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Abstract 

 
Considering the multitude of diseases lacking accessible and efficient therapy, the necessity to 

discover and develop new therapeutics persists. This dissertation is devoted to computational 

design of new inhibitors of histone deacetylase 4 (HDAC4), an enzyme responsible for 

epigenetic regulation of gene expression by means of nucleosomal histones and non-histone 

proteins deacetylation. Inhibition of class IIa histone deacetylases, that comprises HDAC4, 

was associated with treatment of various types of cancer. Nowadays, HDAC4 is being studied 

as a perspective pharmacological target for treatment of neurodegenerative diseases such as 

Alzheimer's or Huntington's disease. Molecular modeling plays significant role in drug 

discovery since it is able to decipher the structural characteristics of a drug responsible for its 

activity and also for its ADME properties. Therefore, molecular modeling and computational 

studies accelerate research and decrease costs of new drug development. Molecular 

mechanics (MM) and docking are fast and relatively precise methods traditionally used in 

structure-based drug design (SBDD). However, if charge or electron transfer, metal chelation, 

or strong polarization upon ligand binding occurs, as well as in projects requiring higher 

precision of results, it is wise to use quantum mechanics (QM) methods. Nevertheless, QM 

methods are computationally more expensive and their usage for macromolecular systems can 

become prohibitive. This is why hybrid QM/MM methods that combine QM description of 

the active center of the protein receptor with MM description of more distant parts of the 

macromolecular system, were applied. 

We have devoted the first part of the dissertation to systematically and quantitatively assess 

the hybrid QM/MM DFT-B3LYP/6-31G*//OPLS-2005 method in terms of accuracy of 

computed intermolecular interaction energies. We have selected B3LYP functional and 6-

31G* basis set thanks to its balanced tradeoff between accuracy and speed of calculation and 

its widespread usage for description of macromolecules (considered in the second part of the 

dissertation). We have performed the assessment on a series of small-molecule model systems 

of variable polarity and chemical properties, representing different non-bonding interactions. 

Molecules were arranged in clusters composed of the same type of small molecules. We have 

studied dependence of description of individual interactions and precision of QM/MM 

calculation on type and number of cluster components included into the QM region of the 

model system. Subsequently, we utilized the results of the QM/MM method and QSite 

program (Schrödinger, Inc., New York, NY, USA) tests in the second part of the dissertation, 

where we optimized and designed HDAC4 inhibitors from the class of diarylsubstituted 

cyclopropane hydroxamic acids (DCHA) taken from literature. Here, we suggested new and 



potentially more potent HDAC4 inhibitors using three-tier approach. In the first phase, we 

created combinatorial library of DCHA analogs and screened them by docking into the 

HDAC4 active site. The scoring functions of Glide program (Schrödinger, Inc., New York, 

NY, USA) was used to identify new molecules with stronger binding affinity towards the 

HDAC4 target. For the most promising complexes obtained by docking, we used MM 

methods to predict the inhibitory activities of new DCHA analogs towards HDAC4. In the 

third phase, we calculated Gibbs free energy of interaction (ΔGbin) between the molecule and 

HDAC4 enzyme using the QM/MM approach. This was performed for molecules predicted to 

bind strongest in the MM phase. For the resulting best DCHA analogs from the QM/MM 

phase, ADME properties were also predicted by means of QikProp program (Schrödinger, 

Inc., New York, NY, USA). In both MM and QM/MM phase of the inhibitor design, we 

created QSAR models to correlate calculated Gibbs free energies of interaction between 

DCHA inhibitor and HDAC4 receptor and experimental IC50

exp
 values of known DCHAs to 

calibrate our computational approach. 
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Introduction 

 
Histone deacetylases (HDACs) catalyze the removal of acetyl groups from acetylated ε-amino 

groups of lysine residues of both nucleosomal histones and non-histone proteins and 

participate in the epigenetic control of the gene expression. The -amino group of lysine is 

protonated and positively charged at the cellular pH. Its acetylation, which occurs at the N-

terminal part of the histone proteins neutralizes this positive charge. In the global extent, the 

acetylation of numerous lysines in histone proteins neutralizes the net positive charge of these 

DNA-binding proteins. As a result, negatively charged DNA is bound to histone proteins 

more loosely and becomes thus more easily accessible to the cellular transcription machinery 
[1]

. As part of complexes with other proteins, HDACs partake in the regulation of diverse 

cellular pathways including cell differentiation and growth arrest, DNA repair, and apoptosis 
[2–4]

. Thanks to their involvement in diverse biochemical pathways, HDACs are implied in 

various pathologies, such as cancer, neurodegenerative disorders and inflammatory diseases. 

Thus, HDACs have emerged as promising pharmacological targets 
[5–7]

. Eleven HDAC 

isoforms use Zn-dependent catalytic mechanism to deacetylate the lysines, and they comprise 

classes I, IIa, IIb, and IV 
[8,9]

. 

