYST-protein members are proposed to follow a ping pong 

mechanism, in which the acetyl group is first transferred to a cysteine residue, 

and then transferred to the substrate.[34] Intriguingly, other structural, kinetics 

and mutation studies [31, 35] have supported a sequential mechanism for 

these proteins.  

 

For p300-CBP proteins, it was reported that neither of these mechanisms 

applies. Instead, a Theorell-Chance, or “hit and run” mechanism has been 

suggested, where the histone-Ac-CoA-HAT ternary complex never 

accumulates.[36] Acetyl transfer occurs as an apparent bimolecular collision 

since the ternary complex is formed so fleetingly that its concentration is 

always essentially zero, as shown in Figure 3. 
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Figure 3. Top: lysine acetylation mechanism in GNAT proteins following a 

sequential mechanism. Bottom: kinetic mechanisms suggested for acetylases. 

For the sequential mechanism, the acetylated cofactor (CAc) and the histone 

(H) bind to the active site of the enzyme (E) forming a ternary complex 

(ECAcH). Following the acetyl group (Ac) transfer to the lysine, the acetylated 

histone (HAc) and cofactor (C) are then released. In the hit and run 

mechanism, histone acetylation occurs as a bimolecular step without forming 

a stable ternary complex. In the ping-pong mechanism, the acetyl group is 

transferred to the enzyme (EAcC), followed by the release of the cofactor (C). 

After this, histone binding (forming EACH) and acetylation (forming EHAc) 

occur. 

 

Histone Lysine Methyltransferases (HKMTs): HKMTs use the cofactor S-

adenosyl-L-methionine (AdoMet) as the methyl donor for lysine methylation. 

Classification of these proteins relies on the presence or the absence of the 

Su(var)3-9 Enhancer of Zeste Trithorax (SET) domain, consisting of ~130 

residues with a cysteine-rich zinc finger. Most HKMTs contain a SET domain 

with a few exceptions such as DOT1-Like Histone H3K79 (DOT1L).[37] To 

date, computational mechanistic studies have exclusively focussed on lysine 

methylation by SET domain-containing methyltransferases, where the 

catalytic reaction takes place in these systems. The reaction mechanism 

involves binding of the AdoMet cofactor, followed by deprotonation of the 

histone lysine by a tyrosine residue and, finally, the transfer of the AdoMet 

methyl group to lysine via nucleophilic attack.[37] DOT1L is believed to have a 

similar mechanism with the main difference being the lysine deprotonation 

step (Figure 4), discussed further in the Section 3.1.2.[38] To our knowledge, 

no computational study has been performed on the DOT1L methylation 

mechanism, and therefore we focus on the SET domain-containing proteins. 
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Figure 4. Mechanism of methylation by histone lysine methyltransferases. A 

number of proposals have been put forward for the first step, which is the 

activation of lysine, discussed in Section 3.1.2. 

 

2.2. Epigenetic Erasing Regulators 
 
Deacetylase and demethylase enzymes perform the removal of acetyl and 

methyl groups from histone lysines, respectively. The former are already the 

target of clinically approved small molecules.[9-11] These proteins have either 

metal-dependent active sites or organic cofactors, FAD (Flavin Adenine 

Dinucleotide) for demethylation and NAD+ (Nicotinamide Adenine 

Dinucleotide) for deacetylation. The reaction mechanism for the erasing 

process is outlined in Figure 5, based on experimental and computational 

studies.[39-44] Due to the relatively recent discovery of these proteins, some 

of the mechanistic details have been elucidated computationally and await 

experimental verification.[42, 45] Additionally, as described in Section 3.1.2, 

computational studies have been essential for understanding active site 

dynamics, loop flexibility, and binding mechanisms in the erasing regulator 

proteins. 
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Figure 5. Overview of histone lysine demethylation and deacetylation 

mechanisms. Demethylases rely on a FAD cofactor, whereas deacetylases 

require NAD+. 

 
Histone Lysine Deacetylases (HDACs): HDACs are divided into two major 

families: classical HDACs and Sirtuin. Members of the classical HDAC family 

are zinc-dependent and share a high-sequence similarity, whereas proteins in 

the Sirtuin family use NAD+ as a cofactor. Each of these two major families 

can be further sub-divided in four classes depending on their structure and 

function. Class I (HDAC1, HDAC2, HDAC3 and HDAC8), II (HDAC4, HDAC5, 

HDAC6, HDAC7, HDAC9, HDAC10) and IV (HDAC11) contain proteins that 

belong to the classical family, while class III (SIRT1, SIRT2, SIRT3, SIRT4, 

SIRT5, SIRT6, SIRT7, Sir2) belongs to the Sirtuin family.[46, 47] The 

sequence and cofactor differences in these two families result in different 

deacetylation mechanisms. Classical HDACs promote the deacetylation of 

histone acetyl lysines by polarizing the carbonyl group, allowing rate-

determining nucleophilic attack at the electrophilic carbon by a water molecule 

bound to the zinc active site (Figure 6). The process is followed by hydrogen 

abstraction, resulting in the release of the acetyl group of the lysine.[48] In the 
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Sirtuin family, the mechanism (supported by isotopic and radio-labelling 

studies) [49] starts with the nucleophilic attack of the acetylated lysine on the 

ribose ring of NAD+, forming a positively charged imidate intermediate and 

releasing nicotinamide. Surrounding active site histidine residues promote the 

intramolecular nucleophilic attack of the imidate to form a bicyclic 

intermediate.  Hydrolysis results in the net transfer of an acetyl group to the 

ribose of the cofactor, forming a deacetylated histone.[50] 
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Figure 6. Deacetylation by classical HDACs and Sirtuin family members.  

