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Chapter 1 Aldosterone Synthase inhibitors, a new treatment option for
heart failure?

The work described in this PhD thesis was conducted in the setting of a multi-disciplinary
STW project (MFA 6504, later renumbered as 06504). The title of the project is "Aldosterone
Synthase inhibitors, a new treatment option for heart failure?". In order to develop specific
inhibitors for aldosterone synthase and screen for their therapeutic feasibility, a research
strategy has been planned in which different disciplines are used in an integrated way,
combining molecular modelling with pharmacological experiments (Figure 1-1).

TUE
in silico
modelling
Organon NV
UM | CARIM lead finding SyMO-Chem NV
and
in vitro optimisation chemistry
assays and synthesis
compoundl \/ Drug candidates
selection
Proof of concept
in vivo in vivo
disease-related ——) | mechanism-related
assays compound assays
selection
UM | CARIM UM | CARIM

Figure 1-1 STW Project Setup. UM/CARIM: Maastricht University, Cardiovascular Research Institute
Maastricht. TUE, Eindhoven University of Technology

The lead finding and lead optimisation strategy applied in the project encompasses the use
of in vitro assays, in silico modelling and compound synthesis, resulting in the identification
of drug candidates. Molecular modelling serves to elucidate protein-ligand interactions and
subsequent prioritisation of novel compound synthesis. Finally, the most promising drug
candidates are relayed to in vivo assays to determine the therapeutic application as
aldosterone synthase inhibitors.

The participating project members are stationed in Maastricht (in vitro and in vivo
measurements), Oss (chemistry and synthesis) and Eindhoven (molecular modelling,
chemistry and synthesis). Because of our collaboration we have aptly chosen our compound
acronym to be "Moeras", which means "Maastricht Oss and Eindhoven Reduce Aldosterone
Synthesis".
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1.1 Heart Failure

The term heart failure or sometimes congestive heart failure is commonly conceived to be
the cessation of heartbeat (asystole) or the cessation of normal heart function that is
followed by a collapse in blood flow and sudden death (cardiac arrest). These are, however,
unfortunate misconceptions. Heart failure is neither of those afflictions; rather, it is a
condition that can result from any functional or structural cardiac disorder that impairs the
ability of the heart to provide the required blood flow to the body. This means that heart
failure is a process where the heart is severely remodelled into a weakened myocardial
structure. Remodelling evokes abnormalities in cardiac structure, rhythm, function, or
conduction, whereas these abnormalities may also be the trigger for (further) remodelling.
The major causes of heart remodelling eventually resulting in chronic heart failure are
myocardial infarction and hypertension. Since progression of heart remodelling is paralleled
by modified functioning of other organs important in maintaining cardiovascular
homeostasis, it is often portrayed as a vicious circle. Indeed, heart failure and damage to
other organs such as kidneys or blood vessels often occur in parallel [1,2,3].

1.2 The Renin Angiotensin Aldosterone System

Currently, many drugs that are used for the treatment of heart failure target the Renin
Angiotensin Aldosterone System (RAAS) (Figure 1-2). This physiological system is
responsible for the regulation of electrolyte homeostasis and blood pressure. It is activated
when the arterial pressure is decreased, the renal blood flow is decreased or in case of
reduced plasma sodium chloride levels or enhanced sympathetic nervous activity. Once
activated, the kidneys secrete the enzyme renin to the bloodstream. Renin cleaves the
plasma protein angiotensinogen into a 10 amino acid peptide angiotensin | (DRVYIHPFHL),
which is subsequently cleaved by angiotensin-converting enzyme (ACE) or chymase into the
8 amino acid peptide angiotensin Il (DRVYIHPF). When angiotensin Il is formed it binds to
the angiotensin Il type 1 receptor (AT1) and the angiotensin Il type 2 receptor (AT2). The
response of activation of both receptor types is generally opposite. While the response of
the AT1 receptor is related to an increase of vasoconstriction, norepinephrine release, heart
contractility, water retention and conservation, ventricular hypertrophy, myocardial fibrosis
and aldosterone synthesis, the response of the AT2 receptor is related to vasodilatation,
decreased norepinephrine levels and decreased myocardial fibrosis [4,5]. The opposing
receptor activities seem to be important for the tuning of cardiac functioning. Finally, the last
member of the cascade, the steroid aldosterone, binds to the mineralocorticoid receptor and
amplifies some of the actions of angiotensin Il. It can induce sodium and water retention,
potassium excretion, and it can also increase sympathetic activation. The different ways of
increasing blood volume, vascular resistance and increasing heart rate serve to maintain
arterial pressure [6].
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Loss of Arterial Pressure
- 1 Angiotensinogen

Renin Secretion (kidneys)

Angiotensin |
(DRVYIHPFHL)

ACE 1 l Chymase

Angiotensin Il
(DRVYIHPF)
Aldosterone AT1 Receptor AT2 Receptor
Sympathetic 1. Increased norepinephrine 1. Decreased myocardial fibrosis
activation H 2. Arteriolar vasoconstriction 2. Decreased norepinephrine catechols
3. Water retention/conservation 3. Improved endothelial function

Mineralocorticoid 4. Increased myocardial fibrosis

receptor

1. Reduced parasympathetic activation
2. Cardiac remodelling

+ V- + +

Restoration of blood volume and arterial pressure

Figure 1-2 The Renin Angiotensin Aldosterone System (adapted from references 4, 16 and 17).

1.3 Heart failure treatment

Problems arise when the activation of angiotensin 1l is too large and the AT1 receptor
activation takes the upper hand. To block the excessive actions of angiotensin Il, the first
medicines were designed to stop its synthesis with ACE blockers (CONSENSUS [7],
SOLVD [8]). A great success has been achieved by treating patients with these ACE
blockers, yet due to sustained activity of the ACE independent formation of angiotensin II,
the effectiveness of the drug decreases in time. Indeed, 60% to 80% of the formation of
angiotensin Il seems to be independent from ACE and a close to full blockade of the RAAS
requires both the inhibition of ACE and chymase [9,10,11]. The success and the apparent
limitations of ACE blockers led to the use of angiotensin receptor blockers (ARBs) that
selectively inhibit the AT1 receptors to shift the balance towards the AT2 receptor pathway.
Unexpectedly, several studies have indicated that the effect of ARBs on the treatment of
heart failure is equal to that of ACE inhibitors (ELITE I [12], ELITE 1l [13], RESOLVD [14]).

Recently, various studies on the pathophysiology of heart failure have revealed that
aldosterone plays an important role in the formation of myocardial hypertrophy, reactive
myocardial fibrosis, vascular remodelling and electrolyte imbalance [15,16]. Furthermore, it
has become apparent that increased levels of aldosterone can block myocardial
norepinephrine uptake and reduce baroreceptor discharge, contributing to the development
of arrhythmias [17,18,19,20]. It has been shown that blocking the action of aldosterone using
mineralocorticoid receptor antagonists greatly reduces mortality and hospitalisation numbers
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in patients with severe heart failure as well as patients that have suffered from a myocardial
infarction even in situations that the RAAS is blocked (RALES [21], EPHESUS [22,23]).
Nevertheless, there are still disadvantages for using mineralocorticoid receptor antagonists.
Several side-effects exist and patients may possess interindividual variations in their
response to mineralocorticoid receptor antagonists regarding pharmacodynamics and
pharmacokinetics [21,24]. Furthermore, mineralocorticoid receptor antagonists induce
compensatory aldosterone synthesis of which long term effects are unknown [25,26]. Finally,
aldosterone is known to exert not only genomic but also rapid non-genomic effects that may
play a role in the pathophysiology of heart failure, but that are not necessarily mediated by
the mineralocorticoid receptor, and hence may not be blocked by mineralocorticoid receptor
antagonists.

In our project we have investigated an alternative way to reduce aldosterone action, namely
by prevention of aldosterone formation by intervening with the final steps of its biosynthesis
[27]. The challenge in this approach lies in obtaining selectivity. The biosynthesis of
aldosterone involves two very highly homologous cytochrome P450 enzymes that also
possess overlapping substrate and product selectivities.

1.4 Aldosterone Biosynthesis

The last steps in the biosynthesis of aldosterone are mediated by the mitochondrial
cytochrome P450 11B family (Figure 1-3). The members of this protein family contain a
heme prosthetic group in the core of the active site with which they catalyse (subsequent)
oxidation reactions on Ci1, C4g and Ci9 on the p-side of the steroid skeleton. The
enumeration of the steroid skeleton is also shown in Figure 1-3. In bovine [28], pig [29] and
frog [30], aldosterone synthesis is performed by only one enzyme, CYP11B, but in man [31]
and mouse [32] the synthesis involves two isoforms, CYP11B1 (cortisol synthase) and
CYP11B2 (aldosterone synthase). Rat possesses four isoforms of which CYP11B1 is
responsible for the bulk of corticosterone production (the main glucocorticoid in rodents as
they lack 17-hydroxylase activity and hence do not produce cortisol), and CYP11B2 is
responsible for aldosterone synthesis. CYP11B3 is only expressed in neonatal rat and
carries the same activity as CYP11B2, and CYP11B4 encodes a pseudo gene [33].

The substrate specificity of the different CYP11B isoforms is nearly identical, but there are
particular differences. In both human and rat, only the CYP11B2 isoform can perform the
final oxidation of Cqg to produce the aldehyde aldosterone [31,33]. For the CYP11B1
isoform, the hydroxylation of C19 has been reported for rat [33], and the CYP11B1 isoform in
general is known to play an important role in the biosynthesis of glucocorticoids (Figure 1—
3). It is not surprising that the C19 can be oxidised by rat CYP11B1 because structurally, it is
in close proximity to C11 and C+s. Other carbon atoms in close proximity to C11 that might be
oxidised on the B-side of the steroid skeleton are C4, Cg and Cy2, but thus far no oxidation of
these atoms by the CYP11B family has been reported. We have utilised this stereo- and
regio-selective substrate hydroxylation to characterise the structural differences between
CYP11B1 and CYP11B2 that is required for the design of selective inhibitors (as will be
elaborated in Chapter 2). In addition, we have investigated the substrate conversion
mechanism in Chapter 6.
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CYP11B1 —> o o
CYP11B2 —> OH . onCh

o (o)
11-deoxy-corticosterone 11-deoxy-cortisol
(DOC) (S)

OH OH
Ligjg\ L;Eijg\ Ligﬂg\ 1 :
o)

19-hydroxy-11deoxycorticosterone corticosterone 18-hydroxy-11-deoxy-corticosterone cortisol
(190H-DOC) (B) (180H-DOC) (F)
(rat CYP11B1 only) /
“ / Glucocorticoid
HO.
HO

O
18-hydroxy-corticosterone
(180H-B)
o (o)
HO. S OH

(0]

aldosterone

(aldo)

Mineralocorticoid

Figure 1-3 Biosynthesis of mineralocorticoids and glucocorticoid by the CYP11B family. Indicated with
arrows are the possible substrate conversions performed by human CYP11B1 (thin) and CYP11B2
(thick) [31]. Rat CYP11B1 can CYP11B2 possess the same activities as the human isoforms, except
that rat CYP11B1 can also oxidise 11-deoxycorticosterone on Cig [33]. In rat, the glucocorticoids are not
present. Instead, the primary glucocorticoid is corticosterone.

1.5 Starting Structures

At the beginning of the project, a preliminary literature search was performed to identify
several chemical substances that possess inhibitory action on either CYP11B1 or CYP11B2.
These known inhibitors of the cytochrome P450 11B family have provided an insight of the
general structural features required for the design of novel inhibitors (Appendix A). The
structures can be divided into three generic categories; (1) steroidal compounds that share
substructure features of the CYP11B substrates, (2) heterocyclic compounds that were
designed for the inhibition of other cytochrome P450 enzymes, and (3) other drugs.

Steroidal inhibitors could provide a good structural basis for CYP inhibition, although they
have the tendency to cause undesirable side-effects. Steroids display biological effects by
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binding to nuclear receptors that are involved in numerous metabolic, developmental and
homeostatic processes, and designing a steroid selective to only CYP11B2 is expected to
be a difficult task. Finally, because of their lipophilic nature, steroidal substances will easily
penetrate into tissues and under certain conditions may accumulate, making the theoretical
possibility for side effects even greater.

Several of the known inhibitors have been designed for the inhibition of cytochrome P450
enzymes related to CYP11B1 and CYP11B2, in particular aromatase. Aromatase, or
CYP19, oxidises its substrates on the C1g position of the steroid and converts the A-ring into
an aromatic benzene ring. Since rat CYP11B1 can oxidise 11-deoxycorticosterone on the
C19 position, and both these hydroxylation sites are in very close proximity to one another, it
can be anticipated that the CYP11B enzymes share some of the active site features with
aromatase. The structural characteristic of the known inhibitors that define them as CYP
inhibitors is the presence of a heterocyclic nitrogen atom (Appendix A). In particular, the
accessibility of its electron lone pair allows the compound to form a strong complex with the
heme iron atom which is a common feature of many non-steroidal CYP inhibitors [34,35].
Based on these considerations and the knowledge that fadrazole (Figure 1-4) decreases in
vivo corticosteroid levels (in particular aldosterone levels) [36,37], we have chosen fadrazole
as our lead structure. Fadrazole is a chiral compound. It is potent aromatase inhibitor that
also possesses inhibition for CYP11B1 and CYP11B2 in the nanomolar range [38,39]. In an
initial modelling study, we constructed homology models for CYP11B1 and CYP11B2 that
predicted a stereoselectivity for fadrazole. After enantiomer separation and in vitro testing,
we found that just as predicted, the R-enantiomer possesses CYP11B2 selectivity and the
S-enantiomer possesses CYP11B1 selectivity. During the progression of the project, many
modifications on the structure have been evaluated in silico and subsequently synthesised
and tested, resulting in the lead structure 2 (Figure 1-4).

H
C=N
/ N
2
N
R-fadrazole S-fadrazole Moeras 115
Lead 1 Lead 2

Figure 1-4 Lead Structures used throughout the progression of the project
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1.6 Aim and Scope of this Thesis

Computer-aided molecular design (CAMD) is one of the essential tools for drug discovery. It
refers to a collection of in silico molecular modelling techniques that are used to study
molecular structures and properties of drug candidates as well as drug targets for the
discovery and design of new drugs. The molecular modelling techniques allow rapid
investigation and detailed information gathering of intramolecular and intermolecular
interactions of molecular systems as well as the identification of the three dimensional
characteristics of drug functional groups that are important for activity. The application of
CAMD at the early stages of drug development can be vital for the creation of new drugs.
Guided by insights obtained from the structural assessment of either target structures or
drug lead structures, large numbers of compounds can be sampled with user-defined
selection criteria to provide a rationale for compound chemistry and drug optimisation. In
conjunction with compound synthesis and in vitro potency measurements, the in silico
selection criteria can be refined for further modifications and optimisations of the lead
structure.

In this thesis we have applied some commonly used in silico tools to provide a solid base on
which to predict ligand potency and to steer compound synthesis. In this chapter we have
focused on the rationale of our approach and the introduction of our drug target, the
cytochrome P450 enzymes belonging to the 11B family. In the following three chapters we
have utilised tools that are commonly applied to protein-based drug design, a field of
expertise that requires knowledge of the three-dimensional properties of the target protein.
Chapter 2 introduces the enzymatic activity and structural characteristics of the cytochrome
P450 family. Using these properties we have constructed three dimensional models for
CYP11B1 and CYP11B2, detailing the most conserved structural properties of cytochrome
P450 enzymes. Additional models were constructed for the rat isoforms as well as a mutant
protein for which the substrate conversion activity has been determined. In this step we
discuss homology modelling difficulties and model quality assessment.

In Chapter 3 we have conducted a molecular dynamics study on the structural integrity of
the protein models. During this stage, the interaction of four of the known CYP11B inhibitors
was evaluated in the protein active sites. The results have been used to determine the most
important interactions of both substrates and ligands in the active sites.

Molecular docking is a method to quickly evaluate the protein-ligand interactions for multiple
ligands. In Chapter 4 we have used molecular docking to obtain information on the binding
mode of our lead structure and derived analogues inside the active site of CYP11B1 and
CYP11B2. Subsequently, we expanded the docking study with the different protein states
that were sampled during the molecular dynamics study. By incorporating these active site
conformations in our analysis we examined the influence of active site changes on the
performance of the docking program. In addition, the in silico predicted potencies have been
correlated with in vitro measured potencies for the application of virtual screening of new
analogues.

After these protein-based approaches for medicine design, we evaluated a ligand-based
approach called "decision tree analysis" in Chapter 5. For this method, only the physico-
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chemical properties of different substructure components are considered. Subsequently,
Boolean decisions based on the values of the physico-chemical properties describe the
required or prohibited features of a potent inhibitor.

The topic of Chapter 6 has a different basis than inhibitor design, although the underlying
idea behind the work in this chapter still was the design of an alternative novel type of
CYP11B2 inhibitors. In parallel to the previous studies, we have performed a mechanistic
study on the conversion of steroids by cytochrome P450 enzymes. Using quantum
mechanics calculations we have attempted to rationalise the precise steps taken by
CYP11B2 during the production of aldosterone, as well as rationalise the required active site
interactions that determine the regio-selective conversion profile of the CYP11B isoforms.
The thesis ends with concluding remarks in Chapter 7. In this chapter, the general findings
and conclusions derived by the different molecular modelling methods are compared and
summarised, and recommendations for future research are proposed.
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Chapter 2 Homology Modelling

The construction of a three-dimensional model of a protein structure provides crucial insights
to protein-ligand interactions involved in ligand binding, ligand stabilisation and substrate
conversion. Here, the construction of homology models is presented for the human and rat
CYP11B isoforms, as well as an important CYP11B2 triple mutant that mainly possesses
CYP11B1 activity. Using the knowledge of substrate hydroxylation sites, the general binding
modes of the steroids in the CYP11B homology models are derived. As a next step, we
explain the difference in substrate binding caused by amino acid differences in the active
site as well as amino acids located in regions lining the active site. Finally, we propose the
CYP11B2 specific ligand-binding characteristics of 18-hydroxycorticosterone that are
required for aldosterone synthesis.

Part of this chapter is described in:

L. Roumen, M.P.A. Sanders, K. Pieterse, P.A.J. Hilbers, R. Plate, E. Custers, M. de Gooyer, J.F.M. Smits, |. Beugels,
J. Emmen, H.C.J. Ottenheijm, D. Leysen, J.J.R. Hermans, "Construction of 3D models of the CYP11B family as a
tool to predict ligand binding characteristics", J Comput-Aided Mol Des, 2007, 21, 8, 455-471
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2.1 Introduction

When performing protein-based drug design, it is important to know the details of the target
regarding its structure, function and regulation. The knowledge of these protein features can
be used for the elucidation of protein-ligand interactions and the design of novel drugs.
Therefore, we first introduce the functional and structural protein features of cytochrome
P450 enzymes. Because no three-dimensional structure of CYP11B1 or CYP11B2 is
available, the structural insights on cytochrome P450 proteins have been used to develop
homology models for the members of the CYP11B family. In addition, knowledge on the
catalytic activity of cytochrome P450 enzymes has been used to derive the binding mode of
the CYP11B1 and CYP11B2 substrates in their protein active sites, as well as to quantify the
regio-specific substrate hydroxylations performed by the different family members.

2.2 Cytochrome P450 enzymes

Cytochrome P450 is a large super family of proteins that contain a heme prosthetic group in
the active site. The cytochrome P450 enzymes catalyse many types of reactions and are
called mixed-function oxidases or mono-oxygenases, because they incorporate one atom of
molecular oxygen into the substrate and one oxygen atom into water. This oxidation is
performed by the heme-oxygen complex, often aided by several active site residues such as
a catalytic threonine. Cytochrome P450 enzymes differ from di-oxygenases that incorporate
both oxygen atoms into the substrate [1]. The enzymes are involved in numerous processes
such as the biosynthesis and metabolism of sterols, bile acids and steroids, and the
metabolism of endogenous fatty acids, drugs and other xenobiotic compounds [2].

2.2.1 Nomenclature and generic function

The name cytochrome is a combination of both cytos (cell) and chromos (colour) derived
from Greek. The name P450 origins from the carbon-monoxide - ferrous-heme complex
which produces a spectral peak pigment at 450 nm. The nomenclature of cytochrome P450
enzymes is based on the evolution of protein sequences. Genes that encode cytochrome
P450 enzymes, and the enzymes themselves, are abbreviated with the root name CYP. This
root name is followed by an Arabic numeral indicating the gene family, a capital letter
indicating the subfamily, and a second Arabic numeral that identifies the individual gene
[3,4,5,6,7,8]. Two cytochrome P450 enzymes belong to the same family if their sequence
identity is higher than 40%, and they belong to the same subfamily if that sequence identity
is above 55%. An example is CYP1A1, which belongs to family 1, subfamily A, and is the
first isoform of the subfamily. Similarly, aldosterone synthase (CYP11B2) belongs to family
11, subfamily B and is the second isoform.

The functional classification of cytochrome P450 enzyme containing mono-oxygenase
systems yields two main classes; the bacterial and mitochondrial class | and the microsomal
class Il. These classes are based on the functionality of the reduction system. Most
cytochrome P450 enzymes require a protein partner to deliver one or more electrons to
reduce the iron during the enzymatic activity. In general, class | enzymes interact with an
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iron-sulphur reductase, so called ferredoxin reductases, and class Il enzymes interact with a
flavoprotein reductase. Unfortunately, the classification into two classes fails to describe the
whole diversity of cytochrome P450 enzyme systems [1] and there are several exceptions to
the classifications where cytochrome P450 enzymes belonging to one class interact with
reductases belonging to the other class [9,10,11].

Cytochrome P450 enzymes are often involved in a complex of several proteins that perform
the transfer of electrons to the substrate-bound heme [1]. These systems involve several
redox-domains provided by proteins in various combinations. The main domains in the
complex are (1) a flavin adenine dinucleotide (FAD) domain belonging to a reductase or
flavoprotein, (2) an intermediate domain that can either be a flavin mononucleotide (FMN),
ferredoxin or cytochrome b5 domain, and (3) the heme prosthetic group of the cytochrome
P450 enzyme. In case of self-sufficient cytochrome P450 enzymes, the FAD domain and the
intermediate domain are a part of the cytochrome P450 enzyme.

The catalytic cycle of a cytochrome P450 begins with the binding of a substrate to the
cytochrome P450 active site. Next, the two proteins carrying the FAD and intermediate
domains, respectively, bind to the cytochrome P450. The FAD domain uses NAD(P)H to
supply electrons to the intermediate domain, which transfers these electrons to the heme of
the cytochrome P450. In total, two electrons are supplied to the heme through the electron
transfer and two protons are supplied to the heme by the solvent, before the catalytic state
of the heme-oxygen complex has been completed. The heme-oxygen complex then oxidises
the substrate, after which it is released to the environment and the cycle can start again [1].
The catalytic mechanism of cytochrome P450 enzymes is explained in more detail in
Chapter 6.

2.2.2 Structural Architecture

During substrate conversion, the stability of the protein-substrate complex is determined by
the spatial orientation of the enzyme active site. The active site is in turn stabilised by the
three dimensional architecture of the remaining the protein structure. All cytochrome P450
enzymes consist of 12 alpha-helices annotated from A to L, as well as 5 beta-sheets (Figure
2—1). Additionally, several short helices are present in various cytochrome P450 enzymes
(annotated B', F', G', J' and K') whilst being absent in others. The exact function of these
short helices is unknown, but may be related to the recognition, binding and stabilisation of
the cytochrome P450 redox partners.

The structural core of all cytochrome P450 enzymes consists of the four-helix bundle
composed of helices D, E, | and L, and the two helices J and K [12,13,14,15]. The heme
prosthetic group is linked to the protein near the beginning of alpha-helix L and is stabilised
on one side by the helix bundle, and on the other side by variant regions around helices B,
B' and C. These regions do vary between cytochrome P450 enzymes because they make
up a part of the active site that is involved in ligand binding and substrate specificity. The
helices A, B and H are more distant from the active site and are involved in the binding of
redox partners. Lastly, helices F and G vary between cytochrome P450 enzymes, are
flexible and can slightly move to allow substrates to penetrate the active site [14,15].
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Figure 2—1 Generic structural fold of cytochrome P450 enzymes.

The structural features involved in ligand binding and substrate specificity are called
substrate recognition sites (SRS). These SRS are located in helices B', F, G, | and their
adjacent loop regions, in close proximity to the heme prosthetic group (Figure 2-2) [12].
Next to the SRS, all cytochrome P450 enzymes possess several characteristic sequence
motifs in their amino acid sequence [13]. These are (1) a (W/H)(R/K)X(R/K)R motif in helix C
that stabilises one of the propionic acid groups of the heme, (2) an XGXXTX motif in helix |
that supplies a catalytic threonine for many cytochrome P450 enzymes, (3) an EXXR motif
in helix K that interacts with the meander region that is important in cytochrome P450 -
redox partner interactions [16], (4) a (W/F)XXPXX(F/Y)XPX(H/R)(W/F) motif after helix K'
that comprises the meander region, and (5) an XXF(G/S)XGX(H/R)XCXGXX(L/F)AXXE
motif that is found at the beginning of helix L and contains the cysteine that binds to the
heme iron (Figure 2-2) [13].
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Figure 2-2 Location of cytochrome P450 sequence motifs (dotted squares) as well as substrate
recognition sites (solid squares)
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Figure 2—3 Putative water channel in cytochrome P450 enzymes that supplies protons from a glutamic
acid residue through the centre of helix |, here CYP101, PDB-code 2CPP; Glu366. Indicated are also
the catalytic threonine that plays an important role during the catalytic cycle of the cytochrome P450
enzyme (CYP101; Thr252), as well as the CYP101 substrate camphor.

A final important feature of the cytochrome P450 structure is a small cavity containing a
glutamic acid residue. This cavity is connected to the active site and the catalytically
important threonine residue through a putative water channel in helix I. The water channel
may play a role in the delivery of protons during substrate conversion (to and from the
glutamic acid), or may play a role in the decoupling of the cytochrome P450 reactive species
if proton or electron delivery is impaired or desynchronised (Figure 2-3) [17].

The combination of these structural features determines the structural integrity of the
cytochrome P450 fold and is important for the catalytic function. Thereby, all the helices are
connected to each other to form a compact and highly stabilised structure. These features
also link the heme prosthetic group tightly to the active site and place the catalytically
important active site residues in the ligand binding site. A prerequisite for the modelling of
CYP11B1 and CYP11B2 is that in the constructed models, these active site characteristics
discussed above, are fulfilled.
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2.3 Homology Modelling

Homology modelling or comparative modelling is widely applied to proteins for the purpose
of understanding protein-ligand interactions. In particular, the inhibition of enzymes has been
extensively investigated in this manner. The term homology modelling implies that a model
is constructed for the protein of interest based on the features of another protein, called the
template protein or template structure. Ideally, the best model accuracy is obtained when the
three-dimensional architecture of the template protein closely resembles that of the target
protein. Hence, modelling one cytochrome P450 requires another cytochrome P450
structure to act as a template.

In general, the atomic data of chemical structures can be acquired by performing X-ray
crystallography, NMR spectroscopy and electron microscopy. Resolving atomic data for
proteins is commonly performed by X-ray crystallography, since NMR spectroscopy is
restricted to relatively small molecules and electron microscopy is restricted by resolution
issues. For X-ray crystallography to succeed, a protein needs to be soluble or be made
soluble. As a result, the three-dimensional structure of membrane-bound proteins and
proteins with large hydrophobic regions are difficult to resolve. Many cytochrome P450
enzymes such as CYP11B1 and CYP11B2 are membrane-bound proteins, but fortunately,
crystal structures have been derived for bacterial cytochrome P450 enzymes [18,19,20], as
well as mammalian cytochrome P450 enzymes (often solubilised) [21,22,23,24,25,26].
These crystal structures can be found in the Brookhaven Protein Databank [27].