Histone deacetylase class IIa comprises HDAC 4, 5, 7 and 9, isoforms that shuttle between 

nucleus and cytoplasm 
[10]

. They share well-conserved N-terminus containing transcription 

factor binding sites connected with regulatory functions 
[11]

. HDAC4 is an isoform containing 

1084 residues. 3D structure of the whole protein is unknown, however, the crystal structure of 

its active site has been published in Protein Data Bank database 
[12]

. The link between this 

HDAC isoform and several diseases has been observed. Initially, HDAC4 has been primarily 

linked with cancers such as leukemia or renal carcinoma 
[13–15]

. In the course of time HDAC4 

was proven to be linked to neurodegenerative diseases, such as Huntington’s disease and 

Alzheimer’s disease. Later on, evidence surfaced about HDAC4 being potential therapeutic 

targets for a number of other indications including muscular atrophy, metabolic disorders such 

as type II diabetes, acute ischemic injury and inflammation 
[14,16–20]

. 

In this dissertation, we have focused on quest for HDAC4 inhibitors due to several reasons. 

First, this isoform seems to be promising drug target in development of therapeutics for 

diseases mentioned above. Second, HDAC4 together with its homological partners from the 

class IIa were not as much explored, therefore only a few inhibitors of this HDAC class are 

known. Third, crystal structure of HDAC4 is available and experimental inhibitory potencies 

of a homologic series of hydroxamic acid inhibitors were published 
[21,22]

. For a more detailed 

treatise on HDACs and the role of different isoforms, we refer the reader to our published 

review article 
[4]

. 



Most of HDAC inhibitors currently known bind non-selectively to all HDAC isoforms. Many 

inhibitors are partially selective, however, only to the whole HDAC class, not a single HDAC 

isoform. Molecular mechanisms of HDAC action are not yet well understood. It is possible 

that in each type of cancer (or disease), it is different HDAC isoform that is overexpressed 

and therefore desirable to be inhibited 
[23]

. Consequently, regarding all these issues, the 

pursuit for isoform selective HDAC inhibitors is thus of great importance. 

The majority of drug design studies involving large drug-receptor complexes are traditionally 

carried out by computationally efficient force field-based methods, such as molecular 

mechanics (MM) and dynamics (MD). Lately, quantum mechanics (QM) has been 

increasingly used for more rigorous description of the drug-receptor interactions in biological 

systems. The QM treatment of ligand-protein interactions is required when massive 

rearrangement of electron density, such as formation of covalent bonds, proton transfer, 

charge transfer, chelation of metals, cation - π interactions or strong polarization of ligand 

occur during the process of drug binding 
[24–31]

. Such phenomena cannot be fully described by 

force fields that rely on predetermined atomic parameters, molecular topologies and fixed net 

atomic charges 
[24,25,32]

. Full QM calculations including the entire macromolecular system 

composed of thousands of atoms are still computationally expensive. However, hybrid 

quantum mechanical/molecular mechanical (QM/MM) methods can be applied also to 

relatively large and complex biological systems 
[24,25,32–35]

. Mixed QM/MM methods describe 

the drug and the binding site of a receptor by QM methods (QM region), consequently leading 

to improved accuracy of the calculated binding affinities. Protein domains more distant to the 

binding site as well as the surrounding solvent are included into QM/MM calculations by 

means of computationally less expensive MM methods (MM region) 
[24,25,32,33,36]

. DFT 

calculations with the B3LYP functional 
[37]

 were used quite successfully in studies on 

macromolecular systems of pharmacological interest 
[24,25,30,34]

, even if the frequently used 

DFT-B3LYP combination is known to under-represent stacking and London dispersion 

interactions (similarly to the Hartree-Fock method) 
[24,38]

. Even the HDAC deacetylation 

reaction mechanism itself has been studied using QM/MM methods employing B3LYP 

functional with 6-31G* basis set by several groups 
[39–42]

. 

Various laboratories have incorporated the QM/MM approach into their drug discovery 

projects using different methodology and different QM region sizes. They applied these 

methods to study systems and design inhibitors for HIV-1 protease inhibitors, matrix-

metalloproteinase inhibitors, Cytochrome P450 and others 
[30,42–50]

. The importance of using 

QM charges in ligand docking has been raised in several works 
[32,51–53]

. For more detailed 

treatise on QM/MM calculation in medicinal chemistry and drug discovery, we direct the 

reader to 
[32,33,54]

 or to recent review on QM docking and scoring algorithms 
[51]

. 



 

3.  AIMS OF THE DISSERTATION 

 

This dissertation aims at computational design of new inhibitors of histone deacetylase 4 

(HDAC4), an enzyme responsible for epigenetic regulation of gene expression associated 

with treatment of various types of cancer and neurodegenerative diseases such as Alzheimer's 

or Huntington's disease. 

The primary goal of the dissertation was to optimize and design new more potent HDAC4 

inhibitors based on diarylsubstituted cyclopropane hydroxamic acids (DCHA) by means of 

computer-aided drug design methods including combinatorial library design and rational 

structure-based drug design (SBDD) using hybrid quantum mechanical/molecular mechanical 

(QM/MM) method. 