 
Histone Lysine Demethylases: There are several families of histone 

demethylases and they can be grouped into two major classes: the amino 

oxidases Lysine-specific demethylase (LSD), comprising of LSD1 and LSD2, 

and the Jumonji (JMJC) proteins. LSD proteins are FAD-dependent, whereas 

Jumonji demethylases have non-heme iron-dependent active sites and a α-

ketoglutarate cofactor. Therefore, different mechanisms occur in these 

proteins (Figure 7). In LSD proteins, the reaction begins with the cleavage of 

the α-CH bond of the methylated lysine in the form of a hydride transfer to the 

FAD cofactor, converting it to FADH2. The cofactor is then reformed in the 

presence of O2, forming H2O2. The next step involves the hydrolysis of the 

imine intermediate with the concomitant release of the demethylated histone 

and formaldehyde.[51] For JMJC proteins, the first step involves binding of 

O2, followed by the oxygen activation, hydrogen abstraction of the methylated 
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lysine, hydroxyl rebound and the release of the formaldehyde.[52] Due to 

these structural differences, JMJC proteins are able to catalyze the 

demethylation of lysine in all possible methylation states (i.e. mono, di- and tri-

methylated), whereas LSD proteins are unable to process trimethylated lysine 

since the iminium intermediate is not viable in this case. 
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Figure 7. Demethylation by JMJC and LSD proteins. 

 
2.3. Epigenetic Reading Regulators 
 
Following methylation and acetylation, reader proteins can bind and recognize 

the modified histones to initiate a range of biological pathways, some of which 

are involved in the progress of diseases, such as cancer and neurological 

disorders, as well as inflammation and obesity.[53, 54] They can be classified 

as either acetyl lysine readers, such as bromodomains, or methyl lysine 

readers, and then subdivided into other classes, such as chromodomains, 

Tudor domains and The Plant Homeodomain (PHD) fingers (Figure 8). Most 
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computational studies of epigenetic reading proteins cover the role of the 

protein environment upon substrate binding and recognition. These studies 

have mainly used classical MD simulations, as there is no bond 

cleavage/formation in these domains – and therefore a quantum mechanical 

description of the electronic structure is less important. 

 

A wide array of proteins contains bromodomains, including HATs, 

transcriptional co-activators (TBP-associated factors (TAFs)), transcriptional 

mediators (TAF1), and the Bromodomain and Extraterminal domain (BET) 

family.[17] The bromodomain structure is composed of four helices (αZ, αA, 

αB, and αC) that are linked by two loop regions (ZA and BC). The binding site 

includes a hydrophobic pocket and a conserved asparagine residue that 

directly binds to the acetylated lysine. BET proteins, such as BRD2 and 

BRD4, can co-operatively bind to two acetylated lysines.[55]  

 

Chromodomains share a similar fold, with three beta sheets packed against a 

C-terminal alpha helix.[56] However, there are three subdivisions of 

chromodomains based on their structure: these proteins can have just one 

chromodomain, paired chromodomains, or similar chromodomains on both N- 

and C-terminals. Tudor domains usually have around 50 amino acids and are 

characterized by a bent and anti parallel conformation of beta sheets. The 

demethylase JMJD2A has two Tudor domains that allow its binding especially 

to di- and trimethylated lysines at histones H3 and H4. Finally, PHD fingers, 

protein domains consist of two-stranded beta-sheet and an alpha helix, 

defining a globular fold. 
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Figure 8. General structures of four major epigenetic reader proteins: A) PHD 

fingers (PDB ID: 3DB3), B) tudor domains (PDB ID: 3GL6), C) bromodomains 

(PDB ID: 1E6I) and D) chromodomains (PDB ID: 3I90) shown with select key 

residues necessary for binding with trimethylated and acetylated lysine 

histone residues.	

 
3. Computational Methods for Modelling Epigenetic Processes 
 

Over the past decade, molecular modelling has become a well-established 

tool for understanding chemical and physical properties of proteins involved in 

epigenetic regulation, and their respective reaction mechanisms. At present, 

some of these techniques include quantum mechanical (QM) methods and 

molecular dynamics (MD). In addition, hybrid quantum mechanics/molecular 

mechanics (QM/MM) approaches have also been used to study reaction 

pathways within the protein environment. 

 

In general, MD simulations have been used for studying substrate binding in 

the active site of histone-modifying and reading enzymes. Most of the MD 

calculations reported here used variations of standard force fields (such as 

the AMBER ff03 and ff99SB versions) in combination with explicit water 

(predominantly SPC or TIP3P) models. Most of these studies have been 

relatively limited in terms of timescale, usually reaching tens of nanoseconds 

(ns), and relatively few reported studies have been performed at the 
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microsecond (µs) time scale, which would be needed for exploring larger 

conformational changes. Notably, Caflisch [57] found that Bromodomain 

Adjacent To Zinc Finger Domain, 2B (BAZ2B) and CREBBP binding sites 

were almost completely inaccessible during simulation segments of hundreds 

of ns, suggesting that simulations on a longer time scale might be necessary 

to observe an open binding site conformation. 

 

QM/MM studies have mostly used Density Functional Theory (DFT) 

approaches with the hybrid generalized gradient approximation (GGA) B3LYP 

functional, in combination with the AMBER force field (we refer to this 

throughout as B3LYP//AMBER), with relatively few studies including an 

explicit correction for London dispersion [52] in the QM region. Most of these 

studies have been done within the ONIOM (Our own N-layered Integrated 

molecular Orbital and molecular Mechanics) [58] framework.[52, 59-62] 

Inclusion of an explicit, additive term for dispersion when using B3LYP or 

other semi-local density functionals (GGAs) provides one way to correct the 

inadequate description of medium- and long-range electron correlation in the 

QM region. This impacts upon noncovalent interactions, such as van der 

Waals forces that will be prevalent for substrate binding and recognition. 

Grimme’s D3 correction provides a density-independent set of atom pairwise 

dispersion terms, damped at short range, for which global parameters have 

been obtained for many commonly used exchange-correlation functionals.	

