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8.1 Summary 
 

Improved rational structure-based drug design methods are needed to increase the success rate of 

drug discovery and lower its cost. Although virtual screening methods such as molecular docking 

and QSAR are already widely employed in the industry and play a large role in drug discovery 

processes, there is concern that these methods may have reached their limits of effectiveness and 

accuracy. Modern drug discovery needs methods that are sufficiently effective in selecting lead 

compounds from large chemical databases that have desired bioactivity against a target of 

interest. The accurate prediction of such bioactivity by means of predicting selectivity and 

binding affinity is amongst the big challenges in computational drug design. Alchemichal free 

energy calculations in combination with use of thermodynamic cycles can ideally provide a 

robust and accurate means to allow for computing large numbers of relative free energies 

between compounds of interest. This thesis presents current developments and application of free 

energy methods in computer-aided drug design and related fields such as protein engineering. 

 

In the last decade, binding free energy calculations have gained popularity, considering the 

relative increase in the number of scientific publications on this topic within the field of 

computational drug design. Alchemical free energy methods, such as Thermodynamic 

Integration (TI) and the One-step Perturbation (OSP) as a special application of Free Energy 

Perturbation (FEP), show great potential to compute binding free energies with computational 

resources typically available within modern laboratories. During the 1980s, first advances were 

made to perform computer simulations of biomolecular systems to calculate free energy changes, 

and these methods have been under constant development ever since. 

Whereas the main focus in early applications were devoted to development and calibration of 

methods using small data sets, the focus has shifted to further development of free energy 

calculations to render them more applicable for industrial purposes and to guide drug discovery, 

design and especially lead optimization.  

 

In the first part of this thesis, the structure and dynamics of specific ligand-protein interactions 

are studied, enabling the rationalization and prediction of the site of metabolism (SOM) for 

various substrates of engineered CYP450 BM3 mutants. While the studies described in the first 

part have a qualitative character in terms of substrate affinity prediction and rationalization, the 

second part of the thesis describes efforts to enable efficient application of free energy calculations 

in a quantitative manner. Industrially relevant protein targets are described, as well as the 

challenges in applying free energy methods to them, and suggestions are made to overcome 

them. 
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The individual chapters describe the study of key aspects of biomolecular recognition and 

binding affinities, at different methodological levels (with increasing robustness and need for 

computer power) and in the context of different biomolecular targets.  

 

This thesis starts with a general introduction in Chapter 1, in which the background and 

context of the research that led to this thesis is presented. Figure 1.3 presents a ranking of 

structure-based computational approaches with the respective methods that have been used. The 

methods are categorized in five subsequent levels, according to an increase in the quantitative 

nature of the acquired information. The research in this thesis roughly follows the methods 

outlined in this figure, starting from the most qualitative one (visualization of protein and/or 

ligand structures) and increasingly becoming more quantitative, with a main focus on challenging 

aspects of structure-based drug design and binding affinity calculation, e.g., the sampling issue 

and the incorporation of solvation effects. 

Because of their extensive application in this thesis, the methods associated with Level 5 

(molecular dynamics (MD) based free energy calculation) are discussed in further detail. 

Furthermore, the accompanying challenges are introduced that need to be overcome in order to 

make these methods more employable in drug research, eventually reaching industrial levels of 

efficiency. Several of these challenges are addressed in this thesis.  

 

Finally, the various biomolecular targets that are studied in this thesis are introduced, with a 

special focus on the drug-metabolizing enzyme Cytochrome P450 BM3 (CYP450 BM3), which is 

capable to act as a versatile biocatalyst. Several drug-metabolizing mutants of CYP450 BM3 

have been described. A better understanding of the role of their mutations will contribute to a 

better mechanistic understanding of the enzyme, which van guide the rational design of BM3 

mutants which display desired properties for biotechnological applications. It was found that 

mutations in the binding cavity of BM3 can result in major changes in regioselectivity of 

testosterone hydroxylation and stereoselectivity of !-ionone hydroxylation. Therefore, CYP450 

BM3 mutants that are able to produce high amounts of drug metabolites and fine chemicals are 

valuable biocatalysts. 