The resolved crystal structures not only reveal the overall packing of the protein, the
structural stabilisation and flexibilities, but also detailed interactions between protein, ligand
and water. Unfortunately, the three-dimensional structure has not been resolved for either
CYP11B1 or CYP11B2. Because 3D insight on ligand binding plays an important role in
drug design, homology modelling can be applied to construct a three-dimensional model for
their architecture.

Template Selection Criteria Modelling Criteria
- Sequence alignment - Quality assessment
- Crystal structure packing - Spatial arrangements
- Spatial criteria - Protein ligand interactions
- Structural features |
*
Protein Crystal / Alignment \
Target | = | Structure Template | —p | Template | 4i—p | Template | —p Model
Sequence Selection Selection Acceptance Construction Construction
Nz ——
Alignment ]
Protein Protein \ Drug Model
Target Target Design Acceptance
Structure |~ | Sequence
Prediction Alignment

Figure 2—4 Flowchart of the homology modelling approach
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The construction of a homology model is an iterative process involving sequence alignment,
structural alignment, model building and structure assessment, before the final usage for
drug design (Figure 2—4). For each modelling step, several criteria are tested to ensure the
accuracy of model construction. The first step in homology modelling is the choice of the
template structure. In this step, crystal structures of structurally related proteins are
extracted from the protein databank [27]. The amino acid sequences of these proteins are
aligned in accordance to their three-dimensional structure (topological alignment), and their
three-dimensional structures are superimposed. Next, a secondary structure prediction is
performed for the protein target, which is subsequently aligned to the multiple sequence
alignment. By aligning these secondary structures to the three-dimensional overlay, the
general side chain packing of the protein target can be assessed, and the best template
structure can be chosen based on spatial arrangements of the various crystal structures.
Several criteria play an important role in the acceptance of a template structure.

One criterion for template selection is that the sequence alignment should display a high
similarity with the template for important three-dimensional structures. This ensures that the
homology model consists of structural features comparable to the template. An example is
the correct modelling of hydrophobicity of a beta sheet that is on one side interacting with
solvent and on the other side interacting with hydrophobic regions of the protein. An amino
acid mismatch may lead to an inverse modelling of the hydrophobicity distribution.

A next criterion is to decrease the amount of amino acid insertions or deletions in important
structural arrangements, especially alpha helices and beta sheets. Insertion or deletion of an
amino acid in a helix may lead to the loss of secondary structure integrity and the unfolding
of the helix. Important stabilising interactions between amino acids are not assumed and the
model detail is inaccurate. Insertions and deletions in loop regions are less important for the
structures accuracy, unless they are in contact with the protein active site. In such a case,
careful investigation of the spatial arrangement of the loop region must be performed. One
of the methods to model these regions accurately is to use information on protein-ligand
interactions.

A last criterion is that the overall packing of the amino acid residues is tight, as gaps in the
three-dimensional structure will collapse during model refinement. When these gaps are
hydrophilic, they can be filled with water to prevent the collapse, however, if there is no
apparent entrance for the water molecules, the three-dimensional structure prediction
requires further optimisation.

When the template is chosen, the amino acids of the target protein are superimposed on the
template structure, followed by a structural optimisation of the amino acid residues. As such,
the generic structural integrity of the template structure is inherited by the models. Next, the
constructed homology model is subjected to several optimisation steps to decrease amino
acid clashes and improve hypothetical protein-ligand contact points. Resulting from protein
model acceptance and insights obtained during drug design, protein models are often re-
evaluated and improved.

The continuous optimisation and verification of the sequence alignment and the spatial
arrangements of the protein model are the most crucial steps during homology modelling.
This is especially true when the sequence similarity of the template and target is low,
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because when the sequence alignment contains several misalignments, the homology
model will possess inaccuracies that may lead to the misinterpretation of protein structural
stability and protein-ligand interactions. In certain cases where amino acids are inserted in
secondary structures, the resulting homology model may be more plausible if those amino
acids are neglected from the final model, since secondary structure disruptions are very
difficult to control.

In general, the regions in and around the active site are used for the elucidation of protein-
ligand interactions. Therefore, the modelling detail of these regions must be of the highest
accuracy. Regions outside the active site do play a role in the general structural stability and
can influence protein function, however, they often require the least attention in modelling.

2.4 Homology Models for CYP11B1 and CYP11B2

Before the first mammalian cytochrome P450 structures became available, modelling
attempts were classically performed on bacterial cytochrome P450 enzymes, in particular
CYP101 [28,29,30]. These models possessed a sequence identity with their template lower
than 25%, because no realistic alternatives were available. The introduction of the class Il
bacterial CYP102 (exception from class 1) allowed for modelling the functional properties of
eukaryotic class Il cytochrome P450 enzymes [31]. Although these early homology models
contained a low sequence identity with their template structures and are intuitively
suboptimal, it has been shown that they can describe key features of protein-ligand
interactions [30,31]. For example, features observed for inhibitor binding in aromatase
models have provided important insights for the development of drugs [30,32]. Currently,
models often still feature bacterial cytochrome P450 enzymes as template [33,34], but
methods involving the use of multiple crystal structures for model construction may prove to
be the future trend [35,36]. A model based on the structure of several known enzymes would
be more accurate since every additional segment will improve similarity or spatial
coordination of protein regions. However, it can be understood that structural flaws are
expected at locations where the different template structures are joined together. Moreover,
if these regions are within the active site, they also need to be thoroughly refined.

Modelling work on CYP11B1 and CYP11B2 has already been performed by Belkina et al
[37] and Ulmschneider et al [38]. The models of Belkina et al consider the potential spatial
arrangement of the amino acids in the active site and hypothesise the hydrogen-bonding
network involved with heme stabilisation. Furthermore, the effects of several amino acid
mutations have been detailed. Ulmschneider et al focus on describing protein-inhibitor
interactions and structure activity relations of their developed inhibitors. Both models are
thoroughly characterised for those specific purposes, however, the goal of our modelling
work encompasses not only the prediction of novel CYP11B inhibitors, but also the
investigation of the regio-selectivity of the natural ligands within the enzyme active sites, and
to detail potential protein-ligand interactions.

We intend to construct homology models for both the human and rat isoforms of the
CYP11B family. Subsequently, these models will be used to rationalise the substrate regio-
specificity of the human and rat isoforms. The homology models are validated using
molecular dynamics in Chapter 3 and molecular docking in Chapter 4.
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2.4.1 Modelling Criteria

A template structure must be chosen for the construction of the homology models. To
ensure modelling accuracy, we have defined several criteria that must be satisfied by the
template structure. We have already discussed that the template structure for modelling the
three-dimensional architecture of the CYP11B isoforms is ideally another cytochrome P450
enzyme. Since the structure of many cytochrome P450 enzymes has been elucidated with
X-ray crystallography, this requirement will not pose a problem. However, the CYP11B
isoforms are mitochondrial class | cytochromes that interact with the ferredoxin-like
reduction partners. In order to increase the modelling accuracy of regions involved with
protein-protein binding, the template structure should be built using class | cytochrome P450
enzymes.

The template structure must also possess a high sequence identity with the CYP11B amino
acid sequences in order to maximise the accuracy of sequence alignment. Not only does a
high sequence identity provide clues on how to align the secondary structures, but it will also
provide insights on the packing of highly conserved three-dimensional structures. Next to the
alignment of the secondary structures, the three-dimensional organisation of these features
is also of importance. The structural core of the cytochrome P450 enzyme structure is the
four-helix bundle composed of helices D, E, | and L, and the two helices J and K
[12,13,14,15]. To maintain the accuracy of this structural basis, these helices should be
properly aligned with the template structure. In addition, the crystallographic accuracy of
these regions must be high for the template, such that the modelling is not performed on
unreliable crystal structures.

Next, ligand-binding characteristics of the template structure should closely resemble that of
the CYP11B family. The CYP11B family members possess a highly hydrophobic core to
supplement the steroid rings and are most likely surrounded by hydrophilic contact points to
stabilise the C3-ketone and Cy,21-hydroxyacetyl groups. When the template structure
possesses similar ligand-binding characteristics as the CYP11B family, the amino acid
packing can effectively be mimicked by the homology amino acid replacement, i.e. the
orientation of the active site side chains is easily compared and refined for the CYP11B
models. However, if the template structure is more hydrophilic than the active site of
CYP11B, it will be more difficult to reconstruct the correct residue packing within the active
site. Furthermore, the protein-ligand binding interactions for the template structure need to
be properly defined or the protein-ligand interactions for the CYP11B isoforms may end up
based on incorrect structural insights of the template structure.

Lastly, the spatial positioning of template active site regions is vital. If for instance the
template active site allows space for a small amino acid and the replacement in the CYP11B
isoforms is large, the homology model will become strained and may deteriorate during
model refinement. As such, the amino acid spatial arrangements of the template structure
must be comparable to that of the CYP11B amino acids, or they need to be thoroughly
refined. Important spatial arrangements are the abovementioned structural core of the
cytochrome P450 protein fold, but also the substrate recognition sites (SRS), cytochrome
P450 motifs, heme stabilisation and the putative helix | water channel [12,13,16,17].
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2.4.2 Multiple Sequence Alignment

For the creation of a multiple sequence alignment, the amino acid sequences of the
CYP11B family have been taken from Swissprot [39] (human CYP11B1 accession P15538,
human CYP11B2 accession P19099, rat CYP11B1 accession P15393, rat CYP11B2
accession P30099). From here on, the human isoforms will be denoted as hCYP11B1 and
hCYP11B2, whereas the rat isoforms will be denoted as rCYP11B1 and rCYP11B2. The
secondary structures for the proteins have been determined using the secondary structure
program JPred [40]. The JPred program uses several secondary prediction methods to
devise a consensus result for the location of alpha-helices, beta-sheets and random coils for
the protein sequence. The prediction results have been used for an initial alignment of the
secondary structures of the CYP11B isoforms to the secondary structures of cytochrome
P450 enzymes for which a crystal structure is available. These crystal structures have been
extracted from the Brookhaven Protein Databank and contain a unique four character code
(subscript, Table 2—1) [27]. After the initial alignment, the multiple sequence alignment has
been optimised using the MOE-Align sub-routine of the MOE modelling and visualisation
package (Figure 2-5) [41].

CYP11B1 and CYP11B2 portray a high degree of homology possessing a pair wise
sequence identity percentage as high as 94% for human and 83% for rat (highlighted, Table
2-1). This emphasises the difficulty of modelling the difference between the two
isoenzymes, and the challenge of reaching the level of modelling accuracy that is required.
The overall pair wise sequence identity of the CYP11B enzymes with cytochrome P450
enzymes for which a crystal structure has been elucidated is found to be less than 20%.
Although this may seem like a limitation, early homology modelling attempts of cytochrome
P450 structures were carried out for template and target possessing equally low sequence
identities [28,29], and has proved to be successful for the investigation of inhibitor binding in
aromatase models [30,32].

For each of the crystal structures, the active site residues have been investigated and
compared with those of the CYP11B alignment. Taking into account those residues that
contact the ligands in the crystal structures, a sequence identity measure of the protein
active site is obtained (hydrophobic cut-off distance 4.5 A). This method of active site
residue comparison yields sequence identities of up to 32%. The low degree of homology
indicates that none of the reviewed cytochromes clearly resembles the CYP11B isoforms.
Hence, based on the sequence alignment score, no sole template can be selected as a
representative for the CYP11B family. Therefore, the modelling of the CYP11B isoforms has
been performed by creating a hybrid template that possesses important structural features
extracted from multiple crystal structures.
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Figure 2—5 Multiple Sequence Alignment of human and rat CYP11B isoforms to related cytochrome

P450 enzymes of which a three-dimensional structure has been elucidated, as well as their secondary
structure (SECOND) and the template choice (TEMPLA). Substrate Recognition Sites (SRS) are
enclosed in a solid box [12]. Cytochrome P450 motifs (MOT) are indicated with a dashed box [13]. Note
that the sequences horizontally span both pages.
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:SECOND
:CYP101
:CYP102
:CYP107

CYP1108

:CYP119
:CYPNOR
:CYP51
:CYP2B4
:CYP2C5
:CYP2C8
:CYP2CY
:CYP2D6
:CYP3A4
:h11B1
:h11B2
:r1181
:r11B2
:TEMPLA

:SECOND
:CYP101
:CYP102
:CYP107
:CYP108
:CYP119
:CYPNOR
:CYP51

:CYP2B4
:CYP2C5
:CYP2C8
:CYP2CY
:CYP2D6
:CYP3A4
:h11B1

:h11B2

:r1181

:r11B82

:TEMPLA

:SECOND
:CYP101
:CYP102
:CYP107
:CYP108
:CYP119
:CYPNOR
:CYP51

:CYP2B4
:CYP2C5
:CYP2C8
:CYP2CY
:CYP2D6
:CYP3A4
:h11B1

:h11B2

:r1181

:r11B2

:TEMPLA

Important amino acids are labelled with an asterisk (*) and are indicated with a greyed background.
These are: R123 in helix B', E310, the catalytic T318 and the triple-mutant L301P, E302D, A320V in
helix I, and the conserved E459 in helix L. Individually greyed amino acids indicate known point mutants
for CYP11B1 and CYP11B2.
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Table 2—-1 Generic pair wise sequence identity (in percentages) between the human and rat CYP11B
isoforms and the cytochrome P450 enzymes for which a three dimensional structure has been
elucidated.

Chains 101 102 107 108 119 55 51 2B4 2c5 2c8 2c9 206 3A4 h11B1 h11B2 r11B1 r11B2 PDB-CODE
CYP101 - 17.3 30.2 37.7 39. 38. 23. 21. 23. 30. 23. 1. 19. 26.4 24.5 24.5 26.4 2CPP

CYP102 16. - 24.5 28.3 39. 19 29. 26. 34 30. 32 14. 47 26.
cYP107  20. 12. - 28.3 50. 36 21. 19. 21 21. 25 14. 21 20.
CYP108 23. 15 22. - 35. 28 29. 25. 26 28. 25 17. 29 26.
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The bottom triangle indicates the pair wise sequence identity of the whole protein, the top triangle
indicates the pair wise sequence identity of the residues within 5.0 A from the surface of the active site
cavity of CYP101.

Species information: Pseudomonas-Putida 2CPP, Bacillus Megaterium 1BU7, Saccharopolyspora-
Erythreaea 1JIN, Pseudomonas-SP, 1CPT, Archaeon Sulfolobus Solfataricus 1F4U, Fusarium-
Oxysporum 1ROM, Mycobacterium Tuberculosis 1EA1, Oryctolagus Cuniculus 1SUO and 1NR6, Homo
Sapiens, 1PQ2, 10G2, 1WOE and 2F9Q

2.4.3 Template Selection

Because of the low sequence identity, we have chosen to create a hybrid template for
human CYP11B2 using MOE-Homology [41]. Using this method we have supplied the
optimal structural information of multiple template structures and combined them into a
hybrid template. Next, the amino acids of the template structure can be replaced for those of
the cytochrome P450 11B isoforms.

Our criteria for selecting the template structure are (1) similarity in the cytochrome P450
reduction system, (2), high sequence identity of the structural core and confidence in the
precision of the available crystal structures, (3) similarity in ligand characteristics, and (4) the
spatial positioning of active site regions.

In accordance to the first criterion, the CYP11B family members belong to the class |
cytochrome P450 enzymes that obtain electrons from ferredoxin reductases (paragraph
2.2.1) [42]. Therefore, using a bacterial cytochrome for the modelling of mitochondrial P450
enzymes is intuitively appropriate, rather than selecting one of the mammalian hepatic
cytochrome P450 enzymes. In addition, the usage of bacterial proteins has been
successfully applied to other mitochondrial P450 enzymes in the past [36,43].

As discussed above, none of the crystal structures possess a high sequence identity with
the CYP11B isoforms, hence no distinction can be made based on that criterion. Another
important consideration related to the crystal structure amino acid sequences is the
requirement of a high confidence in the binding orientation of the ligand in the active site as
well as the structural integrity of the protein fold. Investigation of the crystal structure of
CYP2D6 (2F9Q) raises doubt on the appropriateness for its use as a template structure. The
crystal structure is resolved at low resolution (3.0 A), at which only few water molecules can
be distinguished and the structure resolution only portrays the relative positioning of amino
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acids in the structure, rather than detailed orientations and rotations of the amino acid side
chains (for a high resolution below 2.0 A). In addition, the crystal structure is resolved in a
tetramer complex where numerous amino acids participate in an extensive interaction
network between the four crystal structure monomers. Therefore, the structure was excluded
from our modelling work. Conversely, the structure of CYP2C9 is highly accurate, however,
it does not provide sufficient information about the molecular basis of regio-selective
substrate hydroxylation. A modelling study on the substrate-binding of CYP2C9 showed that
a conformational change of the active site is required to allow the substrate hydroxylation
sites to contact the heme [44]. Because it is uncertain whether the active site fold around the
CYP2C9 substrate is realistic, the structure was also excluded from our modelling work.

A third criterion for template selection involves the similarity of ligands characteristics. The
natural ligands of the CYP11B family are steroids which possess a hydrophobic core as well
as hydrophilic extremities. Several of the resolved class [I mammalian cytochromes
(CYP2C5, CYP2D6 and CYP3A4) can also convert steroids. In CYP2C5 and CYP2D6,
steroids are oxidised on the B-side of the steroid skeleton at carbon atoms close to C41 and
C1s (Figure 1-3 [45]), and their crystal structures may possess the necessary interaction
features for model construction. CYP3A4, another hepatic cytochrome P450 enzyme, can
also oxidise steroids, but its oxidation sites are on the oa-side of the steroid skeleton or on
the different steroid rings. This implies that the steroids bind with a rotated or reversed
orientation in the active site [46] and since steroids are slightly bent, the active site
conformation of CYP3A4 possesses unfavourable spatial features. The substrates of
bacterial CYP101 (cyclic alkanes) match the hydrophobic core of the steroid structure. In
addition, the interaction of the alkanes in the active site is via a hydrogen bonding
stabilisation on one end of the active site cavity (helix B'). These structural features are
functionally similar to those of the natural ligands of CYP11B that only possess an additional
hydrogen bonding interaction on the opposite region of the active site. The substrates for
CYP2D6 are characterised by a basic nitrogen [47], and for CYP2C9 the substrates are
mostly weakly acidic [48]. These properties are not comparable to those of the
corticosteroids and it is anticipated that the amino acid packing of these active site residues
is unsuitable for the modelling of the CYP11B isoforms. Hence, due to the difference in
ligand properties, the structures of the human hepatic CYP2D6, CYP2C9 and CYP3A4 were
found to be less suitable as template structure.

Lastly, as active site conformations play an important role in substrate binding, the spatial
arrangement of the template structure determines the general architecture of the protein
target. The structural core of CYP101 was found most suitable for the modelling of CYP11B
isoforms because of an important active site feature. When comparing its active site cavity
to that of the mammalian cytochrome P450 enzymes, we found that the steroidal ligands do
not fit into the active site cavity of the mammalian P450s with C11 and C4g oriented to the
heme, unless additional space is introduced near helix K. Because the most important
interactions between protein and ligand take place near the heme, the regions lining the
active site must be modelled with the highest accuracy. From the multiple sequence
alignment with the CYP11B family one can see that beta-sheet 6-1 following helix K
possesses a 1 amino acid insertion in the CYP101 structure and a 1 amino acid deletion in
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the mammalian structures (SRS5, Figure 2-5). Although it is possible to model this site
through a deletion in the mammalian structures, the resulting active site cavity becomes
strained. Since the structure of CYP101 is elongated, modelling a 1 amino acid insertion and
relaxing the fold creates a better spatial definition of this active site region.

Resulting from the various considerations, the crystal structures of cytochrome P450 class |
CYP101 (based on spatial arrangements, ligand characteristics, pdb code 2CPP) and
cytochrome P450 class Il CYP2C5 (based on sequence identity, ligand characteristics, pdb
code 1NR6) have been found representative for the construction of the hybrid model
template. In comparison, the already published modelling attempts on cytochrome P450 11
family members have included mainly the usage of cytochrome P450 class Il enzymes.
These are CYP102 for the CYP11B1 and CYP11B2 modelling by Belkina et al [37] as well
as for CYP11A1 modelling by Usanov et al [33], and CYP2C9 for the CYP11B1 and
CYP11B2 modelling by Ulmschneider et al [38]. By performing hybrid modelling, we
anticipate that we can construct the active site in detail by extracting the optimal parts from
both templates.

2.4.4 Template Construction

Taking into consideration that its reduction system and substrate are similar to that of the
CYP11B family, and that the spatial features of CYP101 are most suitable, CYP101 is found
to possess the best structural core for the modelling of the CYP11B isoforms. The structural
core of the cytochrome P450 enzyme structure is the four-helix bundle composed of helices
D, E, | and L, and the two helices J and K [12,13,14,15]. These regions have been modelled
with the CYP101 structure to maintain the spatial accuracy of the structural basis. The
remaining variant regions of the cytochrome P450 enzyme fold (helices B', F, G, J' and the
meander region) have been modelled with CYP2C5, because several of these regions are
SRS and because CYP2C5 possesses a higher sequence similarity to the CYP11B family in
these regions. As mentioned above, CYP2C5 possesses substrate and active site properties
comparable to the CYP11B family that allows for a proper modelling basis of these regions.
In addition, CYP2C5 possesses slightly better spatial alignment with CYP101 in the
connecting sequences than the other mammalian crystal structures, reducing the structural
flaws for the transition between the two template structures.

The conformations of helix B' and the helices F and G have been emphasised in our
modelling work, because this three-helical complex creates the entrance of the active site
cavity and closes the active site pocket like a lid. The helix B' is predicted to be 3 turns long
in the CYP11B family introducing an apparent insertion of 3 residues compared to helix B' in
other cytochrome P450 structures (SRS1, Figure 2-5). The structure of CYP2C5 has been
used to model this region by extending its helix from 2 turn length to a 3 turn length using an
alpha-helical template extension. The template has been finalised by omitting the first 50 N-
terminal residues corresponding to the membrane binding region of the human cytochrome
11B family, because no complementary sequence is present in the crystal structures of
either CYP101 or CYP2CS5. The final template can be reviewed in the multiple sequence
alignment (lower line, Figure 2-5).
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2.4.5 Additional Modelling Criteria: Point Mutants

Several amino acid point mutants for CYP11B1 and CYP11B2 are known to change the
expression of protein activity or determine the specificity of substrate binding and
conversion. By taking into consideration some of these mutants the accuracy and
confidence in the constructed homology models can be increased. In general, the effects of
the naturally occurring mutants have not been determined in detail. However, by mapping
the CYP11B1 and CYP11B2 amino acid sequences on the template structure we can
determine the location of the mutants and obtain a general impression of their role.
Subsequently, we can derive whether their effect can relate to active site changes or causes
impairment in redox partner interaction.

For CYP11B1, several mutants have been identified in patients that have developed adrenal
hyperplasia type 4, a recessive disease due to a defective synthesis of cortisol. These
mutants are P42S, N133H, T318M, T319M, R374Q and R448H [49,50]. For CYP11B2,
mutants have been reported in patients suffering from corticosterone methyloxidase (CMO)
type 1 or type 2 deficiencies, that cause a decreased synthesis of aldosterone, featuring the
production of 18-hydroxycorticosterone to be low or normal (type 1), or increased (type 2).
The mutant related to CMO-1 is L461P [51] and the mutants related to CMO-2 are R181W,
T1851, E198D, V386A, T498A [52,53,54,55]. The sequential location of these mutants can
be found annotated with an asterisk in Figure 2-5.

After fitting these mutants to the model template and investigating their location, we have
found that most of the mutants are located on the protein surface and are likely involved in
cytochrome P450-redox partner interactions, such as the mutants in helices D, E, Kand L. A
decreased or changed interaction between the protein-protein interaction may lead to a
mismatch in the electron transfer chain and a decreased capacity for substrate conversion
[56]. The two mutants for CYP11B1 (T318M, T319M) occur in a substrate recognition site,
namely the catalytic centre of helix | (SRS4). Effects on decreased or changed protein action
are expected but have not been assessed as it is out of the scope of this thesis. In analogy
with mutants for other cytochrome P450 enzymes, their effect will be related to the
uncoupling of the cytochrome P450 iron-oxygen species due to loss of substrate- or iron-
oxygen-stabilisation [57,58,59,60].

In addition to the naturally occurring mutants, Bernhardt et al have conducted point mutation
experiments on CYP11B1 and CYP11B2 changing the catalytic activity of the enzymes
[61,62]. One particular experimental result showed that mutation of three residues outside
the active site (L301P, E302D, A320V, helix 1) is sufficient to convert the catalytic activity of
CYP11B2 into that of CYP11B1. This experimental result has been used by Belkina and
Ulmschneider to rationalise their models [37,38] and will also be used to rationalise the
CYP11B1 and CYP11B2 differences of our models. This CYP11B2 triple mutant has led us
to devise a hypothesis to explain the regio-selective hydroxylation of steroids by CYP11B1
and CYP11B2 (next paragraph), which is to be tested by homology modelling.
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2.5 Hypothesis: Steric Aspects Play an Important Role in Substrate
Conversion

After mapping of the CYP11B1 and CYP11B2 amino acid sequences on the model
template, the triple-mutant introduced by Bernhardt et al [62] is found in close proximity of
the substrate active site, yet does not directly contact the substrate. Instead, their effect
must be indirectly mediated by amino acids lining the active site. This has led us to postulate
that remote steric aspects can play an important role in substrate binding and substrate
conversion [63]. Extending this hypothesis, we postulate that the difference in substrate
conversion induced by the triple mutant is caused by a difference in the relative positioning
of the substrate above the heme in the active site. It may indicate that there is a relation
between substrate selectivity and the substrate hydroxylation distance, the distance
between the heme iron and the substrate carbon, in the sense that the binding mode of the
natural substrate dictates which carbon atom is oxidised first, with conversion taking place
on the carbon atom which is in closest proximity to the iron-oxygen complex [63].

Helix |

Helix |

Figure 2-6 Schematic representation of the putative origin of substrate selectivity within (A) hCYP11B1,
(B) hCYP11B2 and rCYP11B2, (C) rCYP11B1 and (D) hCYP11B2-TM. Minor steric differences in amino
acids lining the active site can play an important role in the positioning of the substrate above the iron
atom, resulting in a different substrate regio-specificity of the enzymes.
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Using our hypothesis, an initial explanation for the substrate regio-selectivity of the
cytochrome 11B isoforms (both human and rat) can be derived. For hCYP11B1, the
hypothesis implies that C11 and C1g are to be in close proximity to the catalytic iron atom,
with C11 in closest proximity to the iron atom (Figure 2—6a). rCYP11B1 possesses a similar
binding mode, yet is expected to also present Cig to the iron atom in a position allowing
oxidation (Figure 2—6c¢). Explaining the preference for Cig-hydroxylation, hCYP11B2 and
rCYP11B2 would bind with C4g in @ much closer proximity to the iron than expected for
hCYP11B1 and rCYP11B1 (Figure 2—6b).