[63] Small basis sets (e.g. double-zeta) tend to over-stabilize complexes due 

to the unphysical effect of basis set superposition error, and so dispersion-

corrected functionals should be used with larger basis sets to avoid large, 

unphysical complexation energies. Grimme-D3 dispersion corrections have 

been shown to have a significant impact on the energy profile of metal-

dependent active sites,[62-65] which are relevant to JMJC demethylases and 

HDACs. The use of modern, dispersion-corrected functionals is also relevant 

to the study of epigenetically modified DNA sequences, where stacking 

interactions are prevalent.[66] As an alternative to explicit dispersion 

correction, exchange-correlation potentials that include a higher derivative of 

the local density, as in meta-GGA density functionals such as the Minnesota 
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family (e.g. M06), are also able to capture medium-range correlation resulting 

in a superior description of noncovalent interactions.  

 

Finally, Energy Decomposition Analysis (EDA) [52, 67] techniques have been 

a useful tool in both MD and QM/MM studies. These analyses allow one to 

quantify both van der Waals and electrostatic contributions to the total binding 

energy due to specific regions of the protein environment. Typically this is 

done on a per-residue basis. Key residues involved in recognition and 

catalysis can be identified based on energetic criteria (rather than say, purely 

by proximity) in the different regulation processes. 

 

3.1 Recent computational studies 
  
In this section we will highlight recent relevant computational studies on the 

protein families previously described. These studies exemplify both the 

capabilities of current computational techniques for understanding complex 

biochemical processes, as well as the current challenges faced in the field.  

 
3.1.1 Mechanistic Insights on Histone Lysine Acetyltransferases  
 

QM/MM studies on lysine acetylation shed light on mechanistic details of the 

reaction, allowing one to identify the preferred mechanism among a ping 

pong, sequential or “hit and run” mechanism, as previously discussed in 

Section 2.1. Additionally, MM studies have been performed to evaluate the 

role of the protein environment on substrate binding/recognition, for example 

involving dispersion-dominated interactions involving hydrophobic residues 

and hydrogen bonds involving polar residues. It is important to emphasise that 

the trans-amide configuration of acetyl lysine is energetically preferred (by 

around 2.5 kcal mol-1 according to NMR and computation), such that the 

occurrence of cis-acetyl lysine in protein structures is expected to be rare. 

However, the existence of cis- or twisted acetyl lysine residues in X-ray and 

NMR structures appears to be erroneously high, and so caution must be 

exercised in computational studies for structures where this appears to be the 

case.[68] 
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GNAT family: As mentioned in Section 2.1, experimental data [69, 70] 

support a sequential mechanism, with the formation of a ternary complex in 

GNAT proteins. However, the structure of this complex and the catalytic 

mechanism are not directly accessible from experiment. To investigate these 

questions, Shen and Luo [61] used MD simulations (using the AMBER ff99 

force field in combination with TIP3P explicit solvation) and QM/MM (at the 

B3LYP//AMBER level of theory) calculations. Using snapshots taken from a 

20 ns MD simulation, they modelled the catalytic process by QM/MM 

calculations. They demonstrated that a glutamate acts as the general base for 

deprotonating the lysine from H3, a process that is mediated by a water 

molecule, forming a “proton wire”. The subsequent addition of the lysine to the 

carbonyl of the Ac-CoA was computed to be the rate-determining step. 

Additional protein-protein interactions were also shown to be important for this 

process. For example, two GCN5 loops remote from the active site were 

shown to be crucial for anchoring the substrate – by shaping a cleft where the 

histone lysine binds – and therefore the subsequent acetylation step. 

 

The acetylation mechanism has also been explored by Jędrzejewski studying 

a novel human histone acetyltransferase Patt1, that promotes apoptosis in 

human hepatocellular carcinoma cell lines.[71] Using homology modelling in 

combination with classical MD simulations (with the AMBER force field and 

TIP3P explicit solvation), the authors pointed out that a glutamate in Patt1 

may act as the general base to activate lysine. The existence of π-π 

interactions between phenylalanine residues and the aromatic purine ring of 

Ac-CoA were also found to be relevant for ligand positioning. Additionally, the 

positioning of a cysteine residue was found to be similar to an analogous 

cysteine in Esa1 histone acetyltransferase. ESA1 is a member of the MYST 

family described below, in which the acetyl transfer proceeds through an 

acetyl-cysteine enzyme intermediate. By analogy, a similar mechanism is 

plausible for Patt1.   

 

Other groups [72, 73] have studied the complexes formed between the GNT5 

proteins GNC5 and p300-CREB binding protein Associated Factor (PCAF) 
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with the non-histone HIV-1 integrase and the HIV-1 trans-activator of 

transcription using classical MD techniques. They showed that these 

complexes can exist in solution, since they were stable along MD simulations 

using coarse-grained based force fields [72] (200 ns) and Amber [73] (80 ns), 

and then corroborating experimental data [74, 75]. These studies show that 

acetylation by GNT5 proteins is also possible in non-histone environments. 

 

MYST Family: Proteins from the MYST family share similar experimental 

kinetics with GNT5.[14, 76, 77] However, for this family, less is known about 

the mechanistic details. For Esa1, two mechanisms have been suggested: a 

sequential one, with the formation of the ternary complex,[31] and a ping pong 

[34] mechanism, where the acetyl group from the cofactor is first transferred 

to a cysteine, forming an acetyl-enzyme intermediate, and then to the histone 

lysine. Few theoretical studies have focused on small molecules binding to 

MYST proteins. In fact, we have not found theoretical mechanistic studies in 

support any of either possibility. QM/MM studies comparing both energetic 

profiles with the glutamate acting as a general base or with the involvement of 

the cysteine may help in the elucidation of the preferred mechanism. 