 

In Chapter 2, two CYP450 BM3 mutants, M01 and M01 A82W are subjected to a structural 

rationalization analysis. M01 metabolizes testosterone (TES) on three adjacent positions (C2, 

C15 and C16). However, upon introduction of a bulky residue in the active site (A82W), the 

resulting BM3 mutant displays high regioselectivity for C16 hydroxylation. Chapter 2 reports the 

intrinsic reactivity of testosterone using quantum mechanical calculations, as well as attempts to 

rationalize the experimentally observed change in TES hydroxylation. It is generally known that 

BM3 displays large active site plasticity, therefore initial (static) docking experiments did not 

account for this property sufficiently. In Chapter 2, protein flexibility is accounted for in an 

(automated) docking procedure using a plasticity model based on molecular dynamics 
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simulations. Using this approach, up to 200,000 binding poses for TES were generated per BM3 

mutant, with the aim of reproducing trends in the experimentally observed site of metabolism. 

However, the predicted regioselectivity in TES hydroxylation by the combined MD/docking 

protocol was found to be in disagreement with experiment. Furthermore, a detailed structural 

analysis was performed by means of a cluster analysis of the obtained poses. This revealed 

limitations in correctly scoring the hydrogen-bonding and steric interactions of TES with specific 

active site residues (e.g. Ala254, Thr260, Thr268, Leu437 and Pro329). Based on these results, 

new insights were gained on the BM3 active site topology and interaction partners that are 

possibly important for substrate recognition by BM3. Based on this structural analysis, new BM3 

mutants were suggested, that were experimentally characterized in a collaboration with our 

colleagues within the molecular toxicology laboratorium at VU University. These mutants were 

also subjected to in silico modeling studies, which are described in the following chapter. 

 

In Chapter 3, new BM3 mutants are modeled and postulated to enhance and modify regio- 

and stereoselectivity of CYP450 BM3 product formation. It is described how experimental and in 

silico techniques are elegantly used in an integrative way to enable the rational design of 

engineered BM3 mutants. This chapter combines the research performed on BM3 metabolism of 

two different types of substrates, thereby displaying the diversity of the biocatalyst. The 

stereoselectivity of testosterone hydroxylation (previously addressed in Chapter 2) is studied in 

further detail, as well as the selectivity of hydroxylation of !-ionones, which form a class of 

norisprenoids used in flavor and fragrance industry. Mutation of Ser72 into an apolar amino acid 

was found to result in inversion of the observed stereoselectivity of TES. Note that this inversion 

was not described before for any CYP450 BM3 enzyme. Similarly, mutations to BM3 mutants 

M01 and M11 are found to result in stereospecific product formation of !-ionones. The 

combined MD/docking protocol described in Chapter 2 was again applied, offering a 

rationalization of the observed selectivity at the level of specific protein-ligand interactions. 

 

Chapters 2 and 3 conclude that docking experiments can provide structural rationalization and 

can guide the rational design of new BM3 mutants. However, while initial docking results yield 

some insights into the regio- and stereoselectivity of !-ionone hydroxylation and the role played 

by the A82W mutation in M01 A82W, extensive free energy calculations and binding affinities of 

the individual enantiomers to M01 A82W and M11 L437N are needed to quantify the basis of 

observed stereoselectivity.  

 

In Chapter 4, the structural analysis of the binding of (R)- and (S)-!-ionone and their 

diastereomeric products to BM3 mutants M01 A82W and M11 L437N is extended towards a 

more rigorous study, using molecular dynamics simulations and free energy calculations. These 

MD based methods allow for a more detailed analysis of the stereoselective !-ionone 

metabolism, as both protein plasticity and water-mediated protein-substrate interactions are 
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included. The stereoselective hydroxylation of !-ionones by engineered Cytochrome P450 BM3 

mutants has been studied by using the one-step perturbation (OSP) approach from an adequately 

chosen reference state. The computationally efficient OSP method is applied using an unphysical 

reference state sampling both the (R)- and (S)-configurations of the stereocenters. From a single 

simulation of the reference state, the free energy difference between multiple enantiomers and 

diastereomers can be calculated. The OSP approach is compared to the more general 

thermodynamic integration method (TI). 