Extending this to the effects of the triple-mutant in helix |, the general interactions of the
substrate in the active site of the different isoforms is schematically displayed in Figure 2—
6d. The main putative stabilisation of the substrate in the active site cavity involves the
hydrogen bonding interaction of its Cs-carbonyl group with R123 in helix B'. The valine
residue in helix | resides in a hydrophobic pocket and the leucine residue on the right-hand-
side connects the steroidal hydroxyacetyl side chain in the pocket. A change of residue size
in these positions would allow the substrate to shift spatially in the pocket. The two mutants
at the beginning of helix | stabilise the spatial arrangement of helix B' in the active site. If in
case of rCYP11B2 and hCYP11B2 the mutants can interact more strongly with helix B', it
can be pulled further to the left-hand-side of the active site, and since the substrate is
strongly bound to R123 inside the helix, it will move as well.

2.6 Construction of CYP11B Models

To test the hypothesis, a homology model has been constructed for each of the human and
rat CYP11B isoforms based on the CYP101/CYP2C5 template structure. The initial model
that has been constructed is hCYP11B2. Subsequently, models for hCYP11B1, rCYP11B1,
and rCYP11B2 have been derived by amino acid replacement in the model of hCYP11B2,
followed by a structural relaxation of the protein architecture using MOE [41]. In addition, we
have investigated an hCYP11B2-triple mutant model (hCYP11B2-TM) by amino acid
replacement in the model of hCYP11B2, to investigate the influence of the L301P, E302D,
A320V triple-mutant. The three dimensional architecture of this structure should be similar to
the active site of hCYP11B1.

The hCYP11B2 model has been constructed using MOE-Homology [41], followed by manual
adjustments of amino acid side chains to compensate for large steric hindrances.
Subsequently, the model has been refined by energy minimisation using a MOE succession
method of steepest descent (for a quick minimum search), followed by conjugate gradient
and truncated Newton (for a refined minimum optimisation) until the minimisation method
had reached an RMS gradient of 0.1 kcal/(mol A). This model refinement is an important
step to reduce amino acid clashes and relax the overall protein structure. The minimisation
has been performed using the Charmm22 force field [64] which is one of the best force fields
optimised for modelling protein structures. In addition, all backbone atoms have been
tethered with a force constant of 100 kcal/(mol A?) to prevent large movements and
unfolding of loop regions.
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The four steroids 11-deoxycorticosterone (DOC), 18-hydroxy-11-deoxycorticosterone
(180H-DOC) corticosterone (B), and 18-hydroxycorticosterone (180H-B) have been fit in
the active sites of all CYP11B models matching all three CYP11B hydroxylation sites (C11,
C18, C19) to the oxygen atom occupying the 6th ligating position of the heme iron. First the
steroids have been docked into the active site using automated docking with GOLD v3.2 [65]
(paragraph 4.6.1 ) to get an impression of the relative positioning of the C11, C18 and C19
above the heme. Next, docking of alternate orientations of the steroids has been
investigated to test which ligand binding mode is optimal. A distance of 2.5 A has been
chosen as a starting distance between the oxygen and carbon atoms, which is a near-
optimal distance for hydrogen atom abstraction during hydroxylation [66]. A threshold of 5.0
A has been estimated to be the representative maximal distance for hydroxylation [66].
Subsequently, the models have been equilibrated with MOE without tethering the backbone
atoms, allowing the model active sites to diverge.

2.7 Results and Discussion

The hCYP11B2 model constructed from the template based on CYP101 and CYP2C5 can
be seen in Figure 2-5. The MOE optimisation and minimisation protocol carried out on the
model has optimised the flexible loop regions on the outside of the protein, especially the
regions following alpha helices D and G that carry amino acid insertions. In addition, we
have carefully optimised helix B', which was extended by one helix turn during template
construction.

Figure 2-7 Crystal structures for a) CYP101 and b) CYP2C5. c) hCYP11B2 model after template
refinement and model optimisation. The dark coloured helices B, F, F', G and G' and the J-loop
are modelled based on CYP2C5.
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2.7.1 Model quality assessment

The quality of homology models is of great importance for the application in drug design.
The accuracy of the model has a direct connection to the elucidation of structure-function
relationships. Therefore, to obtain confidence in the constructed models, several quality
assessment tools have been used to check their validity.

One of the theorems commonly applied to the quality assessment of a homology model is
the Ramachandran Plot. This plot is an indicative measure for the correctness of the residue
torsion angles. The plot graphically displays torsion angle ¢ (Cn,-1—Nn—C,n—Cn) versus
torsion angle y (N,—C,,~—Cr—Nn+1) for each residue of the protein (with n as the amino acid
numbering). The alpha-helical character of a protein backbone is located roughly in the
region where —60° < ¢ <-30° and —120° < y < -30°, and the beta-sheet character is located
roughly in the region where —180° < @ < —60° and 90° < y < 180° [67]. In Table 2-2, the
results of the Ramachandran Plot are summarised for the CYP11B models after they have
been equilibrated with the ligand 18-hydroxycorticosterone.

For both hCYP11B1 and hCYP11B2 around 95% of the residues are positioned in the
favoured and core regions of the Ramachandran Plot. The distribution of amino acids in the
Ramachandran plot for crystal structures is generally similar, indicating that our hybrid
models are of comparable quality. Due to the high quantity of alpha-helices and beta-sheets,
the majority of residues are positioned in the expected regions. The residues which are
situated in disallowed and unfavoured regions of the plot are located in loop regions outside
the active site. In total, 9 residues in the hCYP11B1 model are situated in the disallowed
regions and 15 residues in the unfavoured regions. For the hCYP11B2 model, 10 residues
are situated in disallowed regions and 14 residues in the unfavoured regions. The causes for
these disparities are several insertions or deletions introduced in the models for which the
structural minimisation was not sufficiently adequate to correct the backbone dihedrals. In
particular, these regions are a relatively large insertion between alpha-helix D and beta-
sheet 3-1, and an insertion between helix G and H.

Table 2-2 Validation results for the homology models of CYP11B1 and CYP11B2, part I.

Structure Ramachandran Ramachandran Errat Score
Distribution Distribution (quality factor)
(Core Regions) (favourable regions) (%)
(%) (%)
Template (PDB, resolution)
CYP101 (2CPP, 1.63A) 92.1 100.0 96.0
CYP2C5 (1NR6, 2.10A) 87.8 99.2 93.6
Models
hCYP11B1 78.8 94.7 84.1
hCYP11B2 78.7 94.7 87.5
hCYP11B2-TripMut 80.6 96.5 81.1
rCYP11B1 79.7 96.5 80.2
rCYP11B2 82.4 96.5 80.1

Errat outliers are positioned in the loop regions before helix F where the two template structures are
connected, and at the end of helix D, where a large insertion was introduced.
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Additionally, the amino acid environment of the models was evaluated with Errat [68] and
Verify3D [69]. Errat determines the non-bonded interactions for each amino acid and
compares the results to statistical data derived from 96 reliable protein structures from the
Brookhaven Protein Databank. A reliability score is assigned to each amino acid, and the
results are smoothed using a 9 amino acid sliding window. As a result, the Errat score for
the first and last amino acids in the sequence has no meaning. The default Errat score uses
a confidence rejection limit of 95% and 99% to determine which protein regions possess
unfavourable packing (Figure 2—8). Errat also determines an overall quality factor, for which
a score above 95% is expected for crystal structures resolved at a resolution of 2.5 A (Table
2-2). By using Errat, the reliability of the CYP11B model folding and packing can be
investigated and compared to the template structures to determine structural disparities.
Verify3D determines the environment for each amino acid and calculates the probability to
encounter the amino acid in the environment based on statistical data derived from 16
reliable protein structures (and several related protein structures) from the Brookhaven
Protein Databank. A score is assigned for each amino acid and the results are smoothed
using a 21 amino acid sliding window. A Verify3D total score is supplied to determine the
overall matching, however, the individual scoring portrays the outliers.
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Figure 2—8 Errat results for the template structures of CYP2C5 (1NR6) and CYP101 (2CPP) as well as
for the CYP11B2 model. Crossing of the rejection limit for the CYP11B2 model are observed for the
region between helices D and E, as well as at the start of helix F. Other high values coincide with those
observed for either CYP2C5 or CYP101.
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By comparing the results to the data gathered from the Ramachandran plot, it can be seen
that the models all score equally well but are less accurate than the template structures
(Table 2-2). Using the Errat score per amino acid, the structural deviations have been
located in the loop regions at the end of helix E where the two template structures connect
and at the end of helix D where a large insertion was introduced (Figure 2—8). Outliers in
helices F and G of CYP2C5 are expected since these helices interact with the membrane
and several point mutants have been introduced to make this region soluble. Because
CYP2C5 has been used as a template, the CYP11B models also possess structural
deviations, however, they are found to be less severe.

Investigation of the amino acid environment with Verify3D resulted in similar conclusions as
found with Errat and the Ramachandran data. The low scoring of Verify3D can be attributed
to a bad folding of the regions around the helices D and F, and additional potential errors
were located at the end of helix G, where again the two templates have been connected to
each other (Figure 2-9). The low Verify3D score at the beginning of helix L is caused by the
linking of the heme group, which is not included in the Verify3D scoring function.

Finally, the stereochemistry and the amino acid conformation of the models was analysed
with MOE [70]. From Table 2-3 it can be concluded that the amino acid conformation of the
backbone (omega, phi and psi characteristics), the side chains (chirality and alkyl-gauche
characteristics) are comparable to the general conformation as found in crystal structures
(reference values). No flaws were detected by these measurements for the conformation of
the amino acids in the protein models, indicating that the overall conformation of the protein
is of good quality.

The occurrence of Ramachandran errors and problems with modelling external loop regions
seems an inevitable circumstance in homology modelling [71,72] and will probably not pose
a problem for modelling protein-ligand interactions, since these regions do not interact with
the active site. It is also anticipated that connecting several template structures to another
introduces structural flaws at those amino acids. During the modelling, the connection of the
template regions has been performed in regions far from the active site centre, as to not
introduce structural flaws in the protein active site. All the above-mentioned errors are
expected to be alleviated during further investigation of protein-ligand interactions using
molecular dynamics simulations, and the current models have been selected as appropriate
starting points for further analyses.
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Figure 2-9 Verify3D results for the template structures of CYP2C5 (1NR6) and CYP101 (2CPP) as well
as for the different CYP11B models. Unreliability for the CYP11B models is observed in the regions
between helix D and E, the start of helix F and at the end of helix G.



Homology Modelling 35

Table 2-3 Validation results for the homology models of CYP11B1 and CYP11B2, part II.

MOE-protein report CYP101 CYP2C5 hCYP11B1 hCYP11B2 Reference
(2CPP) (1NR6) (model) (model) Values
mean s.d. mean s.d. mean s.d. mean s.d. mean s.d.
Trans-Omega dihedral 176.6 2.7 178.9 0.9 172.0 7.7 172.0 7.7 180.0 5.8
Helix Phi -65.2 11.9 -67.4 15.5 -60.7 19.7 -61.1 19.8 -65.3 11.9
Helix Psi -41.2 16.5 -37.6 17.9 -42.5 251 -41.9 25.2 -394 11.3
Proline Phi -65.8 11.3 -61.9 9.5 -65.3 19.6 -67.6 20.5 -65.4 11.2
Ca chirality 32.8 3.6 34.3 1.7 30.8 11.1 30.8 10.8 33.8 4.2
Chi1-gauche minus -63.0 17.4 -63.3 14.8 -62.3 21.7 -62.6 221 -66.7 15.0
Chi1-gauche plus 55.4 20.7 56.3 16.4 51.5 26.7 53.0 28.3 64.1 15.7
Chi1-trans 185.3 13.3 184.2 12.9 186.6 21.9 186.8 20.3 183.6 16.8
Dihedral outliers 0 4 15 17
Bond Angle outliers 0 0 3
Bond Length outliers 0 0 0 1

Results were generated with the MOE module: Protein Eval. The thresholds were chosen as 5 for the Z-
score and 70 for van der Waals contacts. Reference values were published in a statistical survey of the
high-resolution data in the Protein Data Bank [70]

K-helix

I-helix

D A0
Figure 2-10 Active site difference between the hCYP11B1 (red) and hCYP11B2 (pink) models.

Indicated are P322 and V378 for hCYP11B1 and hCYP11B2, as well as the corresponding amino acid
residues of CYP2C5 (blue), T302 and L358 respectively. As is clear from the picture, the connection
between helix | and the loop following helix K is much closer for the hCYP11B models.
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2.7.2 CYP11B1 and CYP11B2 model active site differences

There are two striking differences between the active sites of the CYP11B1 and CYP11B2
models. Firstly, if both species are compared, the active site cavity near beta-sheet 6-1 is
smaller in both CYP11B2 models compared to the CYP11B1 models. The rCYP11B1 active
site near this region is the largest. The cavity that creates the differences between the
CYP11B models is formed by the loop region between helix K and beta-sheet 6-1 (Figure 2—
10, Figure 2—11). Comparing this cavity in both the hCYP11B1 and hCYP11B2 models, we
find that in hCYP11B1 this cavity has a 9-14% larger volume, dependent on amino acid
flexibility as well as the probe radius chosen for calculation of the volume (differing from 1.0
to 1.5 A). This difference in size is caused by the folding of L407 which induces a 1.0 A
outward shift of the loop region. A comparison of the models with the crystal structures of
the CYP2 family reveals that the loop region in the CYP11B models is in closer proximity to
helix | (by 1.5 A). This contact is defined by two amino acids having relatively smaller side
chains (P322 and V378 in CYP11B) than observed in the CYP2C family (generally threonine
or valine and leucine or isoleucine, T302 and L358 in CYP2C5, Figure 2—-10). Changes in
helix | such as the A320V between hCYP11B1 and hCYP11B2 are likely to have a direct
influence on the folding of this region.

Secondly, helix B' is shifted outward by 1.1 A in both CYP11B2 models (the backbone
RMSD of helix B' of hCYP11B1 and hCYP11B2 is 2.13 A). The change in spatial positioning
of this helix is probably caused by L301P and E302D in helix I, but because this region is on
the surface of the protein, the exact cause is less clear. In the hCYP11B2 model, E302
contacts helix B' at K127, which forms the counter charge for the C-terminal end of this helix.
Hasemann et al have posed that movement of helices B', F and G is involved in the opening
of the active site cavity [16]. In conclusion, changing the stabilising environment of helix B'
has a likely effect on the structural stability of the helix and may result in a loss of activity.

2.7.3 Protein - Substrate interactions

After quality assessment of the constructed protein models encompassing the various
ligands, and investigation of the protein model differences, the different steroid binding
modes have been investigated for each of the models. All docking results from GOLD
favoured the B-side of the steroid oriented to the heme with the Cs-carbonyl group pointing
towards helix B' (Figure 2—11). For details on the docking settings and docking results, see
paragraphs 4.4 and 4.6.1 . Visual inspection revealed that in case of reverse orientation of
the steroid, unfavourable clashes would occur for the Cs-carbonyl group in the opposite side
of the pocket.

All ligands showed two very distinct interactions in the modelled active site cavities. Firstly,
the ligands possess a steric fit for the Cyo-carbonyl group and the Cy¢-hydroxyl group in a
small cavity created between helix K and beta-sheet 6-1 (Figure 2—11). Inside this cavity, the
Co1-hydroxyl group possesses two hydrogen bonding interactions with the protein
backbones of G379 and F381. The presence of these amino acids in the active site cavity
coincides with the models of Belkina et al., but for those models, no interactions between
protein and ligand were discussed [37].
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Secondly, the ligands possess an interaction between the Cs-carbonyl group and active site
residue R123 in helix B'. R123 is stabilised by E310 in helix |, which has further stabilising
interactions with the protein backbone (Figure 2—11). E310 coincides with an aspartic acid in
the CYP2 family which from visual inspection of the crystal structures of CYP2C5 (1NRG6)
and CYP2C9 (10G5) seems to play a specific stabilising role for helix B'. Therefore, it is
expected that E310 has the same stabilising role. The difference in chain length between an
aspartic acid and a glutamic acid also determines the flexibility of helix B'. It can move 1.5 A
further out of the active site cavity in all CYP11B models, which creates more room and
allows the steroid to fit parallel to the heme. The ligands also possess many hydrophobic
interactions in this region, particularly with F130 (Figure 2—11). Due to the close interactions
with the A and B rings of the steroid skeleton, this amino acid might play an important role in
substrate stabilisation. The presence of F130 in our models coincides with the models of
Ulmschneider et al. [38] where it is seemingly involved in ring stacking with their inhibitors.
After docking the steroids into the active site, the protein—ligand complexes were subjected
to minimisation with the Charmm?22 force field. After minimisation, the distance between the
heme iron atom and the different substrate hydroxylation sites (C41, C41g and Ci9) was
measured (Table 2—4).
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B-sheet 6-1

B'-helix
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Figure 2—11 Hypothetical binding of 18-hydroxycorticosterone (180H-B) inside the active site of
CYP11B2 for the synthesis of aldosterone. The heme prosthetic group contains a bound oxygen atom
needed for catalytic function. The CYP11B2 model features R123 in helix B' that is stabilised by E310 in
helix I. 180H-B is stabilised by several hydrogen bonds in the active site: one internal hydrogen bond
between the Cig-hydroxyl group and the Cyp-carbonyl group, two hydrogen bonds between the Cyi-
hydroxyl group and the backbone carbonyl groups of G379 and F381, and finally a hydrogen bond
between the Cs-carbonyl and R123.
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Table 2—4 Hydroxylation distance table (iron atom-carbon atom) after minimisation with MOE (distances
are in Angstrom)

Ligand hCYP11B1 hCYP11B2-TripMut hCYP11B2 rCYP11B1 rCYP11B2
C11 C18 C19 C11 C18 C19 C11 C18 C19 C11 C18 C19 C11 C18 C19

DOC 4.30 4.56 5.48 4.37 4.65 5.32 4.72 4.30 5.61 4.30 4.75 4.83 4.70 4.24 5.54
180H-DOC 431460 519b 431 451 521b 433 430542a 430468517b 4.32431539a

B 5.43 4.39 5.28 5.37 4.40 5.22 5.39 4.06 5.46 5.33 4.49 4.94 5.28 4.21 5.20
180H-B 5.38 462 526d 542 464 529c 4.864.21550a 547 4.62528d 529435529a

The ligands: DOC (11-deoxycorticosterone), B (corticosterone), 180H-DOC (18-hydroxycorticosterone)
and 180H-B (18-hydroxycorticosterone).

a) Ligand C18-hydroxyl group forms a hydrogen bond with the C20-ketone group of the ligand

b) Ligand C18-hydroxyl group forms a hydrogen bond with the iron-oxygen active species of the protein
c) Ligand C18-hydroxyl group forms a hydrogen bond with the C11-hydroxyl group of the ligand

d) Ligand C11-hydroxyl group forms a hydrogen bond with the C18-hydroxyl group of the ligand

2.7.3.1 DOC

For DOC, hCYP11B1 and rCYP11B1 preferentially catalyse Ci4-hydroxylation, whereas
hCYP11B2 and rCYP11B2 preferentially catalyse Cis-hydroxylation. For both CYP11B2
models, the shifted alpha-helix B' causes DOC to present its C1g closest to the iron as it is
repositioned by the strong interaction of the Cs-carbonyl group with R123 in alpha-helix B'.
Additionally, the larger active site of rCYP11B1 around beta-sheet 6-1 allows DOC to fit
further into the niche presenting C19 into hydroxylation range (distance less than 5.0 A,
Table 2-4).

One argument against a preferred Cqg-hydroxylation of DOC by CYP11B2 is that in vitro
measurements indicate higher levels of the C11-hydroxylated product B [73,74]. Therefore, it
is questionable what the true regio-selectivity of CYP11B2 really is, and whether it is in fact
a C11,Cqg-hydroxylase. However, in the in vitro cells, both Ci1- and Cis-hydroxylated
products of DOC can be promptly consumed as a substrate for the production of 180H-B
and subsequently aldosterone [73,74]. This apparent discrepancy between observed and
predicted regio-selectivity of DOC hydroxylation by CYP11B2 may possibly indicate that
other factors than hydroxylation distances are involved in the formation of the actual
products, such as active site influences and charge distributions.

2.7.3.2 180H-DOC

For 180H-DOC, the Cqg-hydroxyl group forms a hydrogen bond with the iron—oxygen limiting
hydroxylation to C41 which is in closest proximity to the iron. In the CYP11B2 models both
C11-and C+g are in approximately equal distance to the iron and an internal hydrogen bond is
formed by the substrate between the Cig-hydroxyl group and the Cy-carbonyl group.
Although both C11- and Cis- hydroxylation are shown to be possible in such a complex,
oxidation on the unsubstituted Ci is likely to form a more stable reaction intermediate, since
the C1s 1s-dihydroxylated product has not been determined in in vitro experiments [73,74].
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2.7.3.3 B and 180H-B

In all models, the two Cq1-hydroxylated ligands B and 180H-B only portray C+s in close
proximity to the iron, as the C44-hydroxyl group blocks access of C11 to the heme iron. The
positioning of the Cis-hydroxyl group of 180H-B in the active site cavity appears to
determine conversion into aldosterone. In both CYP11B2 models, the natural substrate is
shifted above the heme, which creates a slightly larger active site cavity near beta-sheet 6-1
for the C4s- hydroxyl group to rotate in. This difference in size allows an internal hydrogen
bond between the C1g-hydroxyl group and the Cyo-carbonyl group for both 180H-DOC and
180H-B. In rCYP11B1 and hCYP11B1, the C1g-hydroxyl group forms a hydrogen bond with
the heme oxygen atom which blocks C1s for hydroxylation. Interestingly, in the hCYP11B2-
TripMut, the Cqg-hydroxyl group forms an internal hydrogen bond with the Ci4-hydroxyl
group, and thereby also blocks the C4g for hydroxylation.

2.7.4 Triple-Mutant Influence

Introducing the triple mutant investigated by Bernhardt et al. [62] by means of the
hCYP11B2-TripMut model showed that the hydroxylation distance pattern of the substrates
shifts as expected from hCYP11B2 to that of hCYP11B1 (Table 2—4). Both hCYP11B1 and
hCYP11B2-TM display similar active site cavities near beta-sheet 6-1 (backbone RMSD
1.43 A) with only slight deviations in the hydroxylation distances for the ligands. This
confirms the behaviour of the triple mutant in enzymatic activity found by the study of
Bernhardt et al.

To speculate further, Bernhardt et al have shown that the A320V mutant alone or the
L301P/E302D mutant alone, is not enough to significantly change aldosterone synthesis
[62]. Only mutation in both regions results in an almost complete loss of the aldosterone
synthesis capabilities of hCYP11B2. It is likely that the subtle changes on both sides of the
active site go hand-in-hand to (nearly) completely convert the activity of hCYP11B2 into that
of hCYP11B1.

2.7.5 Proposed Synthesis Mechanism of Aldosterone

Comparing the hydroxylation distances and the internal hydrogen bonds observed for the
protein-substrate interactions, a generic consensus can be derived for the conversion of
180H-B. In the rCYP11B1, hCYP11B1 and hCYP11B2-TripMut models, the C1g has been
blocked from further oxidation due to hydrogen bonds formed between the Cis-hydroxyl
group and an acceptor moiety in the catalytic centre of the proteins. However, for the
rCYP11B2 and hCYP11B2 models, an internal hydrogen bond between this Cis-hydroxyl
group and the Cyo-carbonyl group presents another hydrogen atom to the iron-oxygen
species, ready for hydrogen abstraction.

Therefore, we propose that the immediate folding of the active site around the substrate C1s-
hydroxyl group provides the key difference between the two isoforms leading to the
production of aldosterone by only CYP11B2 and not CYP11B1. The formation of a stable
internal hydrogen bond for the Cs-hydroxyl group of the ligand may be essential to stabilise
its Cs for further oxidation. Subsequently, a second oxygen atom can be inserted between
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Cis and one of its hydrogen atoms, forming a Cig-gem-diol intermediate which forms
aldosterone by elimination of water.

The possible formation of a Cig-gem-diol has been proposed before, yet the exact
mechanism of oxidation is still unknown [63,75,76]. This proposed method of substrate
stabilisation may explain the regio-selectivity of the two CYP11B isoforms and can be
attributed to the subtle changes observed on two sides of the active site cavity; the cavity
near helix K and the positioning of helix B'.

2.8 Conclusions

We have constructed homology models of the two isoforms of the human CYP11B family, as
well as promising models for the rat isoforms. Several amino acid residues and active site
regions have been identified to play a role in the stabilisation of the active site pocket. On
one side the active site is enclosed by helix B' that is stabilised on the inside by E310 in helix
I and on the outside by P310 and D302 in hCYP11B1, and L310 and E302 in hCYP11B2.
The difference in the residues on the outside of helix B' allows it to slightly shift inward or
outward and determines part of the difference between the active site cavity of hCYP11B1
and hCYP11B2. The other side of the active site is enclosed by a loop region following helix
K. This helix is interacting tightly with helix | through a hydrophobic amino acid complex
involving V378 in the loop structure and P322 in helix I. The main difference between
hCYP11B1 and hCYP11B2 in the amino acids lining this region is V320 in hCYP11B1 and
A320 in hCYP11B2.

The most important interactions for the natural substrates in the active site cavity connect to
both of these active site enclosing regions. The substrates are stabilised by a hydrogen
bonding interaction between the substrate Cs-carbonyl group with R123 in helix B', a
hydrogen bonding interactions of the C»1-hydroxyl with the backbone residues of E379 and
F381 in the loop region following helix K, and the presence of F130 in helix B'.

Since changes in the amino acids directly lining both sides of the active site cavity are able
to change the oxidation preference of the enzymes [62], we have investigated this by
substrate minimisation study in the active site. To accomplish this, we have defined the
substrate specificity as the differences in hydroxylation distances between the active site
and the C44, C4g and Cyg of the steroid skeleton. Since both hCYP11B1 and hCYP11B2
possess similar active sites, the steric fit of the different steroidal ligands seems to be one of
the strongest determinants for the substrate specificity.

From our calculations, we have found that within the active site of the hCYP11B2 model, the
endogenous ligand 18-hydroxycorticosterone forms a stabilising internal hydrogen bond.
This is not observed for the hCYP11B1 model, or the hCYP11B2-TripMut model that
possesses hCYP11B1 activity. The absence of the stabilisation of the C1s-hydroxyl group in
the hCYP11B1 model might rationalise why 18-hydroxycorticosterone is solely a substrate
for CYP11B2 to yield aldosterone.
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Chapter 3 Molecular Dynamics

In the previous chapter, we have discussed the construction of homology models for the
CYP11B isoforms. Analysis of protein-substrate interactions yielded an explanation for the
regio-specific hydroxylation of steroids and a hypothesis for the active site requirements for
aldosterone synthesis by CYP11B2. This promising result has given us enough confidence
in the models for the design of CYP11B2 inhibitors. However, the evaluation of protein-
ligand interactions using a static protein model does not always imply that the best
interaction of a ligand in the active site is taken into account. The conformation of amino
acids in the active site or just outside the active site may have a large influence on the
binding of a ligand. Here, we employ molecular dynamics simulations to sample multiple
conformations of the protein active site to determine whether the constructed models
possess sufficient structural integrity, i.e., whether the regions outside the active site are
modelled accurately. In addition, the ligand binding characteristics of four known CYP11B
inhibitors are detailed (R-fadrazole, S-fadrazole, R-etomidate and metyrapone). The reason
for choosing these inhibitors is explained in paragraph 3.3 .