 

p300-CBP family: Proteins from the p300-CBP family are suggested to share 

a unique mechanism known as the “hit and run” mechanism. Unlike GNAT 

and MYST proteins, no stable ternary complex is formed.[62] The histone 

associates weakly to the HAT surface, allowing the lysine to go through the 

p300 tunnel to the active site, with the Ac-CoA already bound. Immediately 

following acetyl transfer, the acetylated histone is freed.[36] Liu [62] 

performed 100 ns of MD simulation using the AMBER ff99 force field with 

SPC explicit solvation and QM/MM with B3LYP//AMBER to investigate the 

reaction mechanism of p300 acetylation on the H3 histone. Although the 

substrate is weakly bound to p300, and rapidly dissociates upon acetylation, 

this step is still necessary for the reaction. This binding is favoured by 

hydrogen bonds and hydrophobic interactions with the p300 loops. A plausible 

long-range proton transfer scheme for the first step was shown to have a low 

energy barrier that was energetically dependent on specific tyrosine, 
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aspartate and water molecules. Another tyrosine was found to be responsible 

for the re-protonation of the CoA leaving group to acetylate the histone lysine. 

 

3.1.2 Understanding Histone Lysine Methyltransferase Specificity 
 

One of the controversial aspects of the lysine methylation is how the first step 

of the reaction, deprotonation of lysine, actually occurs. QM analyses have 

provided some insights on how the transport of water molecules to and from 

the active site impacts upon mono- and di-methylation. Other QM studies 

have focused on the role of key residues responsible for substrate selectivity 

– it has been computationally and experimentally observed that mutating an 

active site tyrosine to phenylalanine favour di- over monomethylation.[78, 79] 

 

SET-domain Containing Methyltransferases: Histone Lysine 

Methyltransferases have been the subject of extensive computational 

investigations in the last several years.[80-82] Particular attention has been 

directed towards understanding structural features that are important for the 

product specificity. Crystal structures[83] have shown that a water molecule 

occupies the substrate-binding pocket that needs to be released to allow the 

reaction to proceed.  Hu and Yang have studied lysine methyltransferase 9 

(SET9) in complex with the tumor suppressor p53 by classical MD simulations 

using the CHARMM27 force field for ~200 ns.[38] They suggested that 

experimentally observed dimethylation by SET9 [84, 85] is possible when 

water molecules, responsible for the lysine deprotonation step, can leave the 

active site via a channel (Figure 9). The channel is formed by a glycine, 

alanine and two tyrosine residues and remains open when the substrate is 

bound to SET9 following the first methylation. They compared this with 

another possible channel, close to Lys372 of p53. However, this second 

channel is less suitable for dimethylation, since there is inadequate space for 

water transport when the monomethylated substrate and the cofactor are both 

bound to the active site. 
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Figure 9. A) and B) are possible water channels in lysine methyltransferase 9. 
(SET9). Computational work [38] shows that B) is likely to be the preferred 
channel.  
 
Water channels have also been described as essential for the deprotonation 

of the histone lysine before undergoing the methylation reaction (Figure 4). 
While this mechanistic step is still controversial,[14] Zhang and Bruice [86, 

87], performed QM/MM calculations with B3LYP//CHARMM31 and found that 

the AdoMet-SET-histone complex forms an ordered water channel that allows 

the transport of protons to bulk solvent. For DOT1L, however, the residues 

located in this region are incapable of performing this deprotonation and there 

is no evidence suggesting the formation of a water channel similar to the SET-

containing proteins. Alternative explanations cite a more hydrophobic active 

site that reduces the pKa of the histone lysine and the role of the carboxylate 

of the AdoMet for the deprotonation of the lysine.[88, 89] 

 

Other studies have focused on how protein conformational changes can 

regulate the writing process. Xu [90] studied the methyltransferase Nuclear 

receptor binding SET Domain protein 1 (NSD1) in association with histone 

H3. They performed 2 ns of MD simulation with the GROMOS96 force field 

and SPC explicit solvation. In this work, a regulatory loop, which connects the 

SET and a post-SET domain, was found to be responsible for controlling the 

degree of lysine methylation, by allowing the access of the histone lysine to 
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the SET domain of NSD1. This is a unique mechanism in which the size of the 

entrance site controls specificity for dimethylated lysine. 

  

A combination of QM/MM and MM techniques has greatly aided the 

investigation of substrate selectivity of SET domain-containing proteins.[91-

93] Zhang performed QM/MM Hartree Fock (HF)//Amber calculations finding 

that the first methyl transfer in SET7/9 enzymes results in a conformational 

change of the cofactor binding site. This increases the energy barriers for the 

dimethylation.[94] This methyl transfer in SET7/9 proteins has been proposed 

to follow a concerted SN2 mechanism following QM/MM HF//Amber 

simulations,[91] in which electrostatic contributions from the protein 

environment lowered the energy barrier for the charge-separated TS structure 

from 30.9 to 22.5 kcal mol-1.[93] This computed value is in good agreement 

with the experimental free energy of 20.9 kcal mol-1.[95]  

 

As observed for SET7/9, Guo [96] showed that SET8 also functions 

preferentially as a monomethyltransferase, rather than a dimethyltransferase, 

due to the high energetic cost of the substrate reorientation following the first 

deprotonation step. The possibility of a dimethylation was suggested for the 

Y334F protein variant, although it was found that a very high activation barrier 

would deter trimethylation. Guo [97] also analyzed methylation by the 

Defective In Methylation-5 (DIM-5) protein using QM/MM 

B3LYP//CHARMM27 calculations. DIM-5 is a trimethylase protein in nature 

but was observed experimentally to become a mono- or dimethylase following 

a F281Y mutation. [78] Guo showed that the mutated model destabilizes the 

methylation transition state, resulting in an 8 kcal mol-1 increase in energy 

barrier for the addition of a third methyl group compared to the first methyl 

transfer.  

 

Another example of reduced catalytic activity following protein mutation was 

observed by Chu, Sun and Zhong.[98] They carried out QM/MM simulations 

on the methyltransferase PR domain zinc finger protein 9 (PRDM9) using 

B3LYP//CHARMM27 and found that the energy barrier for the first methyl 

transfer increased following a Y276F mutation, corroborating experiments.[79] 
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This increase happened because the reactive configuration necessary for the 

methylation is not observed in the mutated model.  