The secondary goal was to assess the performance and precision of hybrid QM/MM method 

implemented in QSite program of Schrödinger 
[55–57]

 at the popular DFT-B3LYP/6-

31G*//OPLS-2005 level in terms of the QM region definition, in order to obtain the best 

description of nonbonding drug - receptor interactions when performing SBDD of DCHAs. 

 



Results 

 

Tests of the DFT B3LYP/6-31G*//OPLS-2005 method 

Before applying the QM/MM method itself to ligand-protein systems of interest, we have 

carried out testing of the method and dependence of the results accuracy on the size and 

nature of the quantum region. Our study aimed at systematic and quantitative examination of 

the accuracy of description of non-covalent interactions by the advanced, however, 

approximate QM/MM approach compared to the full QM description of the system for the 

DFT B3LYP/6-31G*//OPLS-2005 method depending on the composition and size of the QM 

region, using the QSite and Jaguar software modules of Schrödinger 
[55–57]

. To this end, we 

compared calculated non-covalent equilibrium ligand–protein model interaction energies and 

interaction energy curves for a series of molecular clusters with well-defined configurations 

stabilized by non-covalent interactions. Small-molecule model systems used for this purpose 

were composed of water, methane, methanol, formamide and benzene. These clusters 

composed of the molecules of the same type. Moreover, we had one model system consisting 

of acetic acid anion and methylamine cation to model ionic interactions. 

In this part, we did not attempt to compute the precise interaction energies of the model 

systems by employing high level QM calculations, large basis sets or counterpoise correction. 

Instead, we intended to assess the performance of the QM/MM vs. QM approach at the same 

level of theory that is computationally accessible and applicable to macromolecular systems. 

Comparison of the computed equilibrium interaction energies obtained by the full QM and 

hybrid QM/MM approaches showed us the details of QM/MM method performance at the 

selected level of theory. For the purposes of this dissertation and other drug design studies, we 

suggested some priorities for incorporation of receptor residues or function groups into the 

QM region of studies carried out at the cost-effective DFT-B3LYP/6-31G*//OPLS-2005 level 

leading to more realistic description of the ligand - protein interactions. One needs to be 

careful when selecting the protein residues to include into QM region. The size of the QM 

region is basically tradeoff between accuracy and speed. Generally, it holds true, that bigger 

QM region leads to better and more precise results. However, certain residues are better to be 

excluded from QM region in order for the calculation to produce best results. In the following 

we briefly summarize the results on each and every cluster tested: 

Before we start talking about individual clusters, let us explain a bit on terminology and 

namely on a system of linearly arranged methane molecules. The middle molecule is called A, 

or layer A. This is subsequently surrounded by molecules of layer B and afterwards by layer 

C and D. Layer A of our methane model system resembles ligand in real protein-ligand 



system. Layer B represents the residues immediately adjacent to ligand while layer C is the 

one further away from ligand immediately adjacent to layer B residues and so on. 

 

Figure 1. Model system composed of 7 linearly arranged methane molecules (middle molecule A plus 

three surrounding layers B, C and D) 

 

In clusters of polar water molecules stabilized predominantly by hydrogen bonding and 

electrostatic interactions, the inclusion of the first coordination layer B into the QM region of 

DFT-B3LYP hybrid QM/M calculation increases the accuracy of the computed interaction 

energy of the ligand in the tetrahedral clusters with denser packing from about 54% to more 

than 93% of the full QM treatment. Thus, the extension of the QM region from ligand (A) to 

ligand + first coordination layer of polar molecules (A + B) may lead to nearly 40% higher 

accuracy of description of the ligand - protein-model interactions. Similar to the water 

clusters, the model systems containing polar formamides stabilized by HBs and electrostatic 

interactions, inclusion of the first coordination layer B into the QM region of DFT-B3LYP 

hybrid QM/MM calculation increased the accuracy of the computed QM/MM interaction 

energy of the ligand A from about 80% to 96% of the interaction energy obtained by full QM 

treatment. Therefore, in systems containing small polar molecules capable of HB formation, 

incorporation of polar first coordination layer into the QM region containing a polar ligand of 

the QM/MM DFT-B3LYP/6-31G*//OPLS-2005 calculation increases the precision of ligand - 

protein-model description, and is strongly recommended. However, addition of the second 

coordination layer C into the QM region adds only up to 5% to the interaction energy 

accuracy, but increases the CPU time considerably, therefore it is not advisable. 

For the methylamine - acetate ion-pair, and other similar charged function groups and 

molecular ions, the difference of ~20% between the QM/MM and full QM calculated 

interaction energies is smaller than in waters. However, taking into account large absolute 

values of interaction energies (ca. -135 kcal⋅mol
-1

), this type of interaction represents 

significant contribution to the precision of description of ligand - protein-model interactions. 

Therefore, placement of ligand as well as the first coordination layer residue, which forms an 

ion-pair with the ligand into the QM region of a QM/MM calculation, is highly 

recommended. 