Part of this chapter is described in:

L. Roumen, M.P.A. Sanders, K. Pieterse, P.A.J. Hilbers, R. Plate, E. Custers, M. de Gooyer, J.F.M. Smits, |. Beugels,
J. Emmen, H.C.J. Ottenheijm, D. Leysen, J.J.R. Hermans, "Construction of 3D models of the CYP11B family as a
tool to predict ligand binding characteristics", J Comput-Aided Mol Des, 2007, 21, 8, 455-471
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3.1 Molecular Dynamics

Molecular dynamics is the science of simulating the motions of a system of particles. It
provides insight on the fluctuation behaviour of the particle positions. The molecular
dynamics method was first introduced by Alder to study the interactions of hard spheres
[1,2]. Later, the first molecular dynamics simulations on proteins have been performed by
McCammon et al on the dynamic behaviour of bovine pancreatic trypsin inhibitor (BPTI) [3].
Nowadays, the application of molecular dynamics simulations addresses the behaviour of
solvated proteins, protein folding, assessment of protein-ligand interactions, and even X-ray
crystallography and NMR structure determination. Furthermore, novel modelling methods
have emerged, involving combinations with either Monte Carlo or quantum mechanics
calculations.

3.2 Force fields

Molecular dynamics simulations require a definition of a potential function that describes
how particles interact. This potential function is usually referred to as the force field of the
system. The force field is a combination of the functional form and the corresponding
parameter sets that are used during the simulation to describe the potential energy of the
system. Force fields include a standard set of parameters describing the bonded and non-
bonded interactions of the model system. The bonded terms of the potential function are
defined by a combination of a bond potential, an angle potential and a torsional potential.
Additionally, the torsional contributions can be grouped into proper dihedrals (such as the
description for the cis, trans and gauche conformations of alkyl chains), and improper
dihedrals to enforce planarity of conjugated systems and aromatic rings. Many non-bonded
interactions between particles can be described in the force field. However, for the
investigation of protein structures, force fields are commonly limited to electrostatic
contributions (Coulomb's Law) and van der Waals contributions (Lennard Jones potential).
As a result, several types of non-bonded interactions between atoms or structures are
simplified. Important interactions such as hydrogen bonds can be modelled using an
additional explicit potential function, but are commonly modelled implicitly using the
electrostatics contributions. Similarly, the stacking of aromatic ring systems is implicit to the
electrostatic and van der Waals contributions. Another limitation of force fields is that atomic
charges do not fluctuate during molecular dynamics. Hence, atoms cannot polarise their
charge as a result of an (un)favourable atom environment. Furthermore, the bonding
character of atoms is included in the molecule definition and bonds are not allowed to be
broken or formed. Because of these limitations, molecular dynamics simulations are less
suitable to apply in the study of chemical reactions.

Using molecular dynamics in this thesis implies the proper force field choice for the protein
simulations. Several force field have been empirically derived for the modelling protein
structures such as AMBER [4], CHARMM [5], OPLS [6], MMFF94 [7] and GROMOS [8]. A
typical parameter set includes the values for the mass and van der Waals radius of the
individual atoms. Additionally, equilibrium values are included for the bond length, angles
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and torsion angles with a spring constant corresponding to the different potentials (bond,
angle or torsional). The parameter set contains multiple entries for each element, since they
behave differently when they are for instance sp2 or sp3 hybridised. Next to the parameter
set, a topology set is used comprising the definition of atomic assemblies such as
molecules, individual amino acids, ions and water. In the topology set, each atom in the
molecular assembly is defined by an atom type (corresponding to the expected elements
behaviour), atomic partial charge and atom connectivity (bonds, angles and torsion angles).
Often topology sets comprise so-called internal coordinates that are used to reconstruct the
atomic coordinates of atoms, for which no coordinates have been provided by the user.

3.3 Molecular Dynamics of hCYP11B1 and hCYP11B2

In this thesis, molecular dynamics simulations have been performed to gain insight into the
stability of the protein model packing, the dynamic behaviour of the protein models and to
evaluate protein-ligand interactions. To investigate the stability of the protein model packing,
we have performed a molecular dynamics simulation using 18-hydroxycorticosterone. For
the validation of the constructed models of hCYP11B1 and hCYP11B2, we have attempted
to correlate the in vitro activity of four known inhibitors to in silico data. The inhibitors that
have been chosen for this study are metyrapone [9], R-etomidate [10], R-fadrazole and S-
fadrazole [11] (Figure 3-1). These inhibitors were chosen for the following reasons.
Metyrapone is a known inhibitor of CYP11B1 and is clinically used in the diagnosis of
Cushing Syndrome [9,12]. R-etomidate is clinically used as anaesthetic, but it is known to be
a highly potent suppressor of the CYP11B family [10,13]. Racemic fadrazole was designed
for the selective inhibition of aromatase (CYP19), a cytochrome P450 enzyme closely
related to the CYP11B family as it oxidises steroids on Cq9. Next to aromatase inhibition,
racemic fadrazole also shows considerable inhibition of members of the CYP11B family

[11,14].
N |
N N
[ ) [ D
N N

metyrapone R-etomidate R-fadrazole S-fadrazole
Figure 3—1 Chemical structure of the four known inhibitors. The aromatic nitrogen atoms interacting with
the heme iron are indicated bold.
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3.4 Molecular Dynamics Settings

Molecular dynamics simulations were performed to investigate the stability of the enzyme
models of hCYP11B1 and hCYP11B2. The molecular dynamics package used in these
simulations is NAMD [15] in combination with the CHARMM force field that has been best
parameterised for TIP3P explicit solvent simulations [16] (TIP3P being the current standard
model system for modelling water). The simulation settings include the usage of periodic
boundary conditions. The interaction between individual atoms is calculated using the
standard CHARMM cut-off of 13.0 A. A simulation box needs to be defined that is large
enough to prevent interaction of atoms on opposite sides of the protein structure. The
maximum width of the hCYP11B1 and hCYP11B2 protein models is 65.4 A and 64.2 A,
respectively. Hence, the protein models of hCYP11B1 and hCYP11B2 were solvated in an
80 A x 80 A x 80 A equilibrated TIP3P water box, by placing the largest width in on the
diagonal of the water box. Subsequently, excess water was removed using a cut-off value of
2.5 A to prevent water from overlapping the van der Waals radius of the protein atoms.
Counter-ions were added to ensure an overall net charge of zero. The protein-ligand
complexes were slightly equilibrated for 25 ps at a temperature of 100 K and were
subsequently simulated for 1ns at a temperature of 310 K in an NPT ensemble. This
particular ensemble implies a constant temperature, pressure and amount of particles. To
calculate the electrostatic interactions we chose the implementation of NAMDs Particle
Mesh Ewald [17].

The ligands have been docked flexibly into the active site cavity using GOLD (paragraph
4.6.2 ). Using the program Maximal Speed Molecular Surface (MSMS [18]), the volume of
the active site and of the different ligands has been calculated (Table 3-1). As a result from
the tight docking pose of 18-hydroxycorticosterone, no space was available to add water
molecules to the active site cavity. To accommodate the filling of the active site cavity
volume by the slightly smaller ligands, three and four explicit water molecules were
positioned in the active sites of hCYP11B1 and hCYP11B2, respectively. The positions of
these water molecules were optimised during the equilibration step. The protein-ligand
interactions found in the docking study were monitored during the simulation to gain an
impression of the stability of the ligand in the active site.

Table 3—1 Molecular volume for the ligands and the active site of the proteins

Molecule hCYP11B1  hCYP11B2 180H-B Etomidate Fadrazole Metyrapone Water
Volume (A3) 360.0 334.0 315.6 269.7 241.9 247.7 15.5
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3.5 Results and Discussion

3.5.1 Protein Structure Stability

To investigate the structural integrity of the protein fold, the relative root mean square
deviation (RMSD) was calculated over all heavy atoms (Figure 3-2). The first 25 ps of
equilibration, the structure relaxes to the water environment and optimises to a local
potential energy minimum. After equilibration, the increase in thermal motion allows for a
diverse sampling of the protein structure. During the first 500 ps, the RMSD increased and
the protein still adapted towards its optimal conformation. After this point in time hardly any
change in the three dimensional structures of the proteins was observed other than rotations
of loop regions far from the active site.

The largest fluctuations of the protein were found in the flexible regions with peak values
located in the structures around helix A, helix D and the beginning of helix E (Figure 3-3).
The reason for these fluctuations is a large insertion of 7 amino acids introduced by the
modelling procedure. To accommodate the insertion of amino acids, we had elongated helix
D by one turn before it connects to the following beta-sheet. Inside the water box, this region
is found to protrude into the water without any stabilising protein interactions and unfolds
due to interaction with water.

hCYP11B1
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Figure 3—2 Relative RMSD for the heavy atoms versus time.
complexes behave in a similar fashion

800 800 1000

All combinations for the protein-ligand




52 Molecular Dynamics

26+ -

0 | L L | L
0 50 100 180 200 2680 300 380 400 450 500 560

Amino acid numbering

Figure 3-3 Average RMSD for the amino acid backbone for the hCYP11B2 model with 180H-B. Large
deviations are found for helix A and the loop region between helices D and E. Slight movement in helix |
is observed due to interaction with the water molecules in the water channel.

In all the simulations we observed an opening of the active site and the continuous flow of
water molecules in and out of the active site cavity. Several water molecules retained key
positions. The water molecules that make up the channel towards the conserved E459
cannot leave their cavity and remain stable during the entire simulation (Figure 3—4a and b).
Although they interact with helix | and challenge the integrity of the helix structure, the helix
remained stable and only slight deviations were observed in its RMS profile (Figure 3-3).
Interactions made by another water molecule to stabilise a heme propionate group, is also
preserved during the simulation (Figure 3—4c and d). The other propionate group also
possesses the same stabilising interactions with W137 and R141 in the (W/H)(R/K)X(R/K)R
motif of helix C.

The stability of helix B' is ensured by the interaction of R123 with E310 in helix I. Stabilising
interactions between the outside of helix B' and the acidic mutant in helix | (D302 in
hCYP11B1 and E302 in hCYP11B2) can be observed during the simulations, yet are
frequently lost due to the interference of water. Since these are on the outside of the protein,
it is uncertain whether these interactions are realistic and of relevance for the protein
catalytic and ligand-binding properties.
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Figure 3—4 Conserved interactions around the heme prosthetic group for hCYP11B2 with R-fadrazole.
Hydrogen bonding network for the water channel from E459 to helix I; A) at the beginning of the
simulation and B) at the end of the simulation. Hydrogen bonding network featuring conserved
interactions for a water molecule that mediates interactions for heme propionate group stabilisation for
C) the beginning of the simulation and D) the end of the simulation.

3.5.2 Protein-Ligand Interactions

Nearly all of the ligands maintained the same interactions as observed in the docking study,
indicating that the interaction predicted by docking was stable. The exceptions to this
observation are R-fadrazole in the hCYP11B1 model and S-fadrazole in the hCYP11B2
model. Both these protein-ligand interactions were disrupted when their imidazole group lost
its interaction with the heme group in exchange for a water molecule. This happened several
times during the simulation until finally the ligand lost all interactions with the heme and
moved to the top of the active site (Figure 3-5a-f). Repeated simulations with slightly
different starting conformations of the ligand were unable to change these scenarios.
Apparently, these ligands can not be stabilised in their respective protein models.

The steroid 18-hydroxycorticosterone (180H-B) contains a ring stacking between its steroid
A-ring and F130 (Figure 3-5b, e). In addition to this interaction, 180H-B contains two
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hydrogen bonding interactions in the active site for both hCYP11B1 and hCYP11B2. These
are between R123 and the Cs-ketone group and between the backbone of F379 and the
C21-hydroxyl group (Figure 3-5c, f). All interactions of the steroid were maintained during the
simulation.

The stable interactions of the inhibitors metyrapone and R-etomidate are displayed in Figure
3-6. Etomidate possesses a ring stacking in the active site with F130 that is located in helix
B'. The substituents at the chiral centre of etomidate bestow it certain rigidity. This causes
short distortions in the ring-ring interaction during the simulation for several time steps.
However, in general the interaction is maintained (>90% of the simulations, Figure 3-5b, €).
Next to the ring-ring interaction, R-etomidate also possesses a hydrogen bond with the
catalytic threonine, T318. This interaction is found in both the hCYP11B1 and hCYP11B2
models, which may explain why R-etomidate possesses a similar inhibitory action for both
protein isoforms. The interaction is also strongly maintained during the simulation (Figure 3—
5c, f).

Metyrapone contains a ring-stacking with F130 with its pyridine ring as well. Metyrapone
also mediates a hydrogen bond via water with the R110 in helix B' that stabilises the heme
in the active site. These interactions were maintained throughout the simulation (Figure 3—
5b, c, e, f).

The poses of R-fadrazole in the hCYP11B2 active site and S-fadrazole in the hCYP11B1
active site are compared in Figure 3—7. In both models the position of helix B' is stabilised by
the interaction of R123 in helix B' with E310 in helix |. There is a strong difference in the
active site cavity of the hCYP11B1 and hCYP11B2 models. The helix B' is moved further out
of the active site in the hCYP11B2 model, and helix | is slightly twisted because of this
interaction. There is also a difference in the protein-ligand interactions observed in both
models. In the hCYP11B2 model, R-fadrazole possesses a polar interaction with R123 and
a horizontal ring stacking with F130, whereas in the hCYP11B1 model, S-fadrazole
possesses the same interactions, yet the ring stacking with F130 is vertical. These
interactions with the protein are the same interaction points as observed for 18-
hydroxycorticosterone (Figure 3—-5a-f).

Because the complex was stable over the last 500 ps, we sampled the non-bonded
interactions between the protein and the ligand for this time period (Table 3-2). These
interactions contribute to the binding free energy, although the solvation effects of free
ligand still need to be subtracted [19]. These energies follow the same general trend as the
in vitro screening results, which emphasise the strong interactions for R-etomidate in both
hCYP11B models and the strong interactions of S-fadrazole in hCYP11B1 and R-fadrazole
in hCYP11B2 respectively.
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Figure 3-5 Non-bonded interactions observed during the molecular dynamics simulation. Fe-N indicates
the polar interaction between the heme iron and the aromatic nitrogen for the ligands (1.8 A - 2.5 A).
F130-Aro indicates the ring-ring interaction between F130 and the phenyl ring of the ligands (3.8 A - 5.0
A). The interaction with metyrapone is by the pyridine ring, and the interaction with 180H-B is by the
steroid A-ring. Hydrogen bonding interactions are between T318 and the ester group of etomidate (3.2
A - 3.8 A), R123 and the para-cyano group of fadrazole (3.8 A - 4.4 A, measured from the cyano
nitrogen atom to the guanidinium carbon atom), R123 and the Cs-ketone group of 180H-B, and F379
backbone and the C,4-hydroxyl group of 180OH-B.
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B-sheet 6-1

I-helix

Figure 3—6 hCYP11B2 active site model with metyrapone (purple) and R-etomidate (blue) in the active
site. Indicated are the stabilising interaction between R110 and the heme group, as well as F130 that
accommodates a ring stacking interaction with the ligands. The ester group of R-etomidate possesses a
hydrogen bond with the catalytic T318, an interaction also found in the hCYP11B1 model.
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Figure 3—-7 (Left) hCYP11B1 model (orange) containing S-fadrazole (purple) in the active site, and the
hCYP11B2 model (white) containing R-fadrazole (blue) in the active site. Helix B' is stabilised through
the interaction of R123 in this helix with E310 in helix I. The helix B' is shifted in the hCYP11B2 model
positioning R123 further away from the active site cavity. Both R-fadrazole and S-fadrazole interact with
R123 in helix B' and possess a ring stacking interaction with F130 in helix B'. The ring stacking is
horizontal for R-fadrazole and vertical for S-fadrazole.

Figure 3-8 (Right) Active site volume difference between hCYP11B1 (white) and hCYP11B2 (orange).
Shown for both hCYP11B1 and hCYP11B2 are the active site volume and the backbone trace. R-
fadrazole and S-fadrazole are indicated with blue and purple respectively. It is clear to see that
hCYP11B1 contains a larger active site between helix | and beta-sheet 6-1. This cavity allows S-
fadrazole to fit in the cavity, but not R-fadrazole (black arrow). On the other side of the active site near
Helix B' and R123, hCYP11B2 contains the larger cavity, which might rationalise the better fit of R-
fadrazole in the cavity.

Table 3-2 Correlation of molecular dynamics results to in vitro inhibitor potency

1C50 (nM) Unon-bonded (kcal/mol)
mean s.d. mean s.d.
hCYP11B1
Metyrapone 46.4 10.4 -48.4 3.7
R-Etomidate 0.5 0.2 -56.0 24
R-Fadrazole 118.6 8.9 -38.4 25
S-Fadrazole 39.5 4.4 -56.3 34
hCYP11B1
Metyrapone 207.8 4.5 -36.2 7.5
R-Etomidate 1.7 0.9 -54.4 2.9
R-Fadrazole 6.0 1.9 -55.9 3.3

S-Fadrazole 171.2 51.7 -44.3 1.8
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3.6 Conclusions

We have conducted a molecular dynamics study to investigate the structural integrity of the
hCYP11B1 and hCYP11B2 models. In general, the structural core of the protein models did
not change during the simulation, as portrayed by the relative RMSD as well as the average
RMSD per residue. The important interactions that stabilise the heme in the active site as
well as a water channel were also conserved during the simulation.

Simulation deviations were observed for two regions. The first region is helix A which does
not strongly interact with the other parts of the protein structure. The second is the loop
region between helices D and E for which we had introduced a 7 amino acid insertion in the
modelling study of Chapter 2. The accuracy of this loop region was already questioned and
defined as low in the structure validation study in paragraph 2.7.1 . The molecular dynamics
simulation seems to confirm this. The conformation of these active site regions should be
improved by further model optimisation.

The ligands that have been used in the molecular dynamics study are 18-
hydroxycorticosterone (180H-B), metyrapone, R-etomidate, R-fadrazole and S-fadrazole.
180H-B forms a hydrogen bond between its Cz¢-hydroxyl group and F379 and between its
Cs-ketone group and R123. It also forms a stable ring-stacking in the active site with F130.
During the simulations, 180H-B maintained its hydrogen bonding interactions on both
extremities of the ligand as well as the ring-ring interaction.

All other ligands bind in a similar fashion to the protein active sites as 180H-B. They all
occupy the same space as 180H-B and possess a ring-ring interaction with F130. Both
fadrazole enantiomers also form a hydrogen bonding interaction with R123. The inhibitors
are not large enough to interact with the active site cavity where the steroid mediates an
interaction with F379. There are only small differences in the binding mode of Metyrapone
and R-etomidate in the hCYP11B1 and hCYP11B2 models, suggesting that these ligands
are not selective inhibitors.

The binding mode of the fadrazole enantiomers is different for both hCYP11B1 and
hCYP11B2; R-fadrazole preferring the shape of the hCYP11B2 active site cavity and S-
fadrazole preferring the shape of the hCYP11B1 active site cavity. During the simulation of
the enantiomers in the opposite protein models, their interactions were lost, indicating that
the simulations corroborate the stereoselectivity of the enantiomers. Moreover, calculation of
the protein-ligand interactions and comparison to the in vitro potency of the inhibitors
supports the general trend in binding strength.
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Chapter 4 Molecular Docking

In the previous chapter we have investigated the dynamic behaviour of the homology
models as well as elucidated the ligand-binding characteristics of four known inhibitors. The
structural stability of the protein-ligand interactions has confirmed the structural stability of
the amino acid packing involved with ligand binding. In a next step, application of the
homology models for drug design can be tested by performing molecular docking of novel
CYP11B inhibitors. In this chapter, we present the results for molecular docking in the
homology models of human CYP11B1 and CYP11B2, as well as a comparison of the
predicted docking affinities to the in vitro measured ligand affinities. By incorporating the
protein states sampled by the molecular dynamics simulations, rather than just the static
homology model, we have ensured that the dynamic behaviour of the protein active site has
been taken into consideration. This not only allows the elucidation of important protein-
ligand interactions, but also approximates the effects of ligand-induced changes of the
overall protein conformation.

Part of this chapter is described in:

L. Roumen, M.P.A. Sanders, K. Pieterse, P.A.J. Hilbers, R. Plate, E. Custers, M. de Gooyer, J.F.M. Smits, |. Beugels,
J. Emmen, H.C.J. Ottenheijm, D. Leysen, J.J.R. Hermans, "Construction of 3D models of the CYP11B family as a
tool to predict ligand binding characteristics", J Comput-Aided Mol Des, 2007, 21, 8, 455-471
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4.1 Molecular Docking

Molecular docking is a method that predicts the preferred binding mode of a ligand and a
target molecule, often a protein. It is used for rapid in silico screening of protein-ligand
interactions and is also used for the prediction of ligand binding affinities. The preferred
binding mode of a ligand in the protein active site is determined by the docking protocol that
samples different ligand (and often protein residue) conformations to optimise the protein-
ligand interactions.

A conventional method to sample protein-ligand interactions is to generate so-called
interaction grids for the different types of contributions that are used to determine the total
interaction energy of the protein-ligand complex. Many docking programs such as Dock [1],
AutoDock [2], ICM [3] and Glide [4,5] pre-generate these matching grids to perform a fast
sampling of the optimal binding modes. The grids also possess an alternate function as they
can be manipulated to construct attraction and repulsion wells to force a compound to match
or deny a particular site. The matching of a ligand to the protein (or interaction grid) can be
performed by using incremental ligand reconstruction (Dock, FlexX [6]), Monte Carlo search
(ICM, Glide) or a genetic algorithm search (AutoDock, GOLD [7]). The obtained poses are
subsequently ranked by a so-called scoring function that evaluates the protein-ligand
interactions and determines the best interacting binding mode for the ligand.

A scoring function can be based on a force field or empirically derived, both implying a
variety of limitations in their usage. Force field-derived scoring functions often only take into
account the electrostatic and van der Waals interactions, yet neglect important terms such
as desolvation effects and entropic effects. They are also subject to the limitations of the
force field parameters and how these parameters have been derived. The advantage of
using force field-derived scoring functions is that they are applicable to other chemical series
and do have a strong physical basis.

Empirically derived scoring functions have been derived from known protein-ligand
complexes (crystal structures) with well-matched interactions and have been optimised to
maintain these interactions. Their goal is to reproduce the experimental values of binding
energy and importantly, their global minimum is directed at the binding mode observed in
the crystal structure. As a result, the docking process may have little tolerance for small
changes in binding orientation or conformational changes and subsequently the
classification of sub-optimal docking poses can be incorrect. Certain empirical scoring
functions take desolvation energies and metal interactions implicitly into account, which
unfortunately only suits the ligands used for the derivations of the scoring functions
themselves. Other empirical scoring functions possess explicit terms with weight factors
derived from a certain compound series. Because all empirical scoring functions are based
on a limited subset of protein-ligand complexes, they are generally self-consistent but not
transferable to other chemical series. Thus, the prediction of binding affinity using empirical
scoring functions remains questionable.
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4.1.1 GOLD

We have used GOLD v3.0 and v3.2 (Genetic Optimisation for Ligand Docking) for the
flexible docking of ligands in the CYP11B models. GOLD uses a genetic algorithm for the
docking of the compounds. The algorithm starts with a population of potential solutions for
each ligand encoded as a so-called chromosome. Each of the chromosomes contains the
flexible ligand conformation as well as two mappings between the protein and ligand atoms
for the hydrogen bonding and van der Waals partners, respectively. For each ligand, the
chromosomes are assigned a fitness score based on their predicted binding affinity. During
each genetic algorithm iteration, the chromosomes can mutate to a different ligand
conformation or two chromosomes may merge to obtain a different ligand conformation. The
mutations and merging steps are biased towards the optimisation of a higher fitness score.
The different binding modes that are obtained through docking are ranked using a scoring
function. In general, the scoring function of a docking program consists of an electrostatic
contribution and a van der Waals contribution to the protein-ligand interaction that is
penalised by unfavourable clashes in protein-ligand overlap or ligand conformations. This is
similar to the contributions that are often considered in molecular dynamics simulations
(Chapter 3), however, the motility of the protein is often limited to torsional changes of the
nearby protein amino acid residues.

4.1.2 Scoring Functions

GOLD v3 comes with two scoring functions GoldScore [7,8,9,10] and ChemScore [11,12]. In
v3.2, the docking function ASP (Astex Statistical Potential [13]) has been supplemented,
however, due to project time limitations we have not used this scoring function in our
analyses. The different scoring functions have been reported to be equally reliable, but given
a certain problem, one or the other scoring function may result in a better prediction. In this
thesis, the docking of compounds has been performed using the GoldScore, and many
poses have been rescored using the ChemScore. Overall, the docking poses contributed by
the GoldScore have provided more reliable results in our study.

The ChemScore scoring function has been derived empirically form a subset of 82 protein-
ligand complexes for which the measured binding affinities were available. The ChemScore
estimates the binding of free energy (AG) as a contribution of hydrogen bonds (AGpy), metal-
ligand interactions (AGmetar), lipophilic contact (AGpo), rotational entropy (AG.) as well as an
intercept term assuming a minimal affinity (AGy). In addition to these scores, an additional
clash penalty (Ecasn) and internal torsional terms (Ej,) are added to filter out close protein-
ligand contacts and poor internal conformations (Equation 4—1).

Equation 4—1 ChemScore = AG, + AG,, + AG, ., +AG, +AG,  +E,  , +E

metal lipo int
The GoldScore fitness function is made up of a protein-ligand interaction component
comprised of hydrogen bonding (Shs_ext) and van der Waals energies (Svaw ext), and ligand

intramolecular components comprised of hydrogen bonding (Sks_int), van der Waals and
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torsional strain energies (included in the van der Waals contributions, Syaw in) (Equation 4—
2). The fitness score is taken as the negative sum of the component energy terms, so that
larger fitness scores are better. There is an additional empirical weight factor (w) of 1.375
introduced for the protein-ligand van der Waals score to encourage protein-ligand
hydrophobic contact. Because the active site of our protein models is largely hydrophobic,
this is probably the reason why the GoldScore performs better on average than the
ChemScore.

Equation 4-2 GOLD Fitness = S, ,, + wxS +S +S

vdw_ext hb_int vdw_int

4.2 Prediction of Binding Affinity

Structure based drug design is commonly based on the prediction of the binding affinity of
protein-ligand complexes. The correlation of in silico predictive data to biological data is
rather difficult. The most conventional method is to correlate a calculated and an
experimentally determined free energy of binding named AGping and AGexp,pina, respectively.
The calculation of the AGpinq can be performed using several methods such as force fields
used by molecular dynamics and (empirical) scoring functions used in molecular docking.
Assuming thermodynamic equilibrium conditions for the protein-ligand complex formation,
the AGexp,pind can be quantified by using the ligand binding constant K (Equation 4-3, Figure
4-1). Here, the inhibitor dissociation constant K; can be compared to the substrate
dissociation constant Ky or the negative association constant K.

Equation 4-3 AG =—RTInK, =RTInK,

exp,bind
K, . Ky Ky
Inhibitor Substrate e >
K, ks
K, k k
and = = =
K| K Ka Kd k
o 1

-1
Figure 4—1 Kinetic scheme for competitive inhibition, E enzyme, S substrate, / inhibitor, P product. K,
association constant, Ky, dissociation constant, K;, inhibitor dissociation constant
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In this thesis, the inhibitor potency has been measured by determining the IC50 value which
is the inhibitor concentration at which binding is reduced to 50%. If the measurement data
has been obtained under the same experimental conditions, the IC50 is proportional to the
K; and can be used to deduce binding free energy differences. We have transformed the
IC50 by taking the negative logarithm (Equation 4-4) as a representative for the In Ki. As
such, a linear relationship between the biological data and the in silico predicted free energy
is obtained (Equation 4-3). Because the potency for the best inhibitors is in the order of
1nM, the pIC50 of our compounds reaches values of 9.