 

3.1.3 The Role of Protein Dynamics in Histone Lysine Deacetylation 

 

Computational studies exploring epigenetic deacetylation have used MM 

studies to observe the flexibility of the protein environment upon recognition 

and binding of reactants. This has been broadly true for both major families, 

the Classical HDACs and Sirtuin family. Reaction profiles proposed from a 

QM perspective have also been critical in understanding the role of different 

classical HDAC histidines as bases and/or proton donors when interacting 

with the lysine substrates.  

 

Classical HDACs family: Classical histone deacetylases are highly dynamic 

(notably loop conformations) and a significant number of recent MD studies 

have been performed to evaluate how conformational changes control the 

deacetylation process. A particular focus of interest in these systems has 

been the evaluation of structural and dynamic features involved in the 

regulation of water access and/or product release. Haider [99] concluded  that 

an arginine residue in HDAC8 acts as a key gate-keeper in this process. They 

performed 20 ns of MD with the AMBER force field and TIP3P solvation, 

verifying that this arginine can form hydrogen bonds with the backbone 

carbonyl group of two conserved glycine residues, blocking one of the HDAC8 

channels. Kalyaanamoorthy and Chen have also investigated the gate-

keeping process. [100, 101] Using MD simulations and mutagenesis 

experiments they analyzed the known pathways and also identified additional 

pathways for inhibitors release and water exchange in HDAC1 and HDAC2 

enzymes.  Lee [102] performed 5 ns MD with the GROMOS96 force field and 

the SPC3 solvation to study the dynamics of the tunnel-like active sites of the 

apoforms of the native and mutated HDAC8, HDAC10, HDAC11. Subtle 

differences were found in these native and mutated active sites; however, 

non-conserved residues that are part of the tunnel-like conformation may 

affect arrangement and dynamics, e.g. a methionine residue in HDAC8.  
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Arrar [103] showed that the epigenetic regulator inositol tetraphosphate (IP4) 

plays an important role for the activity of HDAC3. They carried out 100 ns with 

the AMBER ff99SB force field and TIP3P solvation, finding changes in 

conformational dynamics were necessary for the activation of HDAC. 

Interactions with IP4 and the deacetylase-activating domain (DAD) are 

important in creating an active conformation of HDAC3.  

 

Hunsey and Coveney [104] performed theoretical and experimental studies on 

the dynamics of the substrate entrance site of HDAC8. Through long-time 

MD, using the AMBER ff99SB force field with the TIP3P solvation, along with 

experimental and crystallographic techniques, they found that the substrate 

entrance is highly dynamic: interactions between two loops (L1, which spans 

residues 31-35; and L2, residues 83–108) of HDAC8 control enzymatic 

activity. When these two loops interact with each other, a tyrosine and an 

aspartate are oriented away from the entrance to the catalytic site. These 

residues are essential for substrate binding and positioning and the different 

orientations influence the activity of the enzyme. 

 

Other computational studies on HDACs have shed light on the deacetylation 

reaction mechanism. Most theoretical QM/MM studies were performed as an 

attempt to elucidate which of the two active site histidine-aspartate dyads is 

involved in the process (acting as the base) and which is involved in the 

proton transfer to the deacetylated histone. Zhang [105] presented an 

alternative proton-shuttle mechanism for HDAC8, in which a single neutral 

histidine residue accepts a proton from the active site water molecule and 

then transfers it to the amide nitrogen, facilitating the release of the acetyl 

group. However, this alternative mechanism (Figure 10) is controversial. 

Further QM/MM studies by Wiest [59] with an extended active site including 

aspartates, similar to previous QM studies by Vanommeslaeghe [106] 

supported the previous model,[107] with one histidine/aspartate dyad 

functioning as a general base for the reaction and the other, positively 

charged histidine protonating the epsilon nitrogen atom enabling collapse of 

the tetrahedral intermediate. These mechanisms were also shown by Gleeson 

[60] after performing M06//AMBER QM/MM calculations. 



	 25 

 

Zn+2

O

O
O

O
Asp267

Asp178O
H H

NN NH

H
N His142His143

O
HN

HN N Zn+2

O

O
O

O
Asp267

Asp178O
H

NN
NH

H
N

His142
His143

O
HN

R

HN N

O
H

Tyr306

H

Zn+2

O

O
O

O
Asp267

Asp178O
H

NN
NH

H
N

His142
His143

O

NR

HN N

O
H

Tyr306

H
H

OHTyr306

Zn+2

O

O
O

O
Asp267

Asp178O
H H

NN N

N H142His143

O
HN

R

HN N

OHTyr306

O
O

Asp176

O
O

Asp183

H

H

Zn+2

O

O
O

O
Asp267

Asp178O
H H

O
HN

R

HN N
Zn+2

O

O
O

O
Asp267

Asp178OH

HNN
NN

His142
His143

O
HN

R

HN N

O HTyr306

H

Zn+2

O

O
O

O
Asp267

Asp178O

N

H
NHis143

O

H
N

R

HN N

O
H

Tyr306

H
H

OHTyr306

NN
H

N

N His142His143
O
O

Asp176

O
O

Asp183

H

H

O
O

Asp176

O
O

Asp183

H
O

O
Asp183

R

HN
N

His142
O
O

Asp176

 
Figure 10. The active site matters: at the top, deacetylation in HDAC8 via the 
proposed proton shuttle mechanism is predicted using the smaller active 
site.[105] At the bottom, an extended active site model including two aspartate 
residues implicated the involvement of both histidines in the mechanism.[59, 
106] 
 

Sirtuin HDACs family: As observed for classical HDACs, MD calculations on 

proteins from the Sirtuin family show that broad conformational changes in the 

protein environment affect the epigenetic erasing process. Xu [108] studied 

allosteric stimulation of acetylation by Sir2 when bound to Sir4. 75 ns MD with 

the AMBER ff03 force field and SPC solvation revealed that this phenomenon 

is caused by favorable interactions between a long loop of Sir4 and the 

catalytic domain of Sir2. Lee [109] performed 5 ns MD with the GROMOS96 

force field and SPC solvation that showed that the binding of the substrate 

and the NAD+ to the apoform of SIRT2, a Sir2 homolog, directs a 

phenylalanine close to an active site histidine, therefore favoring the 

deacetylation. Chakrabarti [110] carried out 10 ns MD with the AMBER ff99SB 
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force field to conclude that the nicotinamide product of the acetylation inhibits 

the reaction by competing with the cofactor NAD+.  