In clusters containing molecules of medium polarity, such as aliphatic alcohols, amines and 

others, the accuracy parameter improved by nearly 20% when the first coordination layer B 

was added to the QM region. Therefore, addition of semi-polar molecules and function groups 



to the QM region containing semi-polar or polar ligands of the hybrid QM/MM calculation is 

encouraged. 

As known, and reproduced by us in the dissertation, DFT-B3LYP/6-31G* fails in describing 

dispersion interactions in model systems composed of non-polar molecules. Thus, for small 

non-polar molecules such as aliphatic hydrocarbons and similar, inclusion of one or more 

coordination layers (B, C etc.) of a non-polar ligand into the QM region of DFT-B3LYP 

calculation leads to incorrect ligand - protein-model interaction energies, and is therefore 

discouraged. However, QM/MM calculation predicts the interaction between the ligand and 

adjacent protein residues correctly when it comes to non-polar interactions. Therefore, small 

non-polar molecules are not suitable for incorporation into the QM region of QM/MM DFT-

B3LYP calculations and should be left for MM treatment for the sake of both accuracy and 

speed of the calculation. The very same conclusion holds true for π-π stacking interactions of 

the London dispersion nature as exemplified in our study by benzenes. 

Having briefly summarized our results, we conclude that in studies involving mixed QM/MM 

DFT-B3LYP/6-31G*//OPLS-2005 methodology applied on protein-ligand systems, it is 

worthwhile to incorporate into the QM region of QM/MM calculation the first layer of 

residues directly interacting with ligand by proton transfer, charge transfer, metal ion 

chelation, hydrogen bonding, electrostatic interactions, as well as moderately polar 

interactions. This will lead to more realistic description of the ligand - protein non-bonding 

interactions, as indicated on similar systems studied by other laboratories 
[58–60]

. On the other 

hand, it is advisable to leave out non-polar and aromatic molecules that bind with the ligand 

predominantly via van der Waals dispersion and π-π stacking interactions. 

When considering the presented recommendations, it is wise to keep in mind that they were 

obtained for six model systems and 44 different clusters, and have their limitations for several 

reasons: (1) the number of the considered model systems and cluster topologies was low 

compared to the variability of ligand coordination in real systems; (2) all the calculations were 

performed in vacuo; (3) mixed clusters of polar and non-polar molecules were not considered; 

(4) the imposed constraints needed to conserve the model system symmetry and conformation 

prevented the conformational energy hypersurface crossing to configurations with lower total 

energy values, which in reality may occur frequently and thus modify the values of computed 

ΔEint

QM
, ΔEint

QM/MM
 energies; and (5) the results and recommendations are valid only for the 

DFT-B3LYP/6-31G*//OPLS-2005 approach, although cautious extrapolations may be 

possible. In spite of these limitations, we believe that the presented recommendations will be 

useful in molecular or material design research by providing an estimate of the accuracy that 

can be expected from the QM/MM ligand binding studies. 

Keeping these results in mind and using the same QM/MM level of theory in design of 

HDAC4 inhibitors, we proceeded to the second part of the dissertation in the next chapter. 



Computational Design of Inhibitors of Histone Deacetylase 4 

 

Motivation 

Researchers headed by Celia Dominguez 
[21,22]

 have recently synthesized and tested trans-

(2R,3R)-arylsubstituted-cyclopropane hydroxamic acids (DCHA) (Figure 2), which were 

found to be potent and selective inhibitors of the class IIa HDACs. Docking studies showed 

that the DCHAs may form effective HDAC inhibitors since their cyclopropane scaffold 

properly positioned the inhibitors with its aryl substituents into the cavity of the HDAC4 

catalytic site and into the hydrophobic channel of the enzyme. At the same time, the 

hydroxamic group coordinates the catalytic Zn
2+

, Fig. 2. 
[21]

. Among the studied DCHAs 

several HDAC4 inhibitors displayed the half-maximal inhibitory concentrations (IC50

exp
) in 

the low nanomolar range as well as favorable pharmacokinetic profiles with distribution to the 

brain and muscles 
[61,62]

. In this lead optimization study, we decided to perform in-silico 

screening and test more diverse modifications and analogs of the HDAC4 inhibitors than 

those experimentally tested by Dominguez et al. Moreover, we tried exploit lower specificity 

pocket (LSP) found at the bottom of the HDAC4 catalytic cavity by means of using different 

substituents filling this pocket. Our goal was to suggest new potential inhibitors selective to 

HDAC4 with higher binding affinities towards this biological target. 

      

        A            B 

Figure 2. A.  Crystal structure of active site of the HDAC4 with bound diarylcyclopropane 

hydroxamic acid inhibitor DCHA14 (PDB entry 4CBY) 
[21]

 with observed inhibitory 

potency IC
50

exp
 of 30 nM. 

[21]
 Carbon atoms of the inhibitor are colored green. The 

contour surface delineates the catalytic site of the HDAC4.  