Equation 4—4 p]C50 = —log(]CSO)

Using the ChemScore for evaluating ligand binding poses allows the calculation of their free
energy of binding (AGping). By correlating the ChemScore docking results to the pIC50
values, it is possible to construct a predictive model for inhibitor potency. However, since the
biological value used is the IC50 rather than the K;, and because the ChemScore only
provides an estimation for the free energy, care must be taken with the interpretation of the
docking results. The GoldScore is optimised for the evaluation of binding poses, but has not
been optimised for the prediction of affinity. Nevertheless, the GoldScore does allow an
accurate correlation between the ligand docking score and binding affinity [7]. Taking these
considerations into account, the results of our docking study are only used to describe the
general trends in inhibitor potency and determine those inhibitor substituents most important
for inhibitor potency and selectivity.

4.3 Molecular Docking in the CYP11B Models

We have conducted three different molecular docking studies for the CYP11B protein
models. In Chapter 2, we have investigated possible binding modes of steroids (Figure 4-2)
in the active site of the constructed homology models. This docking study has been
performed for the human and rat CYP11B isoforms, as well as the hCYP11B2-TripMut
model. The resulting conformations have been used as input for the protein-substrate
minimisation study discussed in paragraph 2.7.3 .

In Chapter 3, we have attempted to validate the constructed hCYP11B1 and hCYP11B2
models by correlating the in vitro activity of four known inhibitors (Figure 4-2) to in silico
data. The in silico data that have already been discussed are the averaged interaction
energies between the protein model and ligand structure during the molecular dynamics
study (paragraph 3.5.2 ). It has been shown that the calculated interaction energy of the
ligands correlates rather well with the in vitro activity profile (Table 3-2).

Also in Chapter 3, we have expanded the static structure of the initial protein models of
hCYP11B1 and hCYP11B2 to include the dynamic behaviour of the proteins, i.e. we have
included multiple protein states. These states are the conformations of the protein structures
that have been sampled during the molecular dynamics simulations. In this chapter, the
amount of inhibitors has also been increased to include fadrazole analogues that have been
synthesised during the progression of the project (Figure 4-2).
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Figure 4-2 Structures of the four steroids, the four inhibitors and the general scaffold of the novel
CYP11B inhibitors.

4.4 Docking Settings

Substrate docking was performed using GOLD v3.0. The docking parameters for the genetic
algorithm were taken from the default | settings in GOLD. The protein structures used for the
docking of the substrates were the unequilibrated structures of hCYP11B1 and hCYP11B2.
An important detail is that the docking was performed in the presence of an iron-bound
oxygen atom. Each steroid was docked for 100 poses to obtain an initial binding mode for
the steroid in the active site cavity. Their resulting conformations were afterwards checked to
investigate alternate orientations of the steroids in the active site cavity, and to investigate
the positioning of C+4, C1g and Cyo.

Similar to the docking of the steroids, the docking of the 4 known inhibitors was performed
using GOLD v3.0. The docking parameters were taken from the default I settings, and extra
cytochrome P450 parameters [8] were added to the scoring functions to simulate the correct
interaction strength between the protein iron atom and different ligand acceptor groups. The
protein structures used for this docking study were hCYP11B1 and hCYP11B2 after they
were equilibrated using the ligand 18-hydroxycorticosterone (paragraph 2.7.3 ). This protein-
ligand complex was chosen, because it defines the key differences between the catalytic
activity of hCYP11B1 and hCYP11B2, being that 18-hydroxycorticosterone is only a
substrate for hCYP11B2. Each ligand was docked 5 times for 100 poses each to ensure an
appropriate sampling of ligand conformations in the protein active sites. The GOLD fitness
score was obtained by using the standard GoldScore function, which was subsequently
averaged for the top 10 ranking poses. To obtain an impression of the correlation between
the docking score and in vitro data, the GoldScore measure of binding affinity was
calculated by the method reported by Verdonk et al [7] per AGpinding = -0.1075 * GoldScore -
2.2665 (R2= 0.5529, N=60, AGpinding €xpressed in kcal/mol). The average poses were
additionally rescored using the ChemScore function. The best ranked poses were used for
the molecular dynamics study in Chapter 3.

The docking of the novel inhibitors has been performed using GOLD v3.2. The same default
| settings were chosen for the genetic algorithm, and the extra cytochrome P450 parameters
have been added to the scoring function. The protein structure resulting from the ligand
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equilibration phase has been used for docking. It is labelled as the homology model because
it is still comparable to the starting structure (with an RMSD < 2.5 A for all heavy atoms).
The protein states sampled during the molecular dynamics simulation were extracted every
25 ps of the simulation and were subsequently used for docking. Each ligand has been
docked in each of the protein states for 50 poses. The ligands that have been used for
docking can be found in Appendix B, carrying the "prediction" label. The GOLD fitness score
was used for the docking and ranking, after which the poses were rescored using the
ChemScore function.

4.5 Statistical Evaluation of Docking Results

A statistical analysis has been carried out for the docking in the different protein states. This
analysis has been performed to obtain an indicative measure for the correlation between
docking score and the potency measured by in vitro experiments. First, a student's t-test has
been performed on the null-hypothesis that there is no correlation between the docking
scores (y) and the pIC50 values. In this case, a P-value close to 0 means that the null-
hypothesis can be rejected, hence both series are correlated. Next, a least squares
regression has been performed for a linear relationship as well as the analysis of variance
(ANOVA) to produce an F-statistic for the significance of the regression fit (y). This least
squares analysis involves the calculation of the total sum of squares (TSS, Equation 4-5),
the explained sum of squares (ESS, Equation 4-6) and the residual sum of squares (RSS,
Equation 4-7). The TSS represents the variance of the docking data, the ESS the variance
of the fit that can be explained due to fitting, and the RSS the discrepancy between the
docking data and the regression fit. The Pearson correlation coefficient of the fit can be
determined using Equation 4-8 and the F-statistic of its significance using Equation 4-9
(with n as the degrees of freedom of the docking data, and p the degrees of freedom of the
fit).
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4.6 Results and Discussion

4.6.1 Substrate Docking

The docking results of the steroids all portrayed the steroid skeleton in one and the same
orientation in the active site parallel to the heme. This conformation contains the B-side of
the steroid skeleton facing the heme, with all three hydroxylation sites C11, C1g and Cyg in
proximity to the iron oxygen species. In this conformation the Cs-ketone group of the steroid
interacts with R123 in helix B', and the Cy21-hydroxyacetyl group interacts with the loop
region following helix K (Figure 2—11).

The GoldScore of 18-hydroxy-11-deoxycorticosterone and 18-hydroxycorticosterone are
higher for both human and rat CYP11B2 than for human and rat CYP11B1. Although this
indicates that their affinity is higher for the CYP11B2 models, no conclusions can be drawn
because the protein-ligand interactions have not yet been optimised (pose 1, Table 4-1).
The steroids were also docked with the B-side oriented to the heme and the positions of the
Cs-ketone and the Cyo21-hydroxyacetyl groups exchanged. This resulted in a consistently
low GoldScore, indicating that this is a less profitable conformation for the steroids (pose 2,
Table 4-1). Orientations of the steroid with the a-side facing the heme was not observed
during the docking.

As such, the B-side orientation of the steroid with the Cs-ketone interacting with R123 and
the Cao21-hydroxyacetyl group interacting with the active site loop were used for the protein-
substrate equilibration study in paragraph 2.7.3 . Because the three hydroxylation points of
the steroid are presented to the heme, and the steroids possess such pronounced
interactions in the model active sites, we conclude that is the most likely binding mode for
the steroids in the CYP11B proteins.

Table 4—1 Docking results for the different steroids. Pose 1 possesses C41, C4g and Cyg close to the iron-
oxygen, Pose 2 only C4g and Cyg.

GoldScore hCYP11B1 hCYP11B2 hCYP11B2 rCYP11B1 rCYP11B2
TripMut
mean s.d mean s.d mean s.d. mean s.d. mean s.d.

Pose 1 (n=10)

DOC 41.16 1.00 42.56 0.81 41.42 0.42 42.05 1.21 41.36 0.77

B 42.40 3.14 43.40 1.21 41.68 1.05 43.28 1.19 42.46 0.66

180H-DOC 41.32 227 41.88 1.12 45.95 1.14 41.72 0.77 44.53

180H-B 39.32 1.15 41.20 1.1 46.09 2.23 41.37 0.69 45.52 1.60
Pose 2 (n=10)

DOC 35.68 0.44 33.82 0.99 32.02 1.11 30.37 0.68 35.38 1.04

B 35.02 1.25 35.17 0.94 35.43 2.10 31.22 1.40 35.66 2.07

180H-DOC 36.12 1.17 34.82 1.34 33.44 1.43 34.39 2.15 34.18 2.68
180H-B 34.03 1.34 35.77 1.60 34.81 2.68 34.21 2.24 36.46 1.15
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4.6.2 Docking of the Four Known Inhibitors

The four known inhibitors all bind in one dominant orientation in the hCYP11B1 and
hCYP11B2 models. All inhibitors possess their aromatic nitrogen atom interacting with the
heme iron atom. In addition to this interaction, they also portray a ring stacking interaction
between the distant aromatic ring and the F130 residue located in helix B'. The docking
score of the ligands can be found in Table 4-2.

As discussed in Chapter 3, Metyrapone possesses two pyridine rings that can both bind to
the iron atom, however, the nitrogen indicated in Figure 3-1, is the one that predominantly
binds the heme. The carbonyl moiety of metyrapone is not observed to interact with any
active site residue, but points in the general direction of R110 that stabilises the heme
propionate groups in the active site. The two methyl groups possess hydrophobic
interactions in the active site cavity overlapping the cavity where the B-ring of the steroids
binds. R-etomidate possesses a hydrogen bond to the catalytic threonine T318 in both the
active sites of hCYP11B1 and hCYP11B2. Due to the presence of rotatable bonds, the ethyl
group of R-etomidate protrudes either towards the top of the active site or towards the active
site loop following helix K. The overall orientation of these conformations was very similar
and they overlap the region in the cavity where the D-ring of the steroids binds. R-fadrazole
and S-fadrazole possess an electrostatic interaction with R123 in helix B'. Steric aspects of
the active site cavity around helix | and helix B' are important for the binding mode of the two
enantiomers. In hCYP11B1, the active site cavity favours the S-enantiomer, whereas the R-
enantiomer is favoured by hCYP11B2. The precise differences have been described in
paragraph 3.5.2 , and the best ranking orientation of all ligands has been used as the input
for the molecular docking study in Chapter 3.

Table 4-2 Trend for the predicted docking scores and in vitro inhibitor potency

IC50 GoldScore AG GoldScore AG ChemScore
(nM) (Fitness) (kcal/mol) (kcal/mol)
mean s.d. mean s.d. mean s.d. mean s.d.
hCYP11B1
Metyrapone 46.4 10.4 57.33 0.86 -8.43 0.09 -8.73 0.15
R-Etomidate 0.5 0.2 66.21 0.66 -9.38 0.07 -9.25 0.12
R-Fadrazole 118.6 8.9 54.01 0.48 -8.07 0.05 -8.14 0.21
S-Fadrazole 39.5 4.4 56.67 0.61 -8.36 0.07 -8.77 0.05
hCYP11B1
Metyrapone 207.8 4.5 49.99 0.92 -7.64 0.10 -7.95 0.22
R-Etomidate 1.7 0.9 65.21 0.51 -9.28 0.05 -9.21 0.10
R-Fadrazole 6.0 1.9 63.20 0.76 -9.06 0.08 -9.38 0.12

S-Fadrazole 171.2 51.7 53.81 0.73 -8.05 0.08 -8.12 0.24
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4.6.3 Docking of Fadrazole Analogues

Even though the usage of molecular docking as a predictive tool for inhibitor potency
possesses several caveats (as discussed in paragraph 4.2 ), we have investigated the
correlation between docking score and in vitro measurement data as a guide for the potency
prediction of novel inhibitors. To investigate whether the homology models have performed
accurately so far, the docking study has been expanded to include multiple protein active
site conformations as sampled by the molecular dynamics study in Chapter 3. The main
requirement for the docking pose of the inhibitors is the interaction between the imidazole
nitrogen atom lone-pair with the heme iron atom. Several of the docked compounds were
unable to obtain this interaction and were discarded from the results ("Prediction”" label in
Appendix B). These ligands are either substituted on the R2 and R4 positions of the
imidazole, which obstructs their interaction with the heme in our models (n=7), possess
carboxylate or ester groups, which are sometimes docked interacting with the heme iron
(n=5), or fail for other reasons (too big or too rigid).

Performing the t-test revealed that the correlation between the docking results and the
pIC50 values is significant for all protein models (P-value less than 107, Table 4-3). Next,
the expected linear relationship between the docking score and the pIC50 values is fit on the
data, extracting the slope (A), intercept (B), correlation coefficient (R2) and the F-ratio for the
linear relationship (Table 4-3All F-ratios are above their critical value for a 1% confidence
level, hence the correlation fit is significant.
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Table 4-3 Results for the T-test, ANOVA correlation and the F-test for the docking with the GoldScore
and ChemScore in the various CYP11B1 and CYP11B2 models. The ligand indicates whether the
protein state results from molecular dynamics using 18-hydroxycorticosterone or fadrazole (R-fadrazole
for CYP11B2 and S-fadrazole for CYP11B1). Indicated are the P-value for the T-test and the F-ratio for
the F-test, as well as the correlation coefficient (R2) for a linear equation, with slope (A) and intercept
(B). The average model results are obtained by averaging the docking results for all protein states of the
molecular dynamics simulation.

Entire Dataset Reduced Dataset
(n=106, Fcrit=2.41, a=0.01) (n=87, Fcrit=2.46, 0=0.01)
Score Model Ligand T-test R2 F-value A B T-test R2 F-value A B
GoldScore Homology  180H-B e-15  0.50 93 452 1786 e-24 0.75 234 6.43 10.58
11B1 Average 180H-B e-17 053 104 422 2175 e23 0.74 212  4.82 17.60

Homology  Fadrazole e-12  0.41 65 415 2228 e-21 0.70 171  4.88 16.89
Average Fadrazole e-13 0.44 76 3.92 2335 e-21 0.71 178  4.44 19.89

GoldScore  Homology = 180H-B e-13 045 74 452 2080 e-26 0.78 260 5.21 16.74
11B2 Average 180H-B e-12  0.41 63 3.33 26.05 e-22 0.72 191  4.06 19.85
Homology = Fadrazole e-14 0.45 77 3.77 2290 e-20 0.69 162  4.27 18.98
Average Fadrazole e-13 0.45 71 342 2412 e-20 0.69 162  3.99 19.30

ChemScore Homology  180H-B e-8 0.29 38 -349 -1059 e-15 0.57 96 -4.01 -5.54
11B1 Average 180H-B e-11 037 55 -336 -985 e-15 0.58 100 -2.63 -7.02
Homology = Fadrazole e-8 0.30 39 -327 -9.72 e-12 048 68 -3.54 -6.86
Average Fadrazole e-10 0.35 49 -320 -11.17 e-15 0.58 100 -2.78 -10.33

ChemScore Homology = 180H-B e-11 0.39 58 -3.74 -532 e-14 056 93 -3.92 -3.37
11B2 Average 180H-B e-9 0.30 40 -312 -988 e-15 0.58 102 -3.44 -6.20
Homology  Fadrazole e-11  0.37 54 -353 -6.58 e-13 0.53 82 -3.65 -4.96
Average Fadrazole e-7 0.26 32 -267 -12.03 e-13 0.51 76  -2.78 -10.33

4.6.3.1 Comparison of scoring functions and protein models

Overall, the pIC50 correlates better with the GoldScore than with the ChemScore. This can
be derived from either the T-test or the F-test. The reason for the higher performance is that
the hydrophobic contribution to the potency is very high and provides problems for accurate
predictions made by the ChemScore. The cavity is hydrophobic around the regions where
the steroid rings fit, with small hydrophilic regions around the extremes of the steroid, being
the Cs-ketone group and the Cy 21-hydroxyacetyl group. The fadrazole analogues possess a
hydrophobic benzyl-imidazole scaffold that binds this cavity and is responsible for the
majority of its interactions. Of course the catalytic T318 in the hydrophobic core of the active
site can supply a hydrophilic interaction to the ligand, such as observed for R-etomidate
(paragraph 3.5.2 ), however, the binding mode of the imidazole obstructs all but the R5-
substituents from interacting with T318. Hence, not many ligands possess a polar or
hydrogen bonding partner.

Unlike the difference in the scoring function, the results of the docking for the homology
models is comparable to that for the MD sampled protein states (Figure 4-3). This indicates
that the docking of ligands in the homology models of CYP11B1 and CYP11B2 is not
improved by taking the dynamic behaviour of the proteins into account. Furthermore, the
relevance of which ligand is used for equilibration is negligible, although the highest
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correlation and lowest man square error are obtained from protein states equilibrated with
the ligand 180H-B. Intuitively, the models equilibrated with fadrazole would allow better
docking because the ligands investigated are all analogues of fadrazole, however, 180H-B
fills up the entire cavity, thus preventing the active site from collapsing inward and making
more space for larger ligands to fit.

MD State with Fadrazole

MD State with 180H-B

Correlation Coefficient
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Figure 4-3 GoldScore docking results for the different protein conformations sampled by molecular
dynamics using the ligands Fadrazole and 18-hydroxycorticosterone (180H-B). Indicated are the
correlation coefficient and the mean square error for the entire dataset (solid lines) and the pruned
dataset (dashed lines). CYP11B1 is indicated in grey, whereas CYP11B2 is indicated in black. Protein
states possessing a comparable quality as the homology models (frame 0) are indicated with a circle.
The circles are coloured according to that of the respective proteins.
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4.6.3.2 Prediction models for non-Rb-substituted fadrazole analogues

Since the initial correlation between the docking score and the pIC50 was low, the dataset
has been investigated towards the docking behaviour of ligands with similar substituent
groups. An example of the results can be seen in Figure 4—4 for CYP11B2 docking results.
All other results are depicted in Appendices C.1.1 to C.2.2. Ligands possessing a
substituent that belongs to a certain group are coloured black in the subplot for that
particular group. Many ligands contain more than one of the investigated substituent groups
and are thus represented in more than one subplot. From the subplots it can be seen that a
mismatch for the linear relationship is observed for the unsubstituted group (R5-H) as well
as the substituent groups Rp-CN, R5-CCCR and Rb-X (with X as any substituent except for
H).

Comparing these groups, the only one that contains almost all of the outliers is that of the
Rb-substituted fadrazole analogues. These compounds are mispredicted because the Rb-
substituent points into the active site entrance. During the simulation the active site entrance
opens and the Rb-substituents of the docked ligands will protrude out of the active site,
obtaining small interaction with the protein. The docking of most of these ligands in the
homology model creates outliers (Appendices C.1.1 to C.2.2), indicating that perhaps the
model accuracy of the active site entrance is not sufficient for the prediction of the potency
of this group.
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Figure 4-4 Comparison of compound docking results in CYP11B2 models to their pIC50 values.
Docking has been performed in protein states resulting from molecular dynamics simulations with the
ligand 18-hydroxycorticosterone. Each subplot also shows the docking results for specific substituent
groups in black. The last subplot shows the reduced dataset
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Figure 4-5 Correlation between the GoldScore and the pIC50 for all data points. The left picture
indicates the entire dataset, whereas the right picture the reduced dataset that does not contain Rb-
substituted compounds. The fit for a linear relationship is also indicated as well as its formula.

By removing the Rb-substituted compounds from the dataset, a more accurate prediction
model can be constructed for novel fadrazole analogues that are not Rb-substituted. A
similar T-test and F-test analysis has been carried out for this reduced dataset as depicted
in Table 4-3, and the correlation and mean square errors have been determined as depicted
in Figure 4-3. The docking result for the CYP11B2 homology model equilibrated using the
ligand 180H-B can be seen in Figure 4-5. After dataset reduction, the slope of the
correlation has increased and the intercept has decreased. These changes are higher for
both the CYP11B1 and CYP11B2 homology models equilibrated with 180H-B compared to
the changes for the other models. They also possess a relatively high correlation, although
their mean square error remains comparable to the other protein states (Figure 4-3).
Because both homology models either equilibrated with fadrazole or 180H-B possess
among the highest of correlations, they can be used as an accurate tool for the potency
prediction of novel CYP11B inhibitors. In addition, protein states extracted from the
molecular dynamics simulation with comparable accuracy can be used as validation.
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4.6.3.3 Prediction of novel inhibitors

A selection of novel CYP11B inhibitors (Figure 4-6) has been docked into the different
protein conformations, followed by the prediction of their in vitro potency based on the
regression models. These compounds can also be found in Appendix B, with the Prediction
label. For the compounds that do not contain an Rb-substituent, the pruned regression
models are used, whereas for the other compounds the regression models based on the
entire dataset are used.
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Figure 4—6 Novel CYP11B inhibitors that have not been used to derive the regression models, but are
used to predict their binding affinity. Compounds that do not possess an Rb-substituent are shown on
the left; compounds possessing an Rb-substituent are shown on the right.
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The CYP11B1 and CYP11B2 regression models are able to predict inhibitor potency for two-
third of the compounds (Figure 4—7). The largest outliers, Moeras 294 and 302 contain an
elongated chain as R5-substituent which provides a large steric contribution to the docking
score. This contribution may be incorrect and the cavity size may in reality be smaller,
decreasing the affinity. The other deviations can be attributed to the variance with the
regression models. For the Rb-substituted compounds, the regression models also behave
rather well considering their low correlation coefficient. Moeras 250, 295 and 297 are
predicted too potent, which is probably related to their overall size which fills up the entire
active site cavity.

The pIC50 is systematically underpredicted by the homology model equilibrated with 180H-
B. This is unexpected since this model is able to distinguish the individual data points better
than the other regression models. The explanation is the presence of a systematic error in
the regression models for compounds substituted with the R5-phenyl group (pIC50
underestimation is 0.78 + 0.10 for CYP11B1 and 0.81 + 0.14 for CYP11B2, n=19). The
cause of this discrepancy is a sub-optimal orientation of F487 in the active site, as seen in
Figure 4-8. For the homology model, the phenylalanine ring is twisted to optimise its
interaction with the steroid, however, the orientation of the R5-phenyl ring results in an
obstruction (light model). If the phenylalanine ring is turned, such as observed for the
molecular dynamics CYP11B2 protein state 8 (Rzreduced is 0.74), the R5-phenyl ligands will
create a ring-stacking, increasing their interaction and thus docking score (dark model).
Because the error is systematic, the prediction by the 180H-B homology model may be
optimised by performing baseline correction. The average deviation of the R5-phenyl
compounds is calculated and the prediction results are adjusted accordingly (Figure 4-9).
The adjustment term is only unfavourable for Moeras 294 in the CYP11B2 model, however,
as mentioned, the pIC50 prediction of this compound may be debatable.
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Figure 4-8 CYP11B2 homology model equilibrated with 18-hydroxycorticostere (dark grey) compared to
one of its molecular dynamics states (light grey, state 8, R%equcea=0.74)
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Figure 4-9 Adjusted prediction for the regression using the homology model with the ligand 180H-B.
The blue dots indicate the original regression result. The arrows and red squares indicate the
adjustment of the predicted pIC50 values.
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An alternative method is to investigate the docking of R5-substituted compounds in the
protein states extracted from molecular dynamics. The investigation of the CYP11B2 protein
state 8 equilibrated with 180H-B shows that the baseline prediction of the R5-substituted
compounds is better than that observed for the homology model (Figure 4-10). The
downside of this protein state is that the baseline for the R5-alkyl substituent (R5-CCCR) is
differing from the correlation fit. Analysis of other protein states that possess a high
correlation after dataset reduction showed that CYP11B1 protein state 2 and 19 also
possesses a rotated F487 and consequently allow prediction for R5-phenyl substituted
compounds. None of the other molecular dynamics states clearly possess a proper baseline
for R5-substituted compounds.

Prediction of the potency of the novel CYP11B inhibitors using the molecular dynamics
protein states portrays a very good correlation for all compounds (Figure 4—11). As such,
different protein states can be used for the prediction of substituted benzyl-imidazoles,
although each of the protein states will possess a different predictive value dependent on
the substituent position and type.

65R5-Ph homology model E{SS-CCCR homology model

60 60
[ v
& 55 & 55
(o] (o]
%] [%)]
e ]
© 50 © 50
U] U]
45 45

T
v
(=]

U—%—7 8 9 7 8 9
pIC50 (nM) pIC50 (nM)
R5-Ph MD state 8 R5-CCCR MD state 8

65 —_ 65
60} 1 60}
18] 1]
5 55 5 55
(8] (8]
1] 1]
h= h=
S 50 S 50
(U] (U]
45 45
aq 4q
pIC50 (nM) pIC50 (nM)

Figure 4-10 Docking results for the reduced datasets in the CYP11B2 homology model and the
molecular dynamics protein state 8, both equilibrated with 18-hydroxycorticosterone. Indicated are the
correlation of the R5-phenyl substituted compounds as well as the R5-alkyl substituted compounds. The
R5-phenyl and R5-alkyl substituted compounds are indicated with black dots.
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Figure 4-11 Predicted CYP11B1 and CYP11B2 pIC50 values by docking using the correlation
equations of the pruned dataset for non-Rb-substituted compounds for CYP11B1 protein state 2 and
CYP11B2 protein state 8. Optimal performance is indicated by the black line.

4.7 Conclusions

The docking of the steroids resulted in one dominant binding mode featuring an interaction
between the steroid Cs-ketone group with R123 in helix B' and the Cji-hydroxyl group
interacting with the backbone of G379 and F381. The presence of F130 is also important to
stabilise the steroid structure in the active site. This orientation of the ligand provides all
three hydroxylation sites in close proximity to the heme iron, strengthening the confidence in
the docking pose. Alternative orientations of the ligand are allowed, however they result in a
much lower docking score and possess less or no hydroxylation sites close to the heme.
The known non-steroidal CYP11B inhibitors metyrapone, R-etomidate, R-fadrazole and S-
fadrazole were postulated to be localised in a comparable manner as the endogenous
substrates. All inhibitors bind to the heme with their aromatic nitrogen atom and interact with
F130 forming a stabilising ring-ring interactions. The two scoring functions GoldScore and
ChemScore both corroborate the measured activity data from in vitro experiments,
supporting the validity of the binding modes predicted by the docking study. An important
observation is that the docking rationalises the enantioselectivity of fadrazole, with the R-
enantiomer being most potent on CYP11B2 and the S-enantiomer being most potent on
CYP11B1.

Next, the docking study was expanded to include multiple protein active site conformations
as sampled by the molecular dynamics study. The performance of a large-scale docking
study of various fadrazole analogues showed that the correlation of the docking results with
the measured activity data is low (R2G0|dscore ~ 0.5 and R%chemscore ~ 0.3). Investigation of
compounds with similar substituent groups revealed that the outliers are mainly caused by
Rb-substituted compounds. By neglecting the docking data of these compounds, a
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regression can be obtained for the prediction of non-Rb-substituted compounds. The
correlation coefficient of these regression models is good (R2 ~ 0.7) and significant.
Comparing the docking results in the molecular dynamics sampled protein states reveals
that the results are comparable to the docking obtained in the homology models. As such,
using the dynamic behaviour of the constructed models for docking might be an appropriate
tool for the prediction of protein-ligand interactions and the determination of inhibitor
potency.