 

The intrinsic details of deacetylation by proteins from the Sirtuin family have 

been computationally elucidated by Luo and Jiang [50, 111, 112] and Zhang 

[111, 112]. Luo and Jiang [50] suggested a SN2 mechanism for the first step 

of the deacetylation by Sir2, after performing QM/MM calculations at the 

B3LYP//AMBER level of theory. Following 15 ns MD with the AMBER ff99 and 

SPC solvation, they reported that a glutamine and a histidine residue 

separately act as bases for the deprotonation step of the N-ribose and also 

help to the positioning of the cofactor NAD+. The full reaction profile of the 

deacetylation reaction by Sir2 has been computationally determined by Zhang 

[111, 112] at the B3LYP//AMBER level of theory. They found that the first 

step, the nicotinamide cleavage, takes place through a concerted and highly 

dissociative displacement mechanism. The second step, highly dependent on 

a water molecule, is rate-determining and involves the formation of a bicyclic 

intermediate followed by its collapse. Through a qualitative analysis of 

conformation changes observed during MD-QM/MM simulations, Zhang [112] 

reported that the cofactor-binding loop is very dynamic and crucial for allowing 

water molecules to come close to the intermediates.  

 
3.1.4 Uncovering histone lysine demethylation mechanisms and the role 
of the protein dynamics 

 

Similarly to deacetylases, demethylases show structural flexibility that has 

been investigated by MD studies. Proteins from the LSD family, for instance, 

form complexes with other proteins and adopt different conformations that are 

proposed to affect demethylation. QM studies with these proteins have 

focused on understanding the multi-step reaction profile and the important 

contribution of individual residues upon the energetic profile, for instance 

intrinsic details of the hydrogen transfer step from lysine to the flavin cofactor, 

believed to be the rate-determining step in LSD proteins. Our recent work has 

focussed on the application of QM/MM calculations to JMJC proteins, 
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highlighting electrostatic contributions involved in O2 binding which involve 

residues beyond the immediate active site surrounding the Fe-centre.[52] 

 

JMJC family: Although proteins from the JMJC family share high active site 

similarity, differences in the protein residues in the vicinity of the active site 

significantly influence substrate binding and recognition.[52, 67] Gursoy [67] 

studied the Jumonji protein JMJD2A in complex with different lysine 

protonation states of the H3 histone by carrying out 18 ns MD simulations with 

the AMBER ff03 force field and explicit TIP3P solvation. It was found that both 

Coulombic and van der Waals interactions play an important role in binding of 

the di- and trimethylated H3 to JMJD2A, in particular a hydrogen bond 

between the side chain of the arginine residue and the backbone of the 

methylated lysine.  

 

We have [52] performed 10 ns MD simulations with the AMBER ff99SB force 

filed and explicit TIP3P solvation and QM/MM calculations with 

B3LYP//AMBER to understand O2 binding to the active site of the JMJD2A. 

We found that the computational description of residues not immediately 

attached to the non-heme Fe(II) centre are nonetheless essential to describe 

the energetics of the binding process (Figure 11). Small active site models 

may be useful to calculate the relative spin-state energetics of the bound 

complex. However, quantitative estimates of the binding affinity require a 

much larger model, which includes these more remote residues. Positively 

charged arginine and lysine residues play important electrostatic effects in the 

first step of the demethylation reaction because of the charge transfer that 

occurs upon O2 binding. Based on these observations we suggested that 

mutation of these residues would impact the reaction energetics. By including 

the protein environment in our calculations, an additional 6.7 kcal mol-1 of 

electrostatic stabilisation is conferred to the overall binding free energy. We 

found that O2 binding is slightly exergonic, even after inclusion of a quasi-

harmonic term to account for the unfavourable entropy of association.  
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Figure 11. At the top, JMJD2A structure with O2 bound.[52] Charged residues 

not directly bound to the active site, such as Lys200, Asp187 and Arg233 

show significant electrostatic contributions for the total binding energy, as it 

can be seen in the EDA at the bottom. Taken from ref. [52]. John Wiley & 

Sons, Inc. Copyright @ 2015. 
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LSD family: A common feature observed in calculations with the erasing 

regulators is protein flexibility and its importance upon the chemical reaction. 

This has been highlighted in proteins belonging to the LSD family. Baron [113] 

studied LSD1 in complex with the REST corepressor 1 (CoREST), performing 

50 ns MD with the 53A6 GROMOS force field and SPC solvation. A 

conserved active site lysine in the LSD family of proteins was found to have 

an important role for the diffusion of the O2 into the active site, allowing the 

further steps of the demethylation reaction.  