B.  Schematic depiction of the inhibitor interactions at the active site of HDAC4. 



In our quest for new, more potent inhibitors, we have used combinatorial library design, 

computer-aided drug design, docking and in silico screening, MM and hybrid QM/MM 

approach to establish quantitative structure activity relationships (QSAR) and optimize the 

series of known DCHA inhibitors of HDAC4. We have decided to incorporate QM/MM 

approach to this drug design study since the process of HDACI binding to the catalytic zinc 

and polar amino acid residues of the deacetylase active site induces considerable 

rearrangement of electron density of the inhibitor. 

 

Computational Details 

First, virtual combinatorial library was generated and in silico screened with help of the 

CombiGlide module of the SMDD of Schrödinger 
[63]

. The scaffold of trans-(2R,3R)-

arylsubstituted-cyclopropane hydroxamic acids (DCHA) was taken from the crystal structure 

of inhibitor bound to the active site of HDAC4 
[21]

. The initial diversity library of DCHA 

analogs consisted of 12 180 compounds composed of 210 aromatic substituents (R1-groups), 

29 aromatic rings (R2-groups) and 2 R3-groups (---H and ---F). Each analog was built as a 

neutral molecule containing the cyclopropane hydroxamic acid scaffold and substituents. The 

virtual library of analogs was enumerated by attaching the R-groups (fragments) onto the 

DCHA scaffold, which was kept in its refined bound conformation. 

Standard precision docking of the enumerated virtual library into the refined crystal structure 

of the active site of HDAC4 
[21]

 was performed. In silico screening of the virtual library was 

performed using GlideScore 
[64,65]

, an empirical scoring function which comprises 

contributions from protein-ligand Coulombic and van der Waals interactions, hydrogen 

bonds, lipophilic-lipophilic term, rotatable bond penalty and a hydrophobic enclosure term. 

Ten best scoring ligand poses were retained. To reduce the size of the initial large diversity 

library, the best scoring DCHA analogs with predicted GlideScore binding affinities lower 

than -12.5 kcal·mol
-1

 were selected and analyzed in terms of the frequency of distinct R-group 

occurrence. Among the 701 analyzed compounds, 427 molecules contained fluorine atom in 

the R3 position, 9 R2 fragments occurred more than 25 times and 42 R1 fragments occurred 

more than 5 times in the chemical structures of the selected analogs, Fig. 3. These DCHA 

fragments (frequently found in best scoring compounds) were then used for preparation of a 

focused virtual combinatorial subset enriched in potentially interesting inhibitor candidates. 

Subsequently, QM-polarized ligand docking (QPLD) into the active site of the HDAC4 was 

carried out for a combinatorial subset of the focused virtual library consisting of 42 × 9 = 378 

analogs of DCHA inhibitors to account for the polarization effects induced by the protein 

environment upon the bound ligand. The QPLD procedure started with the extra precision 

(XP) docking that generated 20 geometrically unique ligand poses at the binding site of the 



protein receptor. Then single point QM/MM calculations were performed on the protein-

ligand complex with ligand included in the quantum region surrounded by the electric field 

created from the protein. Partial atomic charges of the bound ligand were derived by 

electrostatic potential fitting. Glide then repeated the ligand docking using each of the 

calculated ligand charge sets and the QPLD algorithm returned 10 ligand poses with the 

highest interaction energies to the HDAC4 receptor 
[63]

. 

  

Figure 3. Graphs of the frequency of occurrence of individual R-groups (fragments) among 

  the 701 best predicted DCHA analogs of the initial virtual library. 

 

The QPLD algorithm returned 85 analogs with GlideScore of their best poses lower than -12.5 

kcal·mol
-1

. These 85 best analogs were then forwarded to more precise force field-based 

(OPLS-2005) molecular mechanics (MM) calculation of relative Gibbs free energies 

ΔΔGcom

MM
 of the HDAC4-DCHA complex formation (predicted binding affinities), which 

involved also consideration of the receptor flexibility. 

The structures of the studied tri and tetrasubstituted DCHAs of the training set 
[21,22]

, and their 

complexes with human HDAC4, were prepared by in situ modifications of the bound native 

ligand DCHA14 in the crystal structure of the complex (Figure 2) 
[21]

. For inhibitors 

containing rotatable bonds, restricted conformational sampling was carried out. Then the 

complexes were energy-minimized in vacuo using OPLS-2005 force field 
[66,67]

, with the 

distance cutoff extended to 20 Å and effective permittivity set to 2 to account for dielectric 

shielding in proteins using the MacroModel 
[68]

. Minimization of the enzyme-inhibitor 

complexes and of the free enzyme was carried out by relaxing the structures gradually, 

starting with the residue side chains and concluding with the relaxation of all atoms including 

the protein backbone. The structures of HDAC4-DCHA complexes with the lowest total MM 

energies were chosen for the calculation of enzyme-inhibitor interaction Gibbs free energies. 

The electrostatic effect of hydration on the molecular structures optimized in vacuo was added 

by employing the Poisson-Boltzmann Solver of Impact of the Schrödinger SMDD suite 
[69]

. 