The flexibility of F487 in the active site cavity plays an important role in the docking of R5-
substituted compounds. The homology models of CYP11B1 and CYP11B2 equilibrated with
180H-B, possess the highest correlation between docking score and in vitro measured
potencies, however, the R5-phenyl substituted compounds are systematically
underpredicted. This is caused by a suboptimal orientation of F487 which obstructs the
phenyl group in the active site cavity. Investigation of different protein states sampled by
molecular dynamics has led to the elucidation of three models that possess the alternate
orientation of F487. Docking of the R5-phenyl substituted compounds results in a ring-ring
interaction between the phenyl groups of the amino acid residue and ligand. Unfortunately,
these models lose the ability to predict other R5--substituents correctly, as their interaction
with F487 has also changed. Thus, the rotation of F487 plays an important role for the
stabilisation of different R5-substituents, which implies that for the molecular docking of R5-
substituted compounds, multiple active site conformations are of importance and need to be
investigated.

Molecular dynamics of the protein active sites has resulted in an unfolding of the active site
entrance, causing the prediction of Rb-substituted compounds to become inaccurate for all
investigated protein states. The prediction of Rb-substituted compounds remains difficult
and requires further model optimisation, starting at the level of homology model
construction. In particular, detail should be spent in elucidating the correct conformation of
the helices F and G that close the active site lid. Currently the conformation of these helices
is similar to that of the template CYP2C5 and their position is relatively the same for all other
cytochrome P450 crystal structures. As such, no immediate information can be derived for
the remodelling of these helices and, therefore, we have not performed this exercise.
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Chapter 5 Structure Activity Relationships

The previous chapters have discussed protein-ligand interactions with focus on the protein
characteristics that contribute to the ligand binding affinity. We have shown that certain
amino acid conformations are important for the correct elucidation of protein-ligand
interactions. However, it is possible that the dynamic sampling has not encompassed all
possible protein states responsible for ligand binding. Because the protein homology models
are static structures and active ligand binding protein states can be missed by molecular
dynamics sampling, a ligand-based approach can lead to the elucidation of new structural
insights. In this chapter we introduce quantitative structure activity relationships, which are
used to determine whether the potency of ligands can be related to the presence of specific
ligand substructure features. In particular, we have employed the methodology of decision
tree analysis for the potency prediction of novel CYP11B inhibitors.
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5.1 Quantitative Structure Activity Relationships

In this thesis, we have derived structure-activity relationships for the prediction of newly
synthesised CYP11B2 inhibitors as well as the prediction of their selectivity. A structure-
activity relationship (SAR) analysis is the basis for understanding the effect of the structural
features of both the ligands as well as the protein active site, even if the latter initially is a
black box. The analysis involves the investigation of ligand properties or on occasion protein
properties for the elucidation of the optimal protein-ligand interactions. The ligand is
regarded as a combination of substructures that each carry their own physico-chemical
properties that allow the substructures to interact with local regions within the protein active
site. The substructures are referred to as pharmacophores if the substructures prove to be
essential for protein-ligand interactions. The evaluation of the physico-chemical properties
and their effect on ligand binding allows the identification of those molecular entities that are
most determining for inhibitor potency. Therefore, structure-activity relationships aid in the
design of more potent inhibitors by combining several of the best substituents or substituent
properties.

When the physico-chemical properties of structures are correlated to biological activity of the
ligands, the analysis is called a quantitative structure-activity relationship (QSAR). Originally,
SARs were descriptive relating the biological activity to only a single molecular property
(also called a descriptor). This exercise is the simplest form of QSAR revolving around
univariate linear regression models. Methods currently involve multiple regression analysis,
so-called 2D-QSAR [1]. Here, the biological activity (X) is said to be a linear combination of
N different substituent properties (P;) that all receive their own weight constant to the
equation (w;). The weight constants are determined by fitting the variations in the physico-
chemical properties to the biological data (Equation 5-1).

N
Equation 5-1 X = Z Wl.Pi
i=1

Early physico-chemical properties involved with 2D-QSAR methods are measures of
molecular size and shape, hydrophobicity, hydrogen-bonding capabilities and electronic
contributions and surface properties [2,3,4,5,6,7,8,9]. Since then, a multitude of topological
descriptors have been introduced, such as the polar surface area [10], various connectivity,
shape and size descriptors [11,12,13,14,15] and even atom-type descriptors [16,17].

A novel type of investigation is 3D-QSAR, which involves the correlation of the biological
activity to actual three-dimensional data. The most well-known methods are Comparative
Molecular Field Analysis (CoMFA [18,19,20]), Comparative Molecular Similarity Index
Analysis (CoMSIA [21,22]) and Adaptation of Fields for Molecular Comparison (AFMoC)
[23,24,25]. The CoMFA method constructs a three-dimensional overlay of the compounds in
the dataset and determines steric, electrostatic and hydrogen-bonding fields for the
molecules and attempts to correlate the field energy terms with the biological data. As such,
the most important three dimensional features that all active compounds have in common
are derived. The CoMSIA method is very similar to CoMFA, however, the fields used in the
approach are based on similarity indices of the molecules for the regression with the
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biological data. AFMoC is the direct opposite from CoMFA in that it is not the ligands that
are used to construct the molecular fields, but the protein environment. The benefits of these
3D-QSAR methods are that they reflect the bioactive conformation of molecules and provide
the very important spatial insight on protein-ligand interactions.

Next to these QSAR methods, other predictive analytic tools are used in drug design
projects for the abstraction of structure-activity relationships. The commonly used tools are
genetic algorithms [26], artificial neural networks such as self-organising maps [27,28],
support-vector machines [29] and decision tree analysis [30]. Genetic algorithms start with a
genetic representation of the training data as well as a fitness function for the evaluation of
data-correlation. Following evolutionary optimisation techniques of inheritance, mutation,
selection and crossover, the best description can be found between biological data and
molecular descriptors. Neural networks use a non-linear modelling technique of
interconnecting nodes (neurons) to learn the data from the training in an attempt for the
resulted mapping to represent the underlying relationship with the biological data. Self-
organising maps is a method of neural networks where the data is set up to a structure of
interconnected neurons which can be used to provide a clustered visualisation of molecular
descriptors important for biological activity. Support vector machines is a different type of
machine learning that maps multi-dimensional data and defines hyperplanes to separate,
cluster and classify the data towards a description of its relationship with biological data.
Finally, decision tree analysis is a multivariate analysis similar to support vector machines as
it attempts to uncover the most determinant descriptors by separating the data on a 1D
scale following distribution into user-defined classifications based on the biological activity.
Each of the QSAR methods possesses its own benefits. Either they are able to determine
complex relationships between the data and descriptors (genetic algorithms, neural
networks, self-organising maps, 3D-QSAR), provide easily interpretable quantitative results
(2D-QSAR, support vector machines, decision tree analysis) or provide a visual aid to
interpreting structure activity relationships (self-organising maps, 3D-QSAR, decision tree
analysis).

5.1.1 QSAR Challenges

There are several difficulties in performing or interpreting QSAR analyses. Firstly, if the
analysis is performed using a relatively homogenous class of compounds, it is difficult to
expand the results to other compound classes. The success of the (2D-) QSAR model thus
depends on a broad choice of compound variance as input or requires the knowledge of the
limitations of the constructed model. Secondly, if the compounds possess multiple
substructures that are important to the activity, modifications on either of the substructures
may be dependent on the characteristics of the other substructure, hence will not relate the
same effects on the biological activity. In other words, a substituent change on one side of
the ligand may change the structural requirements for the other substructure. Thirdly, the
presence of multiple binding sites in the target makes it very difficult to distinguish those
ligand properties that are characteristic for one (or more) of those binding sites. Finally,
protein as well as compound flexibility plays an important role in protein-ligand binding and
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effects of slightly lengthier ligand substituents introduces a spatial component to a 2D-QSAR
analysis that can be difficult to detect or interpret.

Even the highly predictive 3D-QSAR methods possess their limitations. The three-
dimensional overlay of compounds suggests that all compounds bind to the receptor in
exactly the same binding mode. This indicates that also for these methods, compound
flexibility and induced fit are barely taken into account. To overcome such problems, the
ligand overlap must be constructed with highest precision by taking into account multiple
conformations, which can result in a very time-consuming task. In addition, the results of 3D-
QSAR are best visualised using 3D colour-coded contour maps, but they are not as easily
understood and exported as the multiple linear regression analysis from 2D QSAR.

5.1.2 QSAR Model Construction and Cross-validation

QSAR models are constructed using a training set to derive the weight constants and a
validation set to derive the reliability of the QSAR model. One of the major concerns in
constructing a QSAR model is the prevention of overfitting as well as overtraining.
Overfitting is the occurrence where the training set uses too many variables to fit the data
and does not recognise the underlying trends of the data. Instead, the data including the
noise is learnt by heart, resulting in a poor reliability of the model. It is expressed in a very
accurate model for the training set, yet a very inaccurate model for the validation set.
Overfitting can also occur when descriptors are highly correlated with each other. In
comparison, overtraining is also the occurrence where the data including the noise is learnt
by heart, however, the cause lies in a poorly chosen training set that is often too restrictive
and cannot be exported to the characteristics of the test set.

In general, the amount of compounds included in the analysis (M) needs to be much larger
than the amount of properties (N), to prevent overfitting of the data (Equation 5-2). Similarly,
the correlation between physico-chemical properties themselves needs to be low to prevent
overfitting. This provides problems when small substituents are considered, because then
certain physico-chemical properties tend to be correlated. An example is the mass of a small
substituent that is highly correlated to both its volume and its surface area. If both properties
are used in the analysis, there is a chance that their contribution will amplify each other
causing them effectively to reduce the weights of other physico-chemical properties.

Equation 5-2 M >20

In order to construct a meaningful QSAR, the results must be cross-validated, a process
carried out to reduce overtraining. Constructing a cross-validated QSAR model requires the
subdivision of the general compound dataset into several subsets. One subset, called the
training set, is used to construct a QSAR model that determines the most important
descriptors and their weights. Other subsets are the test set and the validation set. The test
set can be derived from the training set (or both the training and test set can belong to a
greater dataset), and it can be used to determine the internal predictive value of the model.
The validation set is an independent dataset that is used to determine the general
applicability of the QSAR model predictions. Sometimes the naming of the validation and
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test sets are reversed indicating that the validation set is used to tune hidden parameters of
the model, whereas the test set is used to predict novel compounds. The measure used to
define the internal predictivity is the cross-validated R?, called the q2. The predictivity
obtained by the validation set is called the Rpredz. As a rule, the q2 is higher than the Rpredz,
since the data by which the training set is tested is correlated with the training data, and the
data of the predicted set is generally uncorrelated. However, this is not necessarily true
when the QSAR model is constructed using compounds that are highly similar to the
compounds that are to be predicted.

An internal prediction of the constructed QSAR models can be obtained by cross-validation
of the training data using various methods. One method is called K-fold cross-validation
which partitions the training data (N samples) into K subsets (folds) of N/K samples. From
these K subsets, one subset is retained as test set (sometimes also called the validation
data), whereas the other K-1 subsets are used as training data. This method is then
repeated K times until each fold has been used to test the constructed models. The results
from the folds are then averaged to produce a single estimation.

Another method is called the leave-one-out cross-validation (LOO). This partitions the
training data into N-1 values for training and 1 data point for validation (with N the total
amount of data points). As for K-fold cross-validation, this method is repeated N times until
each compound has been left out of the model construction. A variant of this method is the
so-called leave-20%-out. Here the data is splice into 80% for the training set and 20% for
the test set. This process is repeated several times to increase confidence. If the
constructed leave-20%-out models continuously possess a high predictive value, the models
are highly robust and can be used for the prediction of novel compounds. Thus, leave-20%-
out can be used to produce a consensus scoring.

5.1.3 Receiver-Operating-Curves

One important method to test the usefulness of predictive models is to construct a
contingency table and derive the characteristics for the receiver-operating-curve (ROC) for
different model settings (Figure 5-1). The contingency table is constructed from a binary
classification labelled as a positive or a negative prediction. Relating this to compound
activity, the positive label would refer to a high potency, whereas the negative label would
refer to a low potency. Thus, when a potent compound is predicted as positive, this is called
a true positive (TP), however when it is predicted as negative, it is called a false negative
(FN). The terms are similar for the inactive compounds, being true negative (TN) if correctly
predicted and false positive (FP) if incorrectly predicted. Models can be optimised towards
the best prediction of true positives or true negatives, but commonly it is desired to find a
compromise between these two.

In order to find a good compromise between the correct prediction of positives and
negatives, a ROC table can be defined using the sensitivity, which is the fraction of positives
that is correctly predicted (Equation 5-3) and the specificity, which is the fraction of
negatives that is correctly predicted (Equation 5—4). In the ROC table, a model constructed
by random guess is a linear relationship from sensitivity of 1 to specificity of 1. A model that
behaves better than the random guess must possess a higher sensitivity/specificity profile.
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No real method exists for the determination of the correlation coefficient of a contingency
table, however, the Matthews Correlation Coefficient (MCC [31]) can be determined to
approximate the q2 and Rpred2 for QSAR (Equation 5-5). This correlation coefficient is -1 for
total disagreement, 0 for a random prediction and 1 for perfect correlation. Hence, predictive
models possess an MCC between 0 and 1.

: - P
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Figure 5-1 Contingency table (left) and its ROC table (right) in a sensitivity-specificity form

5.2 Problems Encountered By Performing QSAR on the Fadrazole Dataset

The development of a QSAR for our biological data is not straightforward. In the beginning,
novel compounds had to be generated to guarantee a predictive QSAR model that does not
overtrain the data. To illustrate the difficulties in constructing a QSAR for our compound
database, we have analysed a small subset (Table 5-1), that comprise five series in total
with two substituent positions. The QSAR models have been constructed with MOE-
QuaSAR-Model [32]. The descriptors used for the construction of the models are three
independent physico-chemical properties of the R5- and Rpara-substituents. These are
volume, polar surface area (PSA) and the partitioning coefficient (logP) to represent the
shape and the hydrophilic character of the substituent, respectively. Initially, the mass of the
substituent was to be included, however, for these small substituents, the mass is highly
correlated with the volume (R2 > 0.8). Because the number of compounds is in the order of
32, the maximum amount of descriptors that can be used is 4 (Equation 5-2). All QSAR
models have been constructed with the same descriptor for both substituents.
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Table 5-1 In vitro data for R5,-Rpara substituted benzyl-imidazoles. For each compound, the potencies
of CYP11B1 as well as CYP11B2 are indicated.

- I

R5-H R5-C3HsOH R5-C;H,COOCH;  R5-Rb-Cyclohex R5-Ph

Rpara 11B1 11B2 11B1 11B2 11B1 11B2 11B1 11B2 11B1 11B2
H 709.1  1799.0 180.5 285.7 326.0 192.9 36.3 159.4 4.8 10.7
CN 368.2 372.4 48.15 13.1 311 3.5 20.7 253 275 1.7
OCH; 282.3 763.0 12.3 58.7 111.4 121.3 1.3 14.0
NO, 496.6 372.9 4.7 88.8 16.3 4.7 13.7 23
CHs; 602.0 19325 48.1 23.6 791 15.1

COOCH; 218.3 > 300 5.8 24.4 111.3 215 2.0 129.5

Br 211.6 478.5 18.4 6.21 57.4 4.0 30.5 60.4 7.3 5.1

5.2.1 Initial Trends

By examining the potency and selectivity of these series, several initial trends can be
derived for a SAR. Unsubstituted R5-compounds possess the lowest potencies (circles,
Figure 5-2a), whereas R5-phenyl substituted compounds possess a very high potency
(plusses, Figure 5—2a). The exact contribution of the other R5-substituents groups is less
clear, not to mention the difference between these the R5-substituents. Rpara-unsubstituted
compounds also possess a lower potency than the substituted compounds, but again, a real
trend is more difficult to derive.

The selectivity of the compounds is investigated by using a logarithmic selectivity plot
(Figure 5-2b). Here, a compound is selective for CYP11B2 if the value of the compound is
located above the dotted line and selective for CYP11B1 if it is below the dotted line.
Furthermore, a value of 1 indicates a high selectivity value of 10. From this figure it can be
concluded that, in general, three Rpara-substituents seem to confer selectivity for CYP11B2
(cyano, nitro, bromide), and three Rpara-substituents selectivity for CYP11B1
(unsubstituted, methoxy, methylacetate). There are several exceptions to these
observations, such as the R5-propylol-Rpara-nitro compound (triangle) and the R5-
unsubstituted-Rpara-bromide compound (circle). Therefore, it will be difficult for a 2D-QSAR
to discriminate the effects of the substituent properties on the potency.
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Figure 5-2 Potency and selectivity series for R5 substituted benzylimidazoles. a) compound potencies
expressed in plC50 values (nM) and b) compound selectivity expressed by a logarithmic scale.
Compounds below the dotted line are CYP11B1 selective, compounds above the dotted line are
CYP11B2 selective. Since the vertical scale is logarithmic, a value of 1 indicates a selectivity factor of
10.

5.2.2 QSAR Results: Why did we opt for Decision Tree Analysis?

All constructed QSAR models for the prediction of CYP11B1 posses a correlation coefficient
(q2) below 0.6, indicating that their predictive value is very low (Table 5-2). Three of the
QSAR models for CYP11B2 data are accurate (q2 > 0.6). Correlation of the volume
descriptor (vol) of both the R5 and Rpara substituents leads to an acceptable prediction for
the CYP11B2 pIC50 (q2 of 0.69). However, expanding this model with either the polar
surface area (TPSA) or the partitioning coefficient (logP) only marginally raises the q2 to 0.72
and 0.70, respectively. These results suggest that only the volume of the R5 and Rpara
substituents determine their contribution to the potency of the compound, which is not
realistic. Apparently, different descriptors should be defined to increase the predictive value
of the QSAR model.

Comparing the predicted pIC50 values to the experimental plC50 values for CYP11B2
(Table 5-1, Figure 5-3), it is clear to see that for each substituent, the inhibitor potency is
affected by R5 substitution in a different manner. Therefore, no clear-cut pattern can be
observed despite the fact that R5 substitution, next to Rpara substitution clearly is of
importance in determining ligand potencies and selectivity. The differences in potency are
large for the R5-methyl acetate and R5-propylol series, yet small for the unsubstituted
series. This behaviour can not be fit with the current QSAR model and it is anticipated that
additional one-dimensional substituent descriptors will not improve the model.
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Possible explanations for the seemingly uncorrelated structure-activity relationship are the
flexibility of the compound scaffold and the possibility that compounds possess several
different binding modes. To incorporate these aspects into a QSAR model, it would be
advantageous to add three-dimensional descriptors to capture these influences. However,
the construction of a reliable 3D-QSAR method is a difficult and time-consuming exercise
and results can be difficult to interpret. Since we intend to perform a SAR analysis to guide
compound synthesis, it is vital that the analysis can provide fast results that are easily
understood. As such, we have employed the method of decision tree analysis for the
prediction of the potency of new potential inhibitors.

Table 5-2 QSAR formulas
Property 1and 2 Property 3 and 4

2 2 Formula CYP11B2
Q' cyr11B1  J cyP11B2

(R5 and Rp) (R5 and Rp) (pIC50)
TPSA - 0.03 0.12 6.93 + 0.023 P1 + 0.009 P2
volume - 0.45 0.69 5.62 + 0.022 P1 + 0.013 P2
log P(o/w) - 0.32 0.18 6.92 + 0.466 P1 + 0.164 P2
TPSA volume 0.53 0.72 5.57-0.011 P1+0.006 P2 + 0.239 P3 + 0.012 P4
TPSA log P(o/w) 0.52 0.56 5.89 + 0.045 P1 +0.015 P2 + 0.781 P3 + 0.397 P4
volume log P(o/w) 0.53 0.70 5.62 + 0.022 P1 + 0.013 P2 + 0.026 P3 + 0.181 P4
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Figure 5-3 Prediction of CYP11B2 pIC50 values by different QSAR models. Indicated in each subplot
are the CYP11B2 potency data (circles) with which the models are compared. The horizontal axis is
subdivided into sections for each R5 substituent. The compound within these sections represents the
potency of the following Rpara substituents: 'H', 'CN'’, 'OCH3', 'NO,', 'CHj', 'COOCHz', 'Br'. The upper left
subplot displays the results for three different QSAR models that are based on one of the three
descriptors for both substituents. The other figures display the results for QSAR models where two
descriptors have been combined for both substituents.



92 Structure Activity Relationships

5.3 Decision Tree Analysis

We have employed decision tree analysis using simple molecular descriptors to build an in
silico prediction tool for novel CYP11B2 inhibitors. Decision tree analysis is a multivariate
analysis by which it is possible to incorporate molecular descriptors to determine the
substituent properties that are most determining for compound potency. The tree is a graph
that consists of several nodes (Figure 5-4). The starting node is called the root and it
contains all the compounds in the dataset. The tree is built by evaluating the descriptors in
the dataset and making a decision to branch the root into subsequent nodes. Each of these
nodes contains a unique compound subset of its parent node, and each compound of the
parent node is present in one of the nodes. Subsequently, each node is branched further
until a certain termination criterion has been met. The branched nodes are called decision
nodes, whereas the unbranched nodes are called leaf nodes.

Training Set ] Test Set
° Negative
00000 Positive @ L 544
Root 0000 000
000 o
Decision * Mass > 20 Mass > 20
.. (11 @) ([ J o0
Decision 00 000 Leaf ® o0
Node o Node
2 False
Positives
Leaf .Q Leaf @
Node o Node ©e
1 False 1 False
Negative Positive

Figure 5—4 Decision tree analysis method for a training set and a test set. If the leaf nodes contain
compounds that do not belong to the leaf classification, this compound is a false positive or false
negative to the constructed tree.

For the prediction of potent inhibitors, the decision tree analysis requires the computation of
molecular descriptors for the compounds (such as volume, logP and TPSA) and a
classification of the compounds (such as active or inactive). The classification can consist of
multiple labels, however, the trees are easier to validate using receiver-operating-curves
(ROC tables) if only two labels are used (binary tree). The decision to branch a node is
based on the value of a molecular descriptor and the classification of the compounds. The
goal of the decision is to select the molecular descriptor that is most useful for classifying the
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compounds in the dataset. If for example a large amount of compounds are active when a
substituent volume is greater than 3.0 A3, then this decision can be evaluated and two
nodes will be created, one with compounds that possess a substituent volume greater than
3.0 A%, and a second node that contains the other compounds. Dependent on how well the
molecular descriptors correlate with the (in)activity of the compounds in the dataset, a
branching can create either two new decision nodes, one decision and one leaf node, or two
leaf nodes.

The branching of a tree stops when a termination criterion is met. Although user-defined
criteria can be used, the general criteria are: (1) a maximum amount of tree depth, (2) a
minimum amount of compounds in a node, or (3) a node for which no molecular descriptor is
able to reliably separate a subset of either active or inactive compounds. These criteria are
based on the prevention of overfitting as well as overtraining the data. Because every next
branching defines a decision on top of the previous decision, a large amount of subsequent
branching can overfit the data. Similarly, if each leaf contains only very few compounds, it is
possible that the branching has been performed too often.

Branching can be optimised towards either splicing a node favouring the classification of
positives or negatives by introducing a splicing cost. If the cost favours positive prediction,
then the decision tree algorithm will introduce a high penalty towards the misclassification of
negatives. Using this method of optimisation of splicing decision nodes decreases the
amount of mistakes made by the training data for the prediction of positives.

5.3.1 Fadrazole analogue main set

The decision tree analysis described in this thesis has been continuously optimised using
newly synthesised compounds. The dataset used for the final decision tree analysis
described here, is composed of 128 compounds (Appendix B). The goal of the decision tree
analysis is twofold, namely the prediction of CYP11B2 potent compounds, and the prediction
of CYP11B2 selective compounds. The prediction of CYP11B2 potency can be performed
by introducing a potency threshold for the compounds in the dataset, defining a potency
label based on that threshold and training of decision trees using these settings.

The prediction of CYP11B2 selectivity is less evident. Each compound has been tested for
CYP11B1 and CYP11B2 by in vitro screening, and the selectivity value can be obtained by
the division of the CYP11B2 potency by the CYP11B1 potency. However, since both
potency values are subject to error, the correct interpretation of a selectivity of for example
2, is not straightforward and the definition of a selectivity threshold for the decision tree
analysis is not transparent. In addition, the construction of a selectivity-based decision tree
results only in a description for the difference between CYP11B1 and CYP11B2, whereas
the specific CYP11B2 characteristics are not determined. As a result, compounds that are
predicted as selective CYP11B2 inhibitors may not be potent CYP11B2 inhibitors. Finally,
there are few CYP11B2 selective compounds in the dataset and construction of a decision
tree based on very few positive labels is difficult and will result in data-overtraining.

To overcome these problems, an alternative method can be used to approximate a
prediction for the CYP11B2 selectivity. Decision trees are constructed for both CYP11B1
and CYP11B2 potency. The detail of the CYP11B1 analysis emphasises on the correct
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prediction of all potent compounds, making certain that as few as possible CYP11B1 potent
compounds are predicted incorrectly. This implies that the decision trees are pruned towards
the optimisation of the sensitivity such that the analysis contains the least amount of false
negatives. Gathering the results of these decision trees allows the prediction of CYP11B1
potent compounds, hence those compounds that are less likely to be selective for CYP11B2
and thus not interesting for synthesis.

The detail of the CYP11B2 analysis emphasises on the correct prediction of the non-potent
compounds, ensuring that those compounds predicted as potent by the model will indeed be
potent. Therefore, the models must contain little false positives, hence it implies an
optimisation of the model specificity. These models result in the prediction of compounds
that are certain to be potent, although a collection of potent compounds (false negatives)
may be missed. Combining the results of both CYP11B1 and CYP11B2 models, those
compounds predicted as non-potent on CYP11B1 and potent on CYP11B2 have the highest
chance of being CYP11B2 selective compounds.

The program C5.0 [33] was used for the generation of the decision trees. Since every
compound in the dataset is used in the training and test sets, an activity label must be
defined for every compound. The potency threshold value that determines whether a
compound is potent or non-potent has been chosen as 100 nM, e.g. a compound is potent
with a value of less than 100 nM.

Because the compounds are structurally very similar, the leave-one-out cross-validation
method will have problems validating the decision tree models. Therefore, the cross-
validation method leave-20%-out has been used. The dataset of 128 compounds has been
randomly divided into subsets comprising a training set (80%) and a test set (20%). This
process of subdividing the data set into a training set and test set has been performed 5
times in total such that all compounds have been used in both the training set and the test
set. Using these subsets, various decision tree models were constructed using different
model settings based on the minimum leaf size and a cost setting. The minimum leaf size
was varied from 1 to 5 at which point the model accuracy decreased. The cost settings used
vary from a factor of %4 to 4, with increased detail around a cost value of 1. The values of 74
and 4 are the minimum values at which the decision tree starts to become overtrained. The
additional detail around 1 has been investigated to increase confidence in the continuity of
model generation. A cost value of 1 indicates that both potent and non-potent compounds
are considered equally important. A cost value higher than 1 considers potent compounds
more important than non-potent compounds (by that factor), and attempts to increase
sensitivity by penalising the occurrence of false negatives. Similarly, a low cost factor values
non-potent compounds as more important and attempts to increase specificity by penalising
the occurrence of false positives. Continuity was deemed acceptable when the ROC table is
smooth. The maximum decision tree depth has been set to 5 for all models to prevent
overtraining as it disallows too many branches. The subset results have been subjected to
consensus scoring for the prediction of novel CYP11B2 (selective) inhibitors.
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5.3.2 Substituent descriptors

The selection of the correct molecular descriptors is important for the construction of the
models. Many different physico-chemical properties can be computed that might relate to
the activity of a substructure. As such, it is difficult to derive which descriptors can be used
to describe the underlying trends of the data. In a way, less can sometimes result in more.
The complexity of a descriptor does not always indicate that it is the correct one to use.
Using few and interpretable molecular descriptors not only results in a more clear model,
which can be interpreted, but it is also more likely to be of statistical significance [34,35].
Indeed, it has been proposed that the applicability of descriptors (whether simple or
complex) to identify novel inhibitors heavily depends on the combination of the descriptor set
[36].