 

The LSD1/CoREST complex is highly dynamic and contains three domains: 

the amine oxidase (AO), the Tower and the Swirm domains. Baron [114] 

carried out microscale MD simulations with the 53A6 GROMOS force field 

and SPC solvation, finding that the unbound LSD1/CoREST presents a gate 

at the histone interaction site formed by a triad of lysine residues. They 

suggested that the complexation of LSD1/CoREST and histones affects the 

amino oxidase activity of LSD1. In another MD study also using the 53A6 

GROMOS force field and SPC solvation, the same authors concluded that the 

histone binding changes the protein shape by an induced-fit mechanism, 

dramatically affecting the structural arrangements of the AO domain 

compared with the unbound LSD1/CoREST complex.[115] 

 

QM/MM mechanistic studies on LSD proteins have revealed the most 

important residues involved in bond formation/cleavage associated with 

demethylation. Thiel [116] performed QM/MM calculations at the 

B3LYP//CHARMM22 level of theory to understand the LSD1 demethylation of 

histone H3. Three active site residues were found to be crucial for 

demethylation: a lysine acting as a base; a tyrosine helping the positioning of 

the reactants, and a tryptophan stabilizing the water bridge that plays a role 

during the proton transfer step. Jiang, Luo and Li [51] have also carried out 30 

ns of MD simulation with the AMBER ff99SB force field and TIP3P solvation, 

showing the tyrosine has a stabilizing effect on the reaction. They performed 

QM/MM calculations at the B3LYP//AMBER level of theory to investigate the 

mechanistic profile. They found that the process involves hydride transfer 
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from the α−carbon of the lysine H3 to the flavin cofactor. This mechanism has 

also been studied by Truhlar [117] with electrostatically embedded 

multiconfiguration molecular mechanics (EE-MCMM). This approach 

approximates the gradient in a typical QM/MM calculation by an analytic 

potential based on a constant valence bond coupling term facilitating MD 

umbrella sampling. Their results show that this pathway happens via a 

concerted transfer of a hydrogen atom and an electron, with an activation free 

energy of 10 kcal mol-1. Although formally equivalent to hydride transfer this 

description is preferred since the atomic charge on hydrogen remains positive 

throughout.  

 

3.1.5 Recognition of Histone Acetylated Lysine 
 

Computational mechanistic work on epigenetic reading regulators has been 

done mainly at the MM level, where the aim has been to identify residues that 

are important for substrate binding and specificity.  

 

Pizzitutti [118] concluded that a proline residue on the bromodomain of Gcn5p 

(Figure 12) was essential for its ability to recognize acetylated lysine on H4 

by affecting the movement and structure of the ZA loop, following 5-10 ns MD 

simulations with the CHARMM27 force field and TIP3P solvation. They also 

performed experimental mutation studies to confirm their hypothesis about the 

importance of the proline residue. 
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Figure 12. Gcn5p bromodomain. Shown here is the residue proline (P371, 

green), which although not in the binding site of the acetylated lysine is 

important for substrate recognition. This residue affects the dynamic and 

structure of the ZA loop (PDB ID: 1E6I).[118] 

 

Caflisch [119, 120] and colleagues have used microscale MD with the 

CHARMM27 force field, and described the discovery of a “P-binding mode” in 

which the acetylated lysine forms a hydrogen bond to the backbone carbonyl 

of a proline located in the vacant lipophilic WPF shelf of the TBP-Associated 

Factor 1 (TAF1) bromodomain. During their simulations, they found the ligand 

reversibly interconverts with the well characterized “N-binding mode” in which 

the ligand is hydrogen bonded to a conserved asparagine residue. 

Interestingly the “P-binding mode” was observed in 50% of MD snapshots 

while the “N-binding mode” was found slightly less frequently in 40% of the 

snapshots. It is important to note that following Caflisch’s computational study, 

two independent studies experimentally identified a binding pose similar to the 

“P-binding mode” in other bromodomains.[121, 122] Some studies on the 
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acetyl lysine recognition process by bromodomains focused on the flexibility 

of the histone-bromodomain complexes. Caflisch [57] carried out 1 µs MD 

with the CHARMM22 force field. These simulations established a mechanism 

in which the promotion of opening of the bromodomain binding site is 

performed via a displacement of the side chains belonging to the conserved 

residues of the acetyl lysine-binding site.  A tendency for the –NH2 functional 

group of an asparagine to point towards bulk solvent was observed for 

significant amounts of time relative to the entire simulation time which was 

true for various receptors: TAF1L(2) (90% of the simulation time), TAF1(2) 

(81%), TAF1(1) (68%), Gcn5L2 (44%), ATAD2 (43%), BAZ2B (39%), and 

PB1(2) (38%). In the instances for TAF1L (2) and TAF1 bromodomains, the 

conformation was stabilized by hydrogen bonds mediated by water bridges 

with a serine. Five of the analysed bromodomains had a conserved tyrosine 

residue oriented away from the binding site for significant amounts of time in 

proteins BRDT(1) 100%, CREBBP (31%), BAZ2B (24%), SMARCA4 (21%), 

and BRD1(11%). Interestingly they report that this is only reflected in one 

crystal structure and one solution structure (PDB IDs: 2RFJ and 2DKW) out of 

more than 50 available crystal and solution structures.  Flexibility has also 

been shown to allow the formation of an induced fit-pocket for small-molecule 

binding with CREBBP bromodomains.[123] 
 
3.1.6 Recognition of Histone Methylated Lysine  
 

The recognition process of methylated lysines usually involves a hydrophobic 

cage, formed by two to four aromatic residues (typically tryptophan, tyrosine 

and phenylalanine), which interact with the methylammonium ion through 

cation-π interactions [124, 125]. High states of methylation on lysines, such as 

di- and trimethylated lysines, tend to be recognized by readers containing 

such aromatic cages through a surface-groove mode, meaning that they are 

inserted in a wide and accessible binding site. Monomethylated lysines can 

also bind to these cages, but they usually require other negatively charged 

residues interacting with the non-methylated H-bond donors of the methyl 

lysine.[124, 126] Epigenetic readers achieve selectivity for monomethylated 
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substrates by having a binding site that contains a deep and size-sensitive 

protein cleft, known as the cavity-insertion recognition mode.  

 

Two main themes emerge from computational work on these readers: i) 

understanding the flexibility of complexes formed between the reader 

regulators and the modified histones, ii) analysis of the importance of 

particular residues, mainly as part of hydrophobic cages, for the recognition 

and selectivity of different methylation states (e.g. mono-, di- or trimethylated 

lysines) of the histones. The influence of this cage in the recognition of 

different stated of methylation in lysine has been mainly studied by classical 

MD simulations, in a similar fashion to the bromodomain studies described 

above – most computational work has been performed for the 

chromodomains. 