Prior to the ΔΔGcom

MM
 calculation on the new DCHA analogs, we have examined whether the 

MM calculation procedure and 3D models of HDAC4-DCHA complexes lead to realistic 

predictions of ligand binding affinities. Hence, we have modeled the enzyme-inhibitor 

complexes and computed the ΔΔGcom

MM
 for a training set of known DCHA inhibitors studied 

by Dominguez et al. 
[21,22]

 with published inhibitory potencies IC50

exp
 towards the HDAC4. 

The computed Gibbs free energies ΔΔGcom

MM
 were correlated with the observed potencies 

IC50

exp
 of the training set of DCHA inhibitors (representing experimental measure of the 

enzyme-inhibitor binding strength), in a linear regression model. The resulting quantitative 

structure-activity relationship (MM-QSAR) was able to explain 88 % of the variance in the 

inhibitory potencies of the training set. It documented significant correlation between the 

predicted binding affinities and observed inhibitory potencies towards the HDAC4 and 

validated the computational approach used. 

Calculation of Gibbs free energies of the HDAC4-DCHA complex formation ΔΔGcom
MM

 for 

the 85 analogs identified by the QPLD and prediction of their inhibitory potencies (IC50

pre
) 

from the QSAR model (Fig. 4.19): IC50

pre
 = 10

[0.1192·ΔΔGcom
MM + 1.0235]

 led to identification of 

21 new potent DCHA analogs with IC50

pre
 ≤ 35 nM. For these 21 analogs we have used the 

advanced and computationally most expensive QM/MM calculation of the relative Gibbs free 

energies ΔΔGcom

QM/MM
 of HDAC4-DCHA complex formation. 

The hybrid QM/MM approach applied to the HDAC4-DCHA complexes have used the 

density functional theory (DFT) 
[70,71]

 with hybrid exchange-correlation energy functional 

B3LYP 
[72–74]

 and split-valence 6-31G* basis set with polarization functions on all heavy 

atoms 
[75]

. Based on results from model systems and QM/MM systems tests on non-covalent 

interactions description using DFT-B3LYP/6-31G*//OPLS-2005 QM/MM approach 
[36]

, ten 

HDAC4 active site residues (side chains: Glu677, Arg681, Ser758, Asp759, His802, His803, 

Asp840, Asp934, His976 and complete residue: Pro942), which displayed the strongest 

attractive or repulsive interactions with the ligand, the Zn
2+

 ion and the structural water, were 

included into the quantum region of the HDAC4-DCHA complexes. The quantum region 

contained approximately 160 atoms (binding site + inhibitor) and its total charge was equal to 

-1 è. The QM and MM regions interact in QSite via Coulombic interactions between the MM 

charges and the QM wave function (external electrostatic potential entering the system 

Hamiltonian). In addition, van der Waals interactions were considered between QM and MM 

atoms (all atoms employ the OPLS-2005 van der Waals parameters) 
[55,56,76,77]

. The HDAC4-

DCHA complexes, receptor and free inhibitors underwent QM/MM minimization in vacuo 

using the QSite and Jaguar modules of the Schrödinger SMDD suite 
[56,77]

. Single point 



calculation was performed on the minimized structures employing the Poisson-Boltzmann 

Solver of Jaguar to account for the effects of hydration 
[56,69,77,78]

. 

The QM/MM total energy landscapes of complex biochemical systems typically display a 

rugged topography. Therefore, multiple starting configurations of the enzyme-inhibitor 

complexes have to be considered to obtain reasonable interaction free energies. Out of several 

optimized configurations of the enzyme-inhibitor complex with low mutual RMSD value, the 

structure with the lowest total energy was selected and processed further. Even small changes 

in the configuration of the minimized complex may lead to considerable changes in the 

computed total energy because of the strong electrostatic interactions involving the Zn
2+

, 

hydroxamic acid functional group, charged residues included in the quantum region (Arg681, 

Asp840 and Asp934) and charged residues in the classical region located within 4 Å distance 

from the bound inhibitor (Glu677 and Glu973). 

The QM/MM approach was also validated for the precision of calculated binding affinities 

ΔΔGcom

QM/MM
 of the new analogs on the training set of DCHA inhibitors studied by 

Dominguez et al. 
[21,22,61]

. The computed quantities were correlated with the observed 

potencies IC50

exp
 of the training set of DCHA inhibitors. The resulting quantitative structure-

activity relationship (QM/MM-QSAR) was able to explain 91 % of the variance in the 

inhibitory potencies of the training set, documented superior correlation between the predicted 

and observed binding affinities and validated the QM/MM calculation procedure, Fig. 4. This 

QSAR model also allows to predict inhibitory potencies of new analogs which bind to the 

HDAC4 in the same mode as the training set of DCHA inhibitors by the QM/MM approach 

used here. 