Because the substituents on our compounds are small, we have opted that it is better to
construct a decision tree analysis based on simple descriptors for hydrophilicity, shape and
size. As a result, similar molecular descriptors have been computed for this dataset as
discussed in the QSAR attempt above. The original parameters are: the substituent partition
coefficient (logP), mass and polar surface area (TPSA). Additionally, the volume descriptor
has been refined by using a set of descriptors called the Sterimol parameters [37] as defined
in (Figure 5-5, B1, B2, B3, B4, B5 and L), which are more able to describe the substituent
shape. These descriptors are also uncorrelated with the mass descriptor. Using these
descriptors, three types of decision trees have been generated, the first one based only on
the original descriptors, the second one only on the Sterimol parameters, and the last one
based on both the original and the Sterimol parameters.

Bl B4

B2

B3

B5

Figure 5-5 Sterimol Parameters for a substituent. L is the maximum extension of the substituent, B1 the
minimum width and B5 the maximum width.
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5.3.3 Results and Discussion

After decision tree generation, the models were sorted by performance based on their
receiver-operating-curve (ROC) tables. All models continuously outperform the random
guess sensitivity-specificity profile. An exemplary result of the analysis can be seen in
(Figure 5-6). Every data point represents the average result of the 5 submodels, with the
error bars indicating the standard deviation for both the sensitivity and specificity. Every data
point also possesses a different value for the potency cost penalty. Because a change in
model settings results in the generation of a new optimised decision tree, the points in the
ROC table cannot be interconnected. The MCC calculation results for training set and test
set as well as the sensitivity and specificity calculation for the test set can be found in
Appendix D.

A high cost value results in a higher penalty for the misprediction of positive (potent)
compounds and the sensitivity of these models will be highest. However, if the cost is too
high, the penalty will be too severe such that the constructed decision tree model does not
possess the ability to classify the training set into leaves that possess only potent
compounds. As a result, the sensitivity of such models decreases again. An example of
such a model is the CYP11B1 decision tree constructed with the original descriptors with a
cost of 4 (Figure 5-6). The sensitivity of this model is lower than for a cost of 3, hence the
reliability of this model can be considered as low. This can be shown by calculating the
Matthews correlation coefficient (MCC) for these CYP11B1 decision tree models; for the
cost 4 model the MCC are 0.45 (q2, training set) and 0.30 (RZ, test set), whereas the other
cost models possess MCC values that range from 0.69 to 0.76 (g°, training set) and from
0.46 to 0.51 (R?, test set).

Comparing the models that have been generated with the three different descriptor sets
(Figure 5-6), it is observed that those constructed with the Sterimol descriptors perform best
for all training sets (MCCyain = 0.80-0.95 for both CYP11B1 and CYP11B2 potency).
However, when investigating the results of the test set, the Sterimol models are accurate in
the classification of potent compounds (MCCiest = 0.35-0.55). Their sensitivity for low cost
settings is comparable to that of high cost settings, but instead the sensitivity should have
increased because a high cost value indicates that the amount of false negatives is
decreased. Because the models are unable to discriminate the false negatives, it suggests
that these models are overtrained.

The models constructed with only the original descriptors or a combination of the original
and Sterimol descriptors are found to possess comparable MCC values as well as a
comparable sensitivity/specificity profile. Only the model settings with a very low cost or a
very high cost can be labelled as unreliable (italic Appendix D).
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Figure 5-6 ROC table for the training set (triangles) and the test set (circles) for a minimum leaf size of
4 and a maximum decision tree depth of 5. The various data points indicate different cost settings. Cost
settings for 2 and 4 are indicated. The original descriptors are the mass, TPSA, logP.

5.3.3.1 Prediction of CYP11B1 and CYP11B2 potency for novel compounds

By optimising the values for the MCC (Matthews correlation coefficient) and the
sensitivity/specificity profile of the test set, two models were chosen for each leaf size setting
(greyed, Appendix D). Using those decision tree settings, models were extracted for the
original descriptors, the Sterimol descriptors and the combined descriptors. The models
encompassing the different descriptor sets were tested independently on a validation set of
12 novel CYP11B inhibitors, followed by the calculation of the consensus score of the
prediction.
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Figure 5-7 Compounds used for potency prediction using the decision tree models.

Subsequently, the results for the different descriptor sets were compared. The results for the
compound prediction by the different descriptor sets are listed in Table 5-3. Each descriptor
set displays the fraction of all decision tree models that predict the compound as potent, i.e.
a value of 1.00 indicates that all models for the descriptor set have predicted the compound
as potent. In addition, a consensus label has been defined that combines the prediction
performed by the different descriptor sets. The descriptors that are most important for the
potency prediction of CYP11B1 and CYP11B2 are listed in Table 5—4. For the prediction of
potent CYP11B1 substituents, the R5-substituent are heavier than approximately a chlorine
atom, possess a length between 4.4 A and 7.4 A and possess a width larger than 2.45 A
(comparable to a phenyl group). The Rpara position can possess a maximum polar surface
area comparably to that of a hydroxyl group and a substituent width of 1.5 A. In addition, the
Rortho position is preferably substituted.
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The CYP11B2 substituents possess an Rb5-substituent with a mass more than the
hydroxypropyl group (60 amu) and less than a phenyl group (80 amu). In addition the
maximum width and length of the substituents must be smaller than that of a phenyl group
(7.5 A\). In addition, Rb-substituted compounds preferably contain a polar atom and a size
larger than a methyl group. Finally, Rortho-substituents should to be larger than a propyl
chain and should possess a logP more than hydrogen.

Table 5-3 Predicted and real potency labels for the novel inhibitors using a potency cut-off value of 0.5.
O: original descriptor set, S: Sterimol descriptor set, O+S: both descriptor sets. Values indicate the
fraction of all models that predict the compound as potent (P). Consensus (Cons) is the combined
prediction of all three descriptor sets as potent (P) and non-potent (N). The 'True' column indicates the
real label defined by a cut-off value of 100nM (compare with the IC50). Compounds indicated with a star
are correctly predicted by the models constructed with the original descriptor set, but not by the
consensus.

Original Sterimol Both Consensus True IC50 (nM) Correct?
CYP11B1
183 1.00 0.72 0.76 Potent Potent 324 Yes
294 0.40 0.08 0.22 Non-potent Potent 15.1 No
295 0.08 0.32 0.56 Non-potent Non-potent > 1000 Yes
296 0.44 0.22 0.46 Non-potent Non-potent 107.9 Yes
297 0.94 0.68 0.52 Potent Potent 39.2 Yes
299 0.92 0.12 0.44 Non-potent Potent 1.6 No *
301 0.94 0.82 0.72 Potent Potent 0.8 Yes
302 0.92 0.62 0.60 Potent Potent 29 Yes
318 0.44 0.92 0.76 Potent Non-potent 125.4 No *
322 0.00 0.12 0.22 Non-potent Potent 10.2 No
324 1.00 0.96 0.96 Potent Potent 36.6 Yes
326 0.96 0.92 0.72 Potent Potent 37.0 Yes
CYP11B2
183 1.00 0.86 0.90 Potent Potent 18.1 Yes
294 1.00 0.02 0.20 Non-potent Potent 30.6 No *
295 0.38 0.28 0.26 Non-potent Non-potent >1000 Yes
296 1.00 0.90 0.62 Potent Potent 20.4 Yes
297 1.00 0.94 0.86 Potent Potent 41.2 Yes
299 1.00 0.90 0.64 Potent Potent 0.9 Yes
301 0.70 0.96 0.84 Potent Potent 1.1 Yes
302 1.00 0.96 0.66 Potent Potent 1.2 Yes
318 0.92 0.96 0.84 Potent Potent 58.3 Yes
322 0.00 0.02 0.06 Non-potent Non-potent 101.4 Yes
324 0.38 0.02 0.26 Non-potent Non-potent 292.6 Yes
326 0.08 0.12 0.22 Non-potent Non-potent 403.4 Yes

The models constructed with the original descriptors were able to predict the CYP11B1
potency for 10 compounds indicating a high hit-rate (Table 5-3). However, using the
Sterimol and the combination descriptor sets the prediction was only correct for 8 and 7
compounds, respectively. Moeras 294 and 322, which were incorrectly predicted by the
original descriptors were also incorrectly predicted by the other two descriptor sets. Moeras
299 and 318 were only incorrectly predicted after inclusion of the Sterimol parameters and
Moeras 295 was only incorrectly predicted by the combination of descriptors.
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Moeras 294, 299 and 318 possess an R5-phenyl ring substituted at the para, ortho and
meta positions, respectively. Although the results are not easy to interpret, it appears that
the high R5 Sterimol shape parameter L of Moeras 294 (9.43) and Moeras 299 (8.76) results
in a non-potent scoring, whereas the high R5 shape parameter B3 of Moeras 318 (3.64)
results in a potent scoring (Table 5-4). Moeras 295 and 322 are both doubly substituted on
the Rb position. Singly substituted Rb compounds generally result in a potent inhibitor,
however, since the decision tree models are insufficiently trained with inhibitors that possess
two substituents, the prediction fails for these compounds.

In general, the models on which the predictions are based possess a sensitivity of 0.75,
hence, several false negatives were expected. Additionally, the sensitivity of the models
based on the Sterimol parameters is even lower, indicating an uncertainty to use them for
the prediction of novel compounds. Indeed, models generated with the Sterimol parameters
may be slightly overtrained.

For the CYP11B2 potency, the models constructed with the original descriptor set were able
to predict all compounds correctly, whereas the models constructed with the other descriptor
sets contain one incorrect prediction. The compound that is incorrectly predicted is Moeras
294, which was also incorrectly predicted for the CYP11B1 models. The reason for its
misprediction is also the non-potent scoring for a high value for the R5 shape parameter L
(9.43) (Table 5-4). Even though the sensitivity of the CYP11B2 models is low (0.60) the
results only contain Moeras 294 as false negative and only for the models constructed with
Sterimol parameters. With a specificity of 0.90, there are also no false positives observed,
however, the validation set is too small to draw any firm conclusions.

The validation set contains several compounds that are CYP11B2 selective (Moeras 183,
296, 299, 302 and 318). However, for three compounds their potencies fall within the chosen
threshold for the potency label (100nM). The two CYP11B2 selective compounds that can
be predicted by using a non-potent prediction for CYP11B1 and a potent prediction for
CYP11B2 are Moeras 296 and 318. These compounds are indeed predicted correctly on
both accounts using the original descriptors, hence, these compound are correctly predicted
as selective. Unfortunately, this does not provide any indication towards using the decision
trees for the prediction of CYP11B2 compound selectivity.

Re-evaluating the training and test sets, the amount of CYP11B2 selective compounds
using a 100nM threshold is only 7 (Figure 5-8). For the utilisation of the decision tree
analysis for CYP11B2 selectivity prediction, the selectivity threshold must be adjusted such
that this amount is optimised for future research. The optimal value seems to be 30nM for
which 15 compounds possess the desired CYP11B2 selectivity (Figure 5-8). However, this
threshold is very tight as 5 of these compounds possess an in vitro CYP11B1 potency close
to the threshold with a standard deviation passing the threshold. As a result, optimisation of
the current decision tree analysis can hardly be performed by using a different potency
threshold. Until new highly selective CYP11B2 selective inhibitors are synthesised, decision
tree analysis must be performed in its current form.
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Table 5—4 Reoccurring decisions for the CYP11B1 and CYP11B2 potency resulting from the decision
tree analysis for the prediction of the potency label

Molecule Original descriptor set Sterimol descriptor set

hCYP11B1 R5_logP > 1.10 R5_B1>2.45
R5_weight > 35.55 Rpara_B3 > 1.50
R4_weight <= 15.04 R5_L >4.38
Rpara_PSA <= 26.30 R5_L <7.48
Rpara_weight > 19.00 R5_B3 > 3.55
Rortho_weight > 1.008

hCYP11B2 R5_weight > 57.12 R5_B1>2.10
R5_weight <=79.9 R5 L <=7.66
Rortho_logP > 0.13 Rortho_B5 > 2.49
R5_weight > 1.008 R5_B4 <=3.45
Rb_PSA >0 Rb_B1>1.2
R4_weight <= 15.04 Rpara_L >5.18

Rpara_PSA <= 26.3

amount of CYP11B2 selective compounds for potency threshold
20 : : : :

30 nM
15f

occurrences
=
[=]
T

0 20 20 60 80 100
IC50 (nM)

Figure 5-8 Distribution of CYP11B2 selective compounds for each potency threshold under 100nM. The
optimal value is 30nM
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5.4 Conclusions

The construction of a QSAR model for the various fadrazole analogues is a difficult task
because multiple subgroups influence on the inhibitor potency of other substituents in a
different manner. Therefore, we have employed decision tree analysis as a tool to predict
CYP11B2 potency and selectivity. The results of the decision tree analyses showed that the
models constructed with a descriptor set encompassing substituent mass, polar surface
area and partitioning coefficient, yield the most reliable predictions for both the test set and
the prediction set. For the 12 investigated compounds the models correctly predict 10
CYP11B1 potencies and 12 CYP11B2 potencies, defining good reliability even though the
prediction set is small.

On the basis of decision tree analysis, we have been able to determine the descriptors that
are important for the potency of CYP11B1 and CYP11B2. Although these provide an
indicative measure for the inhibitor properties, they cannot be interpreted as a general rule
set, since because of its nature, decision tree analysis evaluates sequential rather than
parallel decisions. In general, the Sterimol descriptor set does not perform better than the
decision trees constructed with the original, simpler descriptors. This is caused by
overtraining of the models constructed with the Sterimol parameters, since they only
contribute to the substituent shape. In addition, the combination of the original and Sterimol
descriptor sets have not resulted in an increased accuracy of potency prediction. This
indicates that perhaps the Sterimol parameters are not suitable for the expansion of the
shape contributions.

The decision tree analysis uses an artificial potency threshold for the prediction of inhibitor
potency. Using a combination of CYP11B1 and CYP11B2 potency predictions, a qualitative
prediction can be obtained for the CYP11B2 selectivity. However, the threshold for
determining CYP11B2 selectivity requires the training of compounds that possess a potency
value above and below the threshold for CYP11B1 and CYP11B2, respectively. Since the
decision tree models have not been trained with sufficient compounds that fit this
requirement, no conclusions can be drawn for the performance on predicting CYP11B2
selectivity. Future research on the applicability of decision tree analysis in CYP11B2
selective drug design should involve the identification of more CYP11B2 selective
compounds which can be used to either test or optimise the current decision tree models. In
addition, potency thresholds and descriptor sets have to be defined that are better able to
distinguish the selectivity of the compounds.
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Chapter 6 Quantum Mechanics Calculations

In chapter 2 we have defined the protein-substrate binding mode related to substrate
stabilisation, substrate conversion and the inhibitory action of the 'substrates' on the
CYP11B isoforms that cannot convert those particular substrates. The elucidation of
substrate conversion requires a more detailed description of the protein-ligand complex,
since different protein and ligand ionisations may play an important role. To increase
computation detail, we perform a ligand-based quantum mechanics study to investigate the
reactivity and conformations of the substrates involved in the synthesis of aldosterone. We
discuss the various reaction paths that result in the formation of the most dominant reaction
product, corticosterone, the final CYP11B1 product, 18-hydroxycorticosterone, and the final
CYP11B2 product, aldosterone. The substrate conformation required for aldosterone
synthesis identified by this study is placed above the heme. Subsequently, the conformation
of the protein-substrate transition state is determined using quantum mechanics
calculations. The idea behind this was (1) to get mechanistic insight on the catalytic process
of aldosterone formation, and (2) to be able to expand this knowledge for the purpose of
designing transition state analogues that are highly selective CYP11B2 inhibitors.

Parts of this chapter are described in:

L. Roumen, B. van Hoof, K. Pieterse, P.A.J. Hilbers, R. Plate, E.M.G. Custers, M. de Gooyer, J.F.M. Smits, |. Beugels,
J. Emmen, H.C.J. Ottenheijm, D. Leysen, J.J.R. Hermans, "Quantum mechanical considerations on the
mechanism of the multistep conversion of 11-deoxycorticosterone to aldosterone by cytochrome P450
isoenzymes", Submitted, July 2008
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6.1 Introduction

In the previous chapters, in order to investigate the interactions between protein and ligand
we have addressed our problem using molecular mechanics and molecular dynamics
simulations. Using such Newtonian-like mechanics, it is possible to accurately describe the
behaviour of molecules as well as the intermolecular interactions of the system. However,
using these mechanics, several assumptions have been made that limit the investigation of
the actual chemical activity of our protein, i.e. the synthesis of aldosterone by CYP11B2. In
the molecular dynamics method, all atoms are defined by particles that possess a position
and a point charge that does not allow induced polarity by atoms in its neighbourhood. The
atoms also possess predefined bonds with other atoms in the system, but no breaking of
bonds and formation of new bonds is allowed. These factors play an important role in the
conversion of a substrate to a product and are best investigated using electronic structure
calculations using quantum mechanics (QM). We have included quantum mechanics
calculations in our study for two reasons.

First, we have used quantum mechanics calculations on the different substrates involved in
the biosynthesis of aldosterone to obtain mechanistic knowledge and derive possible
differences between the activity of CYP11B1 and CYP11B2. To accomplish this, we have
performed a conformation analysis and we have calculated a measure for atom reactivity,
namely the Fukui index of the carbon atoms of the steroid skeleton [1,2,3]. Calculation of the
Fukui index allows us to speculate on which particular conformations of the substrates are
likely to occur in the CYP11B1 active site and the CYP11B2 active site that cause them to
exert a different synthetic activity.

Second, we have applied quantum mechanics calculations to propose structural features for
novel selective inhibitors based on the unique synthesis of aldosterone by CYP11B2. Since
only CYP11B2 can catalyse the conversion of 18-hydroxycorticosterone to aldosterone, we
propose that a compound derived from 18-hydroxycorticosterone or its reaction intermediate
will be a very potent and selective CYP11B2 inhibitor. Using steroids as inhibitor is a limited
approach because there is a high probability that they are converted by other cytochrome
P450 enzymes or block important nuclear receptors. However, by mimicking the most
CYP11B2 specific features of the steroid, highly selective inhibitors can be derived. In
paragraph 2.7.5 we have suggested that the conversion of 18-hydroxycorticosterone
features an internal hydrogen bond between the Cis-hydroxyl group and the Cyo-ketone.
This internal hydrogen bond allows the abstraction of a second hydrogen atom from C1g by
the iron-oxo species of CYP11B2, followed by the formation of an Cis-gem-diol. By
designing an analogue of this transition state, i.e. the conformation of the 18,18-
dihydroxycorticosterone we opt to achieve CYP11B2 selective inhibition.
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6.2 Quantum Mechanics

Quantum mechanics (QM) is a fundamental theory that provides insight on the behaviour of
systems at the atomic and subatomic level. It is based on probability distributions to explain
the likelihood of finding a particle, such as an electron, in a particular region around the atom
nucleus at a particular time. Electrons are not seen as localised particles in space, but rather
as clouds of negative charge spread out over the atom in patterns called atomic orbitals. In
quantum theory, particles can be described as waves, and as such, every electron has its
own unique wave function that describes its orbital designation, the shape of the orbital, and
the magnetic moment of the orbital. The wave functions of a hydrogen atom are the well
known s, p, d and f orbitals. The square of the wave function multiplied by a volume element
yields the probability to find the electron inside the volume element. This quantity is also
referred to as the electron density in the volume element and can be measured by X-ray
diffraction (the type of structures on which the modelling work was based in Chapter 2).

6.2.1 Quantum Mechanics Calculation Methods

The properties of a molecule in its stationary form can be derived by solving the Schrédinger
equation that uses the wave functions to relate a system Hamiltonian (often described using
the kinetic and potential energy) to the total energy of the system [4,5]. However, in virtually
all cases it is impossible to solve this equation analytically, which has given rise to the
development of several approximation methods. The commonly used methods are the
Hartree-Fock approximation (HF [6]) and the Density Functional Theory (DFT [7,8]).

The Hartree-Fock method is also known as the Self-Consistent Field method (SCF). In HF
calculations, the one-electron wave functions are approximated by a linear combination of
atomic orbitals (LCAO). The HF method is an iterative process where an initial guess for the
atomic orbitals is followed by the calculation of the Fock operator (coulomb and exchange
contributions) to obtain an optimised set of atomic orbitals. The HF method is finalised when
the new orbitals are nearly identical to the preceding iteration, which is called convergence.
Thus, using the HF method, the geometry of the molecular structure can be optimised.

One of the important parts neglected by the HF method is electron correlation which refers
to the interaction between electrons in the system. DFT gives approximate solutions to both
exchange and correlation energies (though HF does include accurate calculation of the
exchange energy). The objective of DFT is also to replace the electronic wave function of
the HF with the electronic density as the basic quantity. Whereas the wave function is
dependent on 3N variables (3 spatial variables for each of the N electrons), the density is a
function of 3 variables and is a simpler quantity to use both conceptually and practically.
Currently, it is common to use a hybrid version of the two methods, hybrid functional
methods. The most applied schematic are the BLYP and B3LYP methods
[9,10,11,12,13,14,15]. These methods combine the exact HF exchange with a DFT
exchange term and also add a correlation functional. In general, accurate QM calculations
are performed by combining the B3LYP method with a split-valence basis set to generate
the orbitals and initial electron density.
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6.2.2 Basis Sets

In both of the methods mentioned to perform QM calculations, basis sets are used for the
accurate calculation of the electron configuration and thereby molecular geometry. A basis
set is a set of functions that describes the molecular orbital as a linear combination of the
functions with the exact coefficients to be determined by the HF or DFT methods. These
functions are usually atomic orbitals centred on atoms, but there are also functions centred
in bonds and lone pairs. Various basis sets are used in practice, most of which are
composed of either Slater-type orbital functions [16] or Gaussian-type orbital functions [17].
The simplest basis set is the STO-3g basis set, which is an acronym for Slater-Type-Orbitals
simulated by the use of 3 Gaussian functions added together. This basis set is known as a
minimal basis set, indicating that it has only as many orbitals as are needed to
accommodate the electrons of neutral atoms and retain their spherical symmetry. Thus, the
STO-3g basis set only has one basis function per hydrogen atom (1s), five basis functions
per atom from Li to Ne (1s, 2s, 2px, 2py and 2pz), nine for second row elements Na to Ar
and so on. The STO-3g basis set usually performs rather well at reproducing geometries of
simple organic molecules, however, it does not perform well for the calculation of the
energy, nor does it perform well in response to changing and anisotropic molecular
environments as a result of inter-molecular interactions.

Since the valence electrons principally take part in molecular bonding, it is common to
represent their orbitals by more than one basis function. The basis sets belonging to this
type of modelling are called split-valence basis sets. For these basis sets, the atomic orbitals
are split into two parts, an inner compact orbital and an outer diffuse orbital. The simplest
split-valence basis set is called the 3-21g. Here, the 3 indicates that the core orbitals are
represented by 3 Gaussian functions, whereas the inner and outer valence orbitals consist
of 2 and 1 Gaussian functions, respectively. More advanced split-valence basis sets can
involve next to the inner and outer orbital descriptions, an additional middle orbital
description (ex. 6-3119).

Additional functions can be added to the basis set to increase accuracy. Examples are
polarisation (*) [18] and diffuse functions (+) [19], but also extra orbitals are to be considered
(such as a d-function added to a basis set with p-type orbitals), as well as additional basis
sets. Polarisation functions allow a p-orbital to be polarised away from the nucleus by mixing
with a d-orbital of lower symmetry. This can improve the modelling of small rings and
second-row elements, but it can also be applied to hydrogen atoms. Diffuse functions allow
accurate computation of those orbitals that are most distant from the atomic nuclei, which
can be important when considering anions or unshared electrons. Additional specialised
basis sets are often used for the accurate modelling of heavy atoms such as metals.

In our study we have used the abovementioned B3LYP hybrid functional in combination with
the 6-31g split-valence basis set [20,21,22,23,24,25,26,27,28,29]. For the modelling of heme
structures, we have added the LANL2DZ basis set to the iron [30], polarisation functions to
all atoms, and expanded the basis sets of sulphur, oxygen and nitrogen with diffuse
functions. For the accurate calculation of the Fukui index of the substrates, we have
expanded the 6-31g basis set with diffuse functions.
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6.3 Catalytic cycle of cytochrome P450 enzymes

Before elaborating on the quantum mechanics study, we first explain the theory of substrate
conversion performed by cytochrome P450 enzymes. The catalytic activity of cytochrome
P450 enzymes involves different redox states of the oxygenated enzyme (Figure 6—1). The
existence of the two-electron reduction resulting in several intermediate states of the iron-
oxygen species was first discovered for CYP101 [31,32,33]. The different locations around
the porphyrin structure are called proximal, where the heme is covalently anchored to the
enzyme by the cysteine thiolate group (5th ligating position), and distal, where the iron
interacts with either the solvent, oxygen or the substrates (6th ligating position).

In the resting state of the enzyme, the heme iron is coordinated with its 6th ligating position
to a water molecule, with the iron atom in a low-spin ferric state (1, S=1/2). In the first step of
the substrate conversion cycle, the distal water molecule is displaced in favour of a
substrate molecule (RH), upon which the spin-state of the ferric iron changes to high-spin (2,
$=°1,). The high-spin ferric iron is reduced to a ferrous state (3) after the supply of an
electron. The shifting of spin-states is not typical for every cytochrome P450 enzyme, thus it
is difficult to generalise these initial steps [34,35]. After oxygen binding, the last relatively
stable intermediate in the cycle is produced (4). This complex is further reduced after the
supply of an electron to the peroxo-ferric intermediate (5a). Protonation of this complex on
the distal oxygen yields the hydroperoxo-ferric intermediate (5b), also known as Compound
0, or Cpd 0. This complex is protonated once more at the distal oxygen atom with
subsequent hydrolysis of the O-O bond and formation of the iron-oxo intermediate, also
known as Compound I, or Cpd | (6). The subsequent step in the cycle is called the Oxygen
Rebound step, and is a process in itself [36]. This oxidation of the substrate yields a product
complex (7). The product (ROH) is then displaced by water to yield the resting state [37].



110 Quantum Mechanics Calculations

1
H. _H
ROH ? RH
o
—Fe— H,O
e T 2
O S\
n n
—Fe— ——Fe—
| oxidase |
s\ H,O shunt / S\ .
\_) - - ,",:":'/ A
2e + 2H S A ;
R H0, '

i J s RH

g Oy_ | "
6 _Felv— (] Hy ~—7 H,0, : F
Cpd | | peroxide "

5\ shunt Sy autoxidation ! 5.
H,0 shunt |
RH 5 0,
o0—H RH )
H* (|)/ (1) C|)/
" "
—Fe™— RH —Fe’—
g o ]
~ ~
Sb | n A/< 4
Cpd 0 —I|=e— e
H+
S\
5a

Figure 6—1 Catalytic cycle of cytochrome P450s.