 

Zhou [127] performed 10 ns molecular dynamics with the AMBER ff03 force 

field and TIP3P solvation to evaluate the flexibility of the Drosophila 

heterochromatin-associated protein 1 (HP1) in the free and histone H3 bound 

states. Zhou found that the free complex is much more flexible than with 

bound methylated histones. It was also noticed that the trimethylated lysine 

interacts more favorably with the aromatic cage of HP1 than the 

monomethylated, thus providing a key feature for protein-protein recognition. 

These observations are in line with previous experimental studies showing the 

preference for H3K9Me3-HP1 over lower methylation states.[128, 129] Wang 

[130] also evaluated stability of complexes formed between H3 and 

chromodomains, in this case the chromodomain Drosophila melanogaster 

protein polycomb. Firstly, they analysed the substrate selectivity through 4 ns 

molecular dynamics with the AMBER force field. They found from MM-GBSA 

binding free energy calculations that the most stable complex (the unmodified 

and different methylation states of K27 were considered computationally) is 

formed with the trimethylated H3, corroborating their experimental results. 

They also showed that H3K27Me2 binds more weakly than H3K27Me1 to 

polycomb, suggesting that dimethylated lysine is less likely to bind to the 

hydrophobic pocket of the chromodomain. Wang also performed an 

Electrostatic Decomposition Analysis to check which residues are more 
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important for the stability of the chromodomain-H3 complex. Aromatic tyrosine 

and tryptophan residues presented the greatest interactions with the peptide 

because they belong to a hydrophobic cage that has favourable interactions 

with the trimethylated lysine residue. In another work, Wang [131] showed 

that a hydrophobic cage, formed by a phenylalanine and a tryptophan, is 

important for the H3 binding to another chromodomain, the Chromobox 

Protein Homolog 6 Chromodomain (CBX6). 4 ns MD were carried out with the 

AMBER ff03 force field and TIP3P solvation. Still following the idea that 

hydrophobic cages are essential for substrate recognition, Wang [132] 

performed 2 ns MD with the AMBER ff03 force field and TIP3P solvation to 

conclude that hydrophobic residues tyrosine, phenylalanine and tryptophan, 

are fundamental for the stability of the chromodomain helicase DNA-binding 

Protein 1 with the methylated H3. Binding energy values for this complexation 

were slightly lower for the trimethylated histone than for the monomethylated 

histone.  

 

Zhang studied the importance of charge independent effects as well as 

hydrophobic cage effects, that were previously explored by Wang, for H3 

substrate recognition by the HP1 chromodomain with 5 ns MD using the 

AMBER ff99 force field.[133] They found cation-π interactions play an 

important role for the binding of the positively charged lysine compared to 

neutral substrates. On the other hand, hydrophobic cages are essential to 

distinguish the binding of the methylated H3 from the unmodified histone. 

Keskin [134] studied the tudor domains of the demethylase JMJD2A. They 

performed 25 ns MD with the AMBER ff03 force field to conclude that binding 

free energies are lower for the JMJD2A binding to H4 than to H3 and that 

binding is preferred to tri- than to dimethylated histones.  

 

Dejaegere [135] analyzed the recognition of methylated H3 by PHD fingers 

and the most important energy contributions of individual residues. They 

carried out 10 ns MD using the CHARMM27 force field and TIP3P solvation. 

They highlighted that a conserved tryptophan residue is crucial, but alone is 

insufficient for histone recognition by PHD finger-containing proteins. It was 
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proposed that the first four residues of H3, known as the Linear Interaction 

Motif, and not only the modified lysine residue itself, are responsible for 

significant energetic contributions to the binding and recognition of the 

methylated substrate K4 to the PHD finger. 

 

4. Conclusions and Outlook 
 

Epigenetic processes are known to play a key role in a range of diseases, 

such as cancer and neurological disorders. Recent years have seen an 

increasing interest in developing small-molecule inhibitors targeting epigenetic 

regulators, with many of them entering the clinical-trial phase. 

 

The development of more selective inhibitors requires an improved 

understanding of the chemical events triggering epigenetic processes. 

Computational simulations have been useful in helping to quantify and explain 

the atomic-scale mechanisms driving recognition and activity in these 

systems. They have also helped to establish the sequence of binding events 

and the consequences of protein dynamics upon binding and catalysis. Such 

knowledge has the potential to not only increase basic understanding, but 

also to provide a structural and mechanistic basis for the design of inhibitors, 

both in terms of efficiency and selectivity.  

 

A particularly important aspect of the computational works covered in this 

review has been the consideration of the protein environment when modelling 

both binding and recognition of modified histone lysine residues by epigenetic 

proteins. They have demonstrated, for example, the role of loop-dynamics on 

histone modifying-reading proteins, where the protein can become 

active/inactive depending on how open/close they are for the substrate-

binding step. Single residues can also act as a selective gate, by blocking 

channels that allow access of substrates and other water molecules important 

for the reaction. Finally, even when modelling the reaction itself, non-

canonical residues have been shown to be crucial for positioning the 

substrate in an active binding mode. The choice of system partitioning in 



	 36 

QM/MM studies can also impact upon the resulting mechanistic picture 

provided by computation.  

 

While there are still many open questions concerning recognition and activity 

in these systems, computational tools have provided significant insight into 

the chemical processes involved. Methodological aspects particularly relevant 

to consider in the continued design of small-molecule inhibitors targeting 

these systems are: i) long time MD simulations to understand the impact of 

loop-dynamic on recognition of methylated and acetylated histone lysines, ii) 

QM/MM studies, including the effects of dispersion in the active site and long-

range electrostatic interactions from remote residues, for describing the 

chemical events involved, and iii) energy decomposition schemes to identify 

key residues contributing to recognition and catalysis.  

 

With the maturation of the field of epigenetics and the advent of more 

powerful computational approaches, which could lead to increases in time 

scales and system sizes that can be studied, it is expected that atomistic 

simulations will become more important for understanding epigenetic-

regulators and their interaction with specific inhibitors. 
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