 

Figure 4.  Plot of linear regression of the QM/MM-QSAR model of HDAC4 inhibition by DCHAs: 

pIC50

exp
 = -log10IC50

exp
 = -0.1310·ΔΔGcom

QM/MM
 - 0.9875 (number of compounds n =  14, 

squared regression coefficient r 

2
 = 0.83, leave-one-out cross-validated squared regression 

coefficient rxv
2
 = 0.77, standard error of regression σ = 0.22, Fischer F- test F = 55.24, 

level of statistical significance α > 95%) 

 



Prediction of inhibitory potencies of DCHA analogs 

The most promising 21 new DCHA analogs identified by the MM-QSAR model advanced to 

the QM/MM-QSAR model for a more precise inhibitory potencies IC50

pre
 prediction. Our 

computer-aided drug design approach yielded 6 new likely inhibitor candidates with 

promising predicted activities. For some of them (dDCHA1, dDCHA4 and dDCHA5) the 

calculated IC50

pre
 were lower than those of the most potent HDAC4 inhibitor studied by 

Dominguez et al. 
[21,22]

 (Table 1). 

 

Table 1.  Designed analogs of diarylcyclopropane hydroxamic acid inhibitors DCHA, predicted 

relative Gibbs free energies of enzyme-inhibitor complex formation ΔΔGcom

QM/MM
 and their 

components calculated by hybrid QM/MM method (DFT-B3LYP/6-31G*//OPLS-2005), and 

predicted inhibitory potencies IC50

pre
 estimated from the QM/MM-QSAR model, Fig. 4. 

Designed 

analog 
 

Relative Gibbs free energy of 

complex formation
 a 

Predicted 

inhibitory 

potency
 b 

Inhibitor 
R-groups ΔΔGint

QM/MM
 

[kcal·mol
-1

] 

ΔΔGsol

QM/MM
 

[kcal·mol
-1

] 

ΔΔGcom

QM/MM
 

[kcal·mol
-1

] 

IC50

pre
  

[nM] R1 R2 R3 

dDCHA1 
  

---F -2.4 -1.2 -3.6 3 

dDCHA2 
  

---F -0.1 2.0 1.9 17 

dDCHA3 
  

---F 0.6 3.5 4.1 33 

dDCHA4 

 
 

---F -2.7 3.3 0.6 12 

dDCHA5 

 

 
---F 2.0 -5.9 -3.9 3 

 

a calculated relative values with respect to reference training set inhibitor DCHA11, ΔΔGcom
QM/MM = ΔΔGint

QM/MM + 

ΔΔGsol
QM/MM (all energy values were rounded off to one decimal), 

b predicted inhibitory activities towards HDAC4 were calculated from the QM/MM-QSAR model (Fig. 8) as: 

IC50

pre
 = 10

[0.1310·ΔΔGcom
QM/MM  + 0.9875]

 

 

The best designed DCHA analogs contain indazole, phenylpiperidine and phenyloxazole in 

the R1 position and hydroxypyridine moiety in the R2 position. In the dDCHA1, the nitrogen 

of the R2 hydroxypyridine stabilizes the catalytic water molecule at the active site by a HB 

and the hydroxyl forms another HB with the backbone carbonyl group of Gly975. In addition, 



the heterocyclic –NH– group of indazole in the R1 position forms a HB with the carbonyl 

group of Pro942 (Fig. 1). In dDCHA4, the –NH– group of the phenylpiperidine forms a HB 

with the side chain of Asp757. These specific attractive interactions (negative values of the 

ΔΔGcom

QM/MM
 contributions, Table 1) are expected to enhance not only the binding affinity but 

also the isoform selectivity of the proposed analogs. The attractive interactions of the 

hydroxypyridine, indazole and phenylpiperidine moieties are reinforced by the solvent effect 

(negative values of the ΔΔGsolv

QM/MM
 contribution, Table 1). In the analog dDCHA5 that 

contains R1 phenyloxazole, which remains exposed to solvent in the HDCA4-dDCHA5 

complex, the contribution of the solvent effect to the inhibitor binding is dominant. In this 

case however, the driving force of the complex formation, originating primarily from the 

solvent effect, is less specific. 

The computed relative enzyme-inhibitor binding affinities ΔΔGcom

QM/MM
 of the designed 

analogs and predicted inhibitory potencies IC50

pre
 calculated from the regression equation of 

the superior QM/MM-QSAR model (Figure 4) suggest that the analogs dDCHA1 and 

dDCHA5 with the IC50

pre
 = 3 nM may form HDAC4 inhibitors up to 3-times more potent than 

the most active compounds of the training set of DCHA inhibitors (IC50

exp
 = 10 ± 1 nM, Table 

4.9) 
[21,22,61]

. The results indicate that aromatic rings bearing heteroatoms and/or polar function 

groups, which fill the lower specificity pocket of the binding site of the HDAC4, may increase 

the potencies of DCHA inhibitors towards this enzyme. 

 

ADME properties prediction of DCHA analogs 

In the course of drug development many drug candidates fail due to unsatisfactory 

pharmacokinetic properties. Therefore, it is crucial to incorporate consideration of ADME 

properties into the compound selection process. Thus, we have computed 36 physicochemical 

molecular properties (ADME-related descriptors) by the QikProp SMDD module of 

Schrödinger 
[79]

. The drug likeness parameter (#stars - number of descriptors that do not fall 

into the optimum intervals of descriptor values satisfied by 95% of known drugs) was used to 

assess the fitness of the predicted pharmacokinetic profile of the designed DCHA inhibitors. 