 

Whereas the calculated relative free energies of (R)- and (S)-!-ionone to M01 A82W are in 

excellent agreement to the experimentally measured binding affinities, for M11 L437 limited 

sampling of the reference state results in unconverged results. Interestingly, for both mutants the 

predicted binding affinities for the products (R)- and (S)-OH-!-ionone are in excellent agreement 

with the experimentally observed stereoselectivity of product formation when using Marcus 

theory. Chapter 4 shows that free energy calculations can give insight into the stereoselective 

hydroxylation of !-ionones by engineered Cytochrome P450 BM3 mutants, and that OSP offers 

an elegant way to calculate free energy differences between enantiomeric (or diastereomeric) 

compounds. Therefore, this approach can be used to predict the formation of novel 

(hydroxylated) products, or it can play a supportive role in the rational design of new (CYP450 

BM3) mutants. 

 

It is shown that the OSP approach can be more efficient and even more accurate than TI 

method, through the elegant design of a suitable reference state. The comparison of these 

methods is further extended in the following chapter. 

 

Chapter 5 describes MD simulations and free energy calculations for a set of twelve inhibitors 

on a target of interest in the agrochemical industry, 4-hydroxyphenyl-pyruvate dioxygenase 

(HPPD), which also displays pharmaceutically interesting characteristics.  

The OSP method is applied to a series of twelve HPPD inhibitors, and compared to 

computationally more expensive TI calculations, on three inhibitors. Calculations based on the 

OSP approach and on TI show good internal consistency and mutual agreement. However, 

agreement with experiment is rather poor, possibly due to the parameterization of the inhibitors.  

By slightly adjusting force-field parameters of the functional groups of the ligands, an accurate 

OSP model can be generated, which improves the predicted free energies such that the root-

mean-square error over 11 compounds is reduced to 2.9 kJ mol-1. Using this optimized OSP 

approach, 60 additional predictions for new compounds are made, demonstrating the efficiency 

of the OSP method. 

 

In this chapter, we distinguish the two main issues involved in any method to calculate free 

energies. The sampling should be sufficient to cover the fluctuations and flexibility of the protein-
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ligand complex. The other issue involves the scoring of the sampled configurations. It is not only 

important to use an appropriate force field, which captures the interactions of the ligands in 

different (aqueous and protein bound) environments, but also that force field parameters may be 

obtained for new functional groups in a consistent manner. 

 

A recurring limitation in the structure-based computational approaches presented in Figure 1.3, 

is the lack of adequate incorporation of solvation effects. Water molecules can be of crucial 

importance for the binding and selectivity of a ligand to its receptor. Chapter 6 addresses a 

major and returning challenge in computational drug design, in the form of a review. Methods to 

predict whether an active site water molecule is conserved or replaced are being reviewed, as well 

as implementations of solvent interactions in current docking programs, together with numerous 

case studies describing different protein targets. The incorporation of water molecules, as well as 

some example case studies, in molecular dynamics simulations and free energy calculations is 

discussed as well. One of the protein targets discussed in this Chapter is the Oligopeptide binding 

protein A (OppA), which is the target of choice in the next chapter. 

 

OppA relies on water molecules to accommodate a broad range of (peptidic) ligands with 

different physico-chemical properties. Different water configurations have been observed for 

different oligopeptides, binding to the active site. This observation, combined with the highly 

flexible peptidic character of the ligands, make the OppA system an excellent test case for 

advanced computational approaches. In Chapter 7, free energy calculations are described for 

three tripeptides binding to OppA using TI and OSP. Thermodynamic cycles were constructed 

for KGK, KAK and KSK tripeptides binding to OppA. 

For the tripeptides free in solution, it was observed that the difference in flexibility between an 

alanine and a glycine residue leads to a slow convergence of the calculations. This can be 

overcome by either extending the simulations, or by slightly modifying the Hamiltonian of the 

tripeptides, followed by appropriate corrections to obtain unbiased free energy differences. 

Significant discrepancies between independent simulations of the tripeptides in complex with 

OppA remained, which could be traced to a slow relaxation of the water molecule network 

within the active site. For the structurally most similar tripeptides, KGK and KAK, the one-step 

perturbation method offers an elegant solution, leading to a fair agreement of the calculated 

values for the free energy of binding with the experimental affinities. For the free energy 

calculations involving larger side chains, significantly longer simulations are most likely required. 

 

It is striking that in all of the chapters involving comparisons of OSP and TI approaches, OSP 

performs as accurately, if not better, than the more robust TI approach, provided that a carefully 

constructed reference state is used. Chapters 4, 5 and 7 offer realistic examples to which state-of-

the-art free energy methods are applied and describe both methodological advances as well as 

insight into the application of the approaches to the relevant biomolecular targets. 