All of the selected DCHA analogs were forecast to comply with the pharmacokinetic profiles 

of drug-like compounds, equally to the reference inhibitor DCHA14. Therefore, we believe 

that the most potent analogs dDCHA1 and dDCHA5 display the potential to be further 

developed into orally bioavailable drug candidates. 



 

CONCLUSIONS 

This dissertation consists of two parts. Though separate and different from each other, the 

second one follows upon the first one. At the outset of my doctoral studies we aimed at 

applying advanced hybrid quantum mechanical / molecular mechanical (QM/MM) methods in 

computational drug design. QM/MM methods are advanced and can produce description of 

intermolecular interactions superior to traditional approaches based on force fields and 

molecular mechanics only. However, using these methods presents significant computational 

burden in terms of both CPU and run time. Therefore, deliberate user needs to select proper 

tradeoff between computational expenses and precision of the calculation and, as always, 

verify that the selected QM/MM method represents the system of interest adequately. 

Thus, we have devoted the first part of the dissertation to systematically and quantitatively 

assess the hybrid QM/MM DFT-B3LYP/6-31G*//OPLS-2005 method in terms of accuracy of 

computed intermolecular interaction energies. We selected B3LYP/6-31G* method thanks to 

its balanced tradeoff between accuracy and speed. We have performed the assessment on a 

series of small-molecule model systems of variable polarity and chemical properties. 

Molecules were arranged in clusters composed of the same type of small molecules. Based on 

the results from first part we proposed guidelines for the definition of the QM region to be 

used in studies involving complex structures such as proteins or eventually also condensed 

matter. These recommendations should lead to improved accuracy of the computed ligand–

receptor interaction energies  using the DFT method. Our results suggest that it is 

desirable to include into the QM region of a QM/MM calculation molecules (residues) of the 

first layer directly surrounding the ligand that interact with the ligand by electrostatic, 

hydrogen bonding, charge/proton transfer, and ion chelation as well as by moderately polar 

interactions. Conversely, it is advisable to leave out of the quantum region of hybrid QM/MM 

DFT-B3LYP/6-31G*//OPLS-2005 calculation all non-polar and aromatic molecules/residues 

that bind to the ligand predominantly via van der Waals dispersion and π−π stacking non-

covalent interactions. Excluding these residues from the QM region and leaving the force 

field to describe the interactions at the QM–MM interface will contribute to both precision 

and speed of the calculations. Furthermore, it is recommended to select the QM region as 

large as available computer resources allow, since the accuracy of the computed ΔEint

QM/MM
 

increases further with the growing size of the QM region. 

These results from the first part were subsequently utilized in the second part concerning 

optimization of lead compounds to inhibit histone deacetylase 4 (HDAC4) 
[21,22]

. HDAC4 is 

an enzyme involved in epigenetic regulation, cancer and neurodegenerative diseases. Its 



inhibition has been found useful in the latter. Our aim was to show that consideration of a 

wider range of heteroaromatic substituents in the R1 and R2 positions of the molecular 

scaffold of the DCHA, may enhance the inhibitory potencies of these new analogs. Especially 

the role of the R2 group that samples the lower specificity pocket of the HDAC4, which was 

not explored in the papers of Dominguez et al. 
[21,22]

, was elaborated. We have used four-tier 

approach. In the first step we performed regular docking of virtual combinatorial diversity 

library into HDAC4 receptor, downloaded under the entry 4CBY and prepared in Schrödinger 

Small-Molecule Drug Discovery suite. The second step involved docking of smaller focused 

subset of the combinatorial library into the same receptor, however, using quantum polarized 

ligand docking. In the third step we performed molecular mechanical calculations on the best 

candidates from the previous step to predict their binding affinities to HDAC4 using MM 

methods. Last but not least, best hits from the third step were further processed using 

QM/MM methods. In the end, we predicted ADME properties for the best scoring candidates. 

For the molecular mechanical and hybrid QM/MM step, we have created quantitative 

structure-activity relationship between experimentally measured inhibitory activities of 

known compounds synthesized by Dominguez et al. 
[21,22]

 and our computationally predicted 

binding energy. Using these models, we predicted binding affinity of the suggested 

compounds. We believe that utilization of more precise description of the enzyme-inhibitor 

interactions by the first principle QM/MM approach enhances the quality of the 

computational prediction of inhibitor binding affinities and results in more accurate prediction 

of the inhibitory potencies of the designed DCHA analogs. We have designed several more 

potent analogs of diarylcyclopropane hydroxamic acids, such as dDCHA1 and dDCHA5 with 

predicted HDAC4 inhibitory potencies in the low nanomolar concentration range (IC50

pre
 = 3 

nM), i.e. 3-times more potent than the published DCHAs. The designed analogs displayed 

favorable ADME profiles and are recommended for synthesis and experimental verification of 

the inhibitory potencies towards the HDAC4 isoform in medicinal chemistry laboratories. 
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