6.3.1 Oxygen Rebound in detail

The consensus view of the oxygen rebound mechanism stated that an iron-oxygen species
abstracts a hydrogen atom from the substrate, forming an iron-hydroxy species and an alkyl
radical intermediate (Figure 6—2). Subsequently, the quick displacement of the hydroxyl
group from the iron to the alkyl (the rebound) results in the final product.

The mechanism of abstraction of a hydrogen atom from an alkyl can be performed in a
linear array of the atoms C-H-O [38]. During such a process, the distance between the
carbon atom and the oxygen atom in the transition state of the C-H-O array is between 2.50
and 2.53 A (Figure 6-2a) [39]. However, measurement of the life-time of the radical suggest
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that this approach is non-plausible. The life-time of the radical has been determined to be
only 70 fs [40], which is too short to bridge this distance. However, this time length is
consistent with bond stretches and rotational processes [41], leaving the possibility of a
'side-on' approach for hydrogen abstraction (Figure 6—2b) [40]. Two main characteristics of
the process support this 'side-on' approach Firstly, the reaction is concerted, because the
short life-time of the radical suggests that the reaction possesses no true intermediate
structure [40]. Secondly, the reaction is non-synchronous, because it has been determined
that the abstraction of the hydrogen atom precedes the collapse of the C-O bond [42]. The
distance between the iron atom and the substrate carbon atom during the hydrogen
abstraction mechanism reaches up to 5.0 A [43].
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Figure 6-2 a) Mechanism for linear hydrogen abstraction by the heme (which is non-plausible for
cytochrome P450 enzymes) b) The originally suggested oxygen rebound mechanism that is concerted
and non-synchronous

It has been suggested by Newcomb et al [44,45], that the oxygen rebound mechanism is not
the only mechanism possible for the conversion of substrates. The mechanism Newcomb et
al have suggested is the so-called 'two-oxidant mechanism', where both Cpd 0 and Cpd |
can perform substrate conversion. This statement has been based on the experimental
results using specific probes that distinguish between radicular conversion (oxygen rebound)
and cationic conversion (Figure 6-3) [44,46]. The cationic conversion of the substrate
involves the electrophilic insertion of an OH" group by Cpd 0 that leads to the formation of a
carbocation in the substrate. During this insertion, it is proposed that the catalytic threonine
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residue in the centre of the I-helix forms a stabilising interaction for the insertion of the OH".
The carbocation is able to rearrange itself to form several different rearranged products,
which are not found for the radicular oxygen rebound, since the radical life-time is too short.
It has been proposed that this process may even be completed through the H,O, shunt (2 to
5b, Figure 6-1) [44].
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Figure 6-3 Two-oxidant mechanism suggested by Newcomb et al [44]. The original oxidant performs
the oxygen rebound, whereas the suggested second oxidant involves the insertion of an OH*-group.

Recently, the mechanism of the oxygen rebound step (Figure 6—2b), has been expanded to
the 'two-state reactivity’ mechanism (TSR Figure 6—4) [47,48,49,50]. This theory implies that
Cpd | (5b) is in fact a two-state reagent; one state is low-spin (doublet state), and the other
high-spin (quartet state). The energy levels of these spin-states are energetically very close,
and product formation is a result from the interplay of both these reactive states. Both
reaction paths start with hydrogen abstraction from the substrate (S) to form an intermediate
ferryl-hydroxo and substrate radical state (Cy). The difference between the two spin-states is
that high-spin state forms a radical that possesses a significant barrier for oxygen rebound
(4C,eb, 4TSreb) and the low-spin state possesses a virtually barrierless oxygen rebound
(zcreb). Since the low-spin reaction contains a small barrier, it is effectively concerted,
corresponding to the measurement results of the radical life-time [40]. The life-time of the
barrier in the high-spin is significantly higher than that of the low-spin, allowing
rearrangements to take place (Figure 6—4). Resulting from these findings, Kumar et al have
suggested that the emergence of rearranged product from experiments by Newcomb et al
[44], previously explained by the 'two-oxidant' mechanism, can also be explained by the two-
state reactivity mechanism [50]. Furthermore, since the orbital composition of Cpd I involves
several closely lying orbitals and becomes denser throughout the reaction path, other states
may also participate to give rise to a multi-state reactivity mechanism [48,51,52].
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Figure 6—4 Two-State Reaction Mechanism: schematic energy profiles of the high-spin quartet and low-
spin doublet states of Cpd |. S represents the heme-substrate complex. C, represents the stable heme-
substrate radical state. Crepounda @nd TSienound represent the oxygen rebound. P represents the heme-
product state. The Arabic number 2 and 4 indicate the doublet and quartet states, respectively.

6.3.2 Uncoupling

Uncoupling is a process that allows the cytochrome P450 enzyme to return to its non-
oxygenated state. These non-productive shunts are the result of O, conversion to peroxide,
superoxide or water (Figure 6—1) [37]. The collapse can occur if electron or proton delivery is
not timely or if the substrate is resistant to oxidative attack [53]. The availability of solvent
near the molecular oxygen in the active site plays an important role in destabilising the
complex of the iron-oxygen species and the substrate [54,55]. The presence of solvent can
act as a supply of protons to facilitate the dissociation of di-oxygen and the formation of
Hzoz.

Complex instability can be caused by ligands that do not fit the active site cavity very well, or
ligands that possess no strong stabilising interactions in the active site, allowing them to
move. A good example of this scenario is described for the conversion of camphor
analogues by CYP101. The instability of the camphor analogues in the active site is caused
either by a lack of electronic and/or hydrophobic interactions. The consequences of the
weaker binding is both an increased amount of different hydroxylated products due to
substrate rotation, and a decreased efficiency of the substrate conversion due to uncoupling
[54,56,57,58].
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6.4 Mechanistic Knowledge

The conversion cascade of 11-deoxycorticosterone (DOC) to aldosterone involves the
synthesis of several intermediate structures (Figure 6-5) [59,60,61]. From in vitro
measurements, it has been derived that the main product of both CYP11B1 and CYP11B2 is
the formation of corticosterone (B). CYP11B1 is able to form 18-hydroxy-11-
deoxycorticosterone (180H-DOC) a well as small amounts of 18-hydroxycorticosterone
(180H-B). The rat CYP11B1 isoform is even able to synthesise 19-hydroxy-11-
deoxycorticosterone (190H-DOC) [60]. CYP11B2 is also able to synthesise 180H-DOC and
180H-B, yet its distinction from CYP11B1 lies in its unique ability to oxidise the C1g-hydroxyl
group into a Cqg-0xo group, characteristic for aldosterone. The in vitro measurements
suggest that CYP11B1 and CYP11B2 posses a preferential hydroxylation for C444, followed
by C4s. Rat CYP11B1 also possesses the ability to hydroxylate the C4g, although with the
lowest preference, since 190H-DOC is formed the least.
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Figure 6-5 Biosynthesis of aldosterone from DOC through either B or 18 OH-DOC.

When evaluating the substrate hydroxylation reactions performed by the CYP11B family
[59,60], little is known about the exact conversion mechanism. However, recent explorations
have been applied to provide new insights. First, in correspondence to other research
groups we have proposed that the conversion of 180H-B to aldosterone by CYP11B2
features the formation of a C+g18-gemdiol (Figure 6-5) [62,63,64]. Possibly, CYP11B1 is not
able to oxidise the same carbon twice which may explain why CYP11B1 cannot catalyse
aldosterone formation, in contrast to CYP11B2. This hypothesis implies that the conversion
of 180H-B features a second hydrogen atom extraction followed by oxygen rebound, rather
than a direct oxidation mechanism. Indeed, the presence of gemdiol intermediates has been
explained by the experimental work on CYP2E1 by Guengerich et al [65,66,67], and has
also been hypothesised for other cytochrome P450 enzymes (CYP19 [43,63,68,69], and
CYP27 [70]). Furthermore, the aromatisation of androgens has been detailed by a quantum
mechanical study by Hackett et al, which emphasises the involvement of a gemdiol in the
biosynthesis of estrogens [43].
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Second, measurements and calculations on other cytochrome P450 enzymes have
confirmed that the multistep conversion of substrates involves intermediate structures that
do not dissociate from the enzyme and exchange with the medium (CYP2E1 [65,66,67],
CYP17 [71], CYP19 [43,68,69], CYP24 [72] and CYP27 [70]). If the conversion of DOC to
aldosterone is a multistep conversion, the intermediate structures do not exchange with the
medium until the formation of the 18-gemdiol (Figure 6-5). When this gemdiol exchanges
with the medium, it is dehydrated to aldosterone.

Third, from in vitro measurements it is debatable which of the possible conversion pathways
featuring either B or 180H-DOC as intermediate structure, is dominant. In humans, it has
been shown that 180H-DOC is a poor substrate for CYP11B1 and rather acts as a
competitive inhibitor for the conversion of DOC into B [59]. For CYP11B2, 180H-DOC also
decreases the conversion of DOC into B, yet it increases the formation of 180H-B and
aldosterone. These results suggest that 180H-DOC is only a substrate for CYP11B2.
However, this does not necessarily hold true when the conversion of DOC is a multistep
conversion, as an unfavourable conformation of 180OH-DOC may be converted into 180H-B,
although at a low rate. As a result, B may even be a by-product when the multistep
conversion into 180H-B and aldosterone involves the synthesis of 180H-DOC. This
proposition challenges the general assumption that CYP11B1 and CYP11B2 are C11-C+s-
hydroxylases. We propose that CYP11B2 may even be a Cs-C11-hydroxylase, and we will
test this hypothesis accordingly.

To elucidate the conversion mechanism of DOC to aldosterone, we have performed a
quantum mechanics analysis that can provide viable information for the understanding of the
biosynthesis performed by CYP11B1 and CYP11B2. Extending the theory that the
conversion intermediates do not leave the active site, we propose that CYP11B2 requires
one dominant conformation of the initial substrate during the multistep conversion before the
final product is released to the medium.

To investigate this hypothesis, we have performed a ligand-based quantum mechanical
analysis of the substrate conformations that occur during conversion from DOC to
aldosterone. As a measure for carbon atom reactivity we have used the Mulliken population
analysis derived Fukui index (Equation 6-1) [1,2,3]. Here, p is the atomic orbital density on a
carbon atom and N is the amount of electrons in the model system. F* is the Fukui index of
a nucleophilic attack by the oxygen species on a carbon atom. The calculation of this
particular Fukui index requires the calculations of the ligand with a net charge of 0 and the
ligand with a net charge of -1. A high positive F* indicates a higher preference for carbon
atom oxidation. The cut-off value for the Fukui index has been chosen as 0.03 comparable
to normal fluctuations observed for hydrogen atoms.

. +
Equation 6-1 F = Pyi — Pn
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6.4.1 Steroid Conformation Generation

For this study, we have used a systematic conformation analysis as shown in (Figure 6-6).
Beginning with a conformational analysis of DOC, we continued to generate conformations
from the energetically favourable structures of DOC for every succeeding substrate in the
cascade. The initial conformations of DOC were generated using MOE 2007.08 [73]. The
conformations within a root mean square distance (RMSD) of 0.3 A were labelled as
duplicate geometries. Input files were generated with Molden v4.6 [74] for the resulting 10
DOC structures following geometry optimisation using the quantum mechanics package
Gaussian03 [75]. A Mulliken population analysis was performed to determine the electron
density distribution of the atomic orbitals. For the accurate calculation of the Fukui index a
combination of the B3LYP functional and the 6-31+g basis set was chosen. The neutral and
negatively charged states of the structures were calculated according to the Fukui index for
a nucleophilic attack of the oxygen species.

The geometry and electron distribution of the steroid conformations were compared using a
root mean square error (RMS). The initial DOC geometries that converged to similar
conformation minima were pruned and the lowest energy conformations were used as input
for the conformation analysis of 180H-DOC and B. Two possible conformations exist for the
C11p-hydroxyl group. These conformations were labelled u and v, indicating that the hydroxyl
group is pointing away from Cg and towards Cs, respectively (Figure 6—7). Four generic
directions for the C1s-hydroxyl group exist. Two of these directions are towards Cg and C12,
away from the hydroxyacetyl group, labelled w and x, respectively. The other two directions
that were analysed allow the C4g-hydroxyl group to approach the Cao-carbonyl and form an
internal hydrogen bond. These directions are roughly towards C4s and Cy and labelled y
and z, respectively (Figure 6—7). Conformations for 180H-B and 18diOH-B were derived
from the optimal conformations found for 180H-DOC and B.
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DOC1 ———B1u

— B1v

— 180H-DOC 1w

> 180H-DOC 1x —— > 180H-B 1x 18diOH-B 1xw
> 180H-DOC 1y 180H-B 1y ¥ 18diOH-B 1yz
> 180H-DOC 1z 180H-B 1z —

DOC2 ——= B2y
— B2v
> 180H-DOC 2w
= 180H-DOC 2x (22)
> 180H-DOC 2y 180H-B 2y 18diOH-B 2zw
> 180H-DOC 2z 180H-B 2z 18diOH-B 2zy

DOC3 ——B3u
— B3v
—> 180H-DOC 3w
— 180H-DOC 3x

180H-B 3x >< 18diOH-B 3yw

> 180H-DOC 3y —> 180H-B 3y — 18diOH-B 3yz
> 180H-DOC 3z 180H-B 3z 18diOH-B 3zw
18diOH-B 3zy

Figure 6-6 Flowchart of the conformations involved in aldosterone synthesis that are used in our
analyses. Crossover between conformations is portrayed with a dashed arrow. The steroids are 11-
deoxycorticosterone (DOC), corticosterone (B), 18-hydroxy-11-deoxycorticosterone (180H-DOC),
18hydroxycorticosterone (180H-B) and 18-dihydroxycorticosterone (18diOH-B). Conformation
nomenclature is determined by a numeral referring to the initial DOC conformation as well as one or two
Arabic letters referring to different orientations of the hydroxyl groups.
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C20¢

C21

Figure 6—7 Steroid carbon atom enumeration, direction of the Ciig-hydroxyl group of B (blue) and
direction of Cg-hydroxyl groups (red). The enumeration of the rings is shown in italic letters.

6.4.2 Results and Discussion: Mechanistic Knowledge

6.4.2.1 DOC Conformations

For the 10 initial DOC conformations, several structures have converged to an identical
minimal energy conformation. The number of unique energy minima for DOC has been
proven to be 6, and is attributed to conformational changes in the hydroxyacetyl group
(Figure 6-8a). The Cyq carbonyl group points either towards C12 or C+6. Furthermore, three
favourable types of conformations have been identified for the hydroxyacetyl group;
eclipsed, gauche and antiperiplanar (Table 6-1). In the eclipsed conformations, a very
strong internal hydrogen bond is formed that results in a lower potential energy than
observed for the gauche and antiperiplanar conformations. For the Cjs-oriented
conformations, one gauche conformation optimises to an antiperiplanar conformation due to
steric hindrance (conformation DOCG6). The antiperiplanar conformation is higher in energy
than the gauche conformations and, therefore, has been discarded from further analysis.
The three lowest energy conformations (DOC1, DOC2 and DOC3) have been used for the
conformational analysis of B and 180H-DOC. DOC3 has been used for two additional
reasons. Firstly, both DOC1 and DOC2 feature an internal hydrogen bond for the
hydroxyacetyl group, that is absent in DOC3, and secondly, in Chapter 2 we have proposed
the hydroxyacetyl conformation of DOC3 as a requirement for aldosterone synthesis [64].
The three conformations of DOC are displayed in (Figure 6-9).
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Figure 6—8a-e Relative energies derived for the conformations of a) DOC b) B c) 180H-DOC d) 180H-B
and e) 18diOH-B. The horizontal axis indicates the conformation enumeration.
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Conformation 2

Conformation 3
Figure 6-9 The three lowest energy conformations for the hydroxyacetyl group of DOC. Hydrogen

bonds are indicated with lines. In Chapter 2 we have proposed that conformation 3 is required for the
synthesis of aldosterone.

Table 6—1 Conformation of the Hydroxyacetyl group of DOC

Conformation Dihedral Angle Type Orientation
020-C20-C21-021 C20 Carbonyl
1 -4.9° eclipsed Cc16
3 155.5° gauche C16
4 (same as 3) 155.5° gauche C16
8 (same as 3) 154.3° gauche Cc16
6 -177.9° antiperiplanar C16
2 -3.4° eclipsed C12
7 (same as 2) -2.5° eclipsed C12
5 -144.2° gauche C12
9 (same as 5) -145.3° gauche C12

10 116.2° gauche C12
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6.4.2.2 B Conformations

Since the conformation of the hydroxyacetyl group has remained consistent, the
conformations of B1, B2 and B3 have been found to be identical to the corresponding
conformations of DOC1, DOC2 and DOC3. For each of the three hydroxyacetyl group
conformations, the lowest energy contains the Cqs-hydroxyl group pointing away from Cg
(B1u, B2u, B3u in Figure 6—7 and Figure 6-8b).

6.4.2.3 180H-DOC Conformations

For 180H-DOC, four conformations were generated for the C1g-hydroxyl group labelled w to
z (Figure 6-7 and Figure 6-8c). An internal hydrogen bond between the C1g-hydroxyl and
the Cyo-carbonyl groups has been found for conformations 1y, 1z, 3y and 3z. For these
structures, the conformation of the hydroxyacetyl group has slightly reoriented to optimise
the hydrogen bond. No hydrogen bond has been observed for conformations 2y and 2z. If
the hydroxyacetyl group had reoriented itself to form a hydrogen bond, these conformations
would have become identical to conformations 1y and 1z, respectively. Since the
conformation 2z does not form a hydrogen bond between the Cig-hydroxyl group and the
Cao-carbonyl group, it converges to an identical conformation as 2x. The energy of the w
conformations are much higher than those of the x, y and z conformations. Therefore, the w
conformations have been discarded from further analysis.

6.4.2.4 180H-B Conformations

Formation of 180H-B can take place from either B or 180H-DOC. Therefore, starting
conformations of 180H-B were based on the lowest energy conformations of both B and
180H-DOC. Because the lowest energy conformations of B all possess their C11-hydroxyl
group pointing away from Cg, we have chosen to generate all 180H-B conformations with
the same direction for the C14-hydroxyl group, the u conformation. The following 18 OH-DOC
structures were considered; 1x, 1y, 1z, 2y, 2z, 3x, 3y and 3z (Figure 6-8d). The C- and
C1s-hydroxyl groups of these conformations possess different hydrogen bonding patterns
that are summarised in (Table 6-2).

The introduction of the Cii-hydroxyl group to 180H-B results in very stable internal
hydrogen bonds. The most optimal electronic conformations (1x, 1z, 3x and 3z) all possess
hydrogen bond pointing from the Cii-hydroxyl group to the Cis-hydroxyl group. The
presence of this specific hydrogen bond limits the rotational freedom of the hydroxyacetyl
group and has an impact on the orientation of the Cyo-carbonyl group. Investigation of the
conformations of 1z and 3z reveals that the Cyo-carbonyl group has changed its orientation
from C4¢ to Co.

Comparing the 180H-B conformations to those of 180H-DOC, it can be derived that a
rotation of around 60° of the hydroxyacetyl group allows crossover between structure 180H-
B 2z to 180H-B 1z (Figure 6-6).
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Table 6-2 Internal hydrogen bonds for the 180H-B conformations

Conformation Hydrogen bonds Type Orientation
C20-Carbonyl

1w C21-OH to C20-carbonyl eclipsed C16
C18-OH to C11-OH

1x C21-OH to C20-carbonyl eclipsed C16
C11-OH to C18-OH

1y C21-OH to C20-carbonyl eclipsed C16-C12
C18-OH to C20-carbonyl

1z C21-OH to C20-carbonyl eclipsed C12
C18-OH to C20-carbonyl
C11-OH to C18-OH

2y C21-OH to C20-carbonyl eclipsed C12

2z C21-OH to C20-carbonyl eclipsed C12
C18-OH to C11-OH

3x C11-OH to C18-OH antiperiplanar C16

3y C18-OH to C20-carbonyl antiperiplanar C16

3z C11-OH to C18-OH antiperiplanar C12

C18-OH to C20-carbonyl

6.4.2.5 18diOH-B Conformations

Several conformations of 18diOH-B can originate from multiple 180OH-B conformations and
there are also many crossover possibilities (Figure 6-6, Figure 6-8e, Figure 6-10). The
stabilisation of the additional Cis-hydroxyl group is most favourable for each of the 1yz
combinations, as well as the 1xw conformation due to an interplay of both a C11-C1s and a
C1s-C2 hydrogen bond. Additional structures can be determined if the 180H-DOC
conformation w is investigated, however, several of these extrapolated structures are
already covered (Figure 6-6), and the additional conformations are anticipated to be less
likely products of the oxidation sequence, due to the unfavourable potential energy of their

intermediate structures.
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conformation 1YZ

conformation 2ZW conformation 2ZY
/;q § g % 'E ~ ‘i ’—% é ;' é

conformation 3YW conformation 3YZ

conformation 3ZW conformation 3ZY

Figure 6-10 The investigated conformations of 18-dihydroxycorticosterone. Hydrogen bonds are
indicated with lines.
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6.4.3 Fukui index analysis

Because the steroid C41, C1g and C19 are known hydroxylation sites for the CYP11B family,
the Fukui index calculations have been restricted to these atoms. A high positive Fukui index
indicates a higher preference for carbon atom hydroxylation. A general observation on the
Fukui indices is the frequently high value for Ci9 (Figure 6-11). For all 6 DOC
conformations, only DOC3 possesses a higher Fukui index for C11 than for C19, and none of
the DOC conformations possess a higher C4g Fukui index than the C+9. The presence of the
Cao-hydroxyl group is unfavourable for the Fukui index of C11 and Cg because it decreases
the electron density in the negatively charged conformation. As a result, the C49 Fukui index
is higher.

Fukui Indices for B

Fukui Indices for DOC B
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Figure 6-11a-d Fukui indices for a) DOC b) B c) 180H-DOC and d) 180H-B. Indicated with the
horizontal line is the Fukui index threshold value.

6.4.4 Fukui index analysis of sequential paths

The most likely multistep conversion paths for hydroxylation of DOC to aldosterone were
investigated. Although Cig-hydroxylation of DOC is not preferred in accordance to the low
C1g Fukui indices (Figure 6—11a), the index is high enough to result in C4g-hydroxylated
products of DOC1 and DOC3. For DOC2, the index falls within the cut-off of 0.03, however,
this path has been investigated for completeness. The paths to which the initial Cqs-
hydroxylation applies are Path 4, Path 5 and Path 6, which were investigated in accordance
to the assumption that the Fukui index is high enough to allow hydroxylation. Because it is
unknown whether 18diOH-B can be synthesised via 180H-DOC, these paths have not been
investigated.
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The main consideration for all paths is that the substrates are sequentially converted
allowing only limited movement of the intermediate substrates in the active site before the
final product is released from the protein active site to the environment. The Fukui index for
each substrate conformation can be reviewed in Figure 6-11a-e. A brief summary of the
investigated paths including success and failure is listed in Figure 6—12. Despite having
discarded them from further analysis, the calculation of the multistep paths required the
calculation of the Fukui indices for the 180H-B 1w and 2w conformations.

C Cis Cig
Path1 DOC1 é B 1u . 180H-B 1x 2 18diOH-B 1xw (spatially plausible) c
B1v 180H-B 1y YP11B2
180H-B 1z 18diOH-B 1yz (spatially implausible)
CM
Path2 DOC2 ——> B2u
ey CYP11B1/CYP11B2
C Cig
Path3 DOC3 Cyy B3 *’/ 128:-2 gx 18diOH-B 3zw (spatially plausible) CYP11B2
u -
— e Y g YP11B
B 3v 180H-B 3z 18diOH-B 3zy (spatially implausible)
C
_Cis- 180H-DOC 1w — > 180H-B 1w
Path4 DOC1 ——= 180H-DOC 1x CYP11B1

§ 180H-DOC 1y 180H-B 1y
180H-DOC 1z

C Cyy
8 180H-DOC 2w 180H-B2w  C18__ 18diOH-B 2zw (spatially plausible)

Path5 DOC2 ———> 180H-DOC 2x/2z —> 180H-B 2x/22—=~ 184iOH-B 2zy (spatially implausible) CYP11B2
180H-DOC 2y
CWB
18> 180H-DOC 3w
Path 6 DOC 3 180H-DOC 3x Ciy
180H-DOC3y ¢ ~—7 18diOH-B 3zw (spatially plausible)
180H-DOC 32—~ 180H-B 3z 18diOH-B 32y (spatially implausible) CYP11B2

Figure 6-12 All possible multistep paths from DOC to 18diOH-B based on the conformations DOC1,
DOC2 and DOCS3. For each path, indicated in Bold are the most likely routes taken inside that path. In
addition, each path has been given a label indicating whether we deem the path preferred by CYP11B1
or CYP11B2.

6.4.4.1 Path 1

The first path is the conversion of DOC1 through Ci1-hydroxylation, followed by two
consecutive Cig-hydroxylations to 18-diOH-B. The Fukui indices of DOC1 indicate a
preference of C49 over C44 and finally C1s. Assuming that Cig-hydroxylation is prohibited by
enzyme's active site influences, the path progresses to B1u and B1v. From these two
conformations, B1u has the lowest energy configuration, but it possesses a negative Cs
Fukui index that does not allow further hydroxylation in the path. The C1s Fukui index of B1v
does allow hydroxylation, although the indices of C41 and Ci9 are higher. If B1v is
hydroxylated on Css, the resulting conformations of 180H-B possess a stabilised Cq1-
hydroxyl group through a hydrogen bonding interaction with the C4s-hydroxyl group (Table
6-2). This conformation possessed a more u conformation. A second Cig-hydroxylation is
allowed for the two conformations 180H-B1x and 180H-B1z to form 18di-OH-B. The
resulting conformations are 18diOH-B1xw and 18diOH-B1yz (Figure 6-10).
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6.4.4.2 Path 2

The second path is the conversion of DOC2 via Cii-hydroxylation, followed by two
consecutive Cqg-hydroxylations to 18diOH-B. Investigating the Fukui indices of DOC2, there
is again a preference of Cig over Cy1 and finally Cqs. Even if we assume that Cio-
hydroxylation is blocked and B2u or B2v is synthesised, the path stops. The Cig Fukui
indices of the conformations are very close to 0 indicating that no further C1s-hydroxylation is
likely. The path stops at the formation of B, which could be an explanation for the much
higher concentrations of B compared to the other CYP11B1 and CYP11B2 products.

6.4.4.3 Path 3

The third path is the conversion of DOC3 through Ci4-hydroxylation, followed by two
consecutive Cqg-hydroxylations to 18diOH-B. Here, the Fukui index of C44 is higher than the
C19, which in turn is nearly equal to that of the C+s. This is the only DOC conformation that
possesses a Fukui index that clearly favours the formation of B. The energy for these
complexes shows that B3u has the lowest energy configuration. Following the formation of
B3u or B3v, the Fukui indices of these conformations of B both indicate another clear
preference for further Cig-hydroxylation. From the 180H-B conformations that can be
synthesised, 180H-B3x and 180H-B3z (lowest energy) both prefer further hydroxylation on
C1s to form 18diOH-B3zw or 18dOH-B3zy (Figure 6—-10).

6.4.4.4 Path 4

The fourth path is the conversion of DOC1 via Cig-hydroxylation, followed by Ci4-
hydroxylation and Cig-hydroxylation. The Fukui index of Cis is high enough to allow
conversion to 180H-DOC. After formation of the 180H-DOC1 conformations, only the
180H-DOC1w and 180H-DOC1y conformations possess a high enough Fukui index for
further C44-hydroxylation. However, the subsequent Cis-hydroxylation of 180H-B1w and
180H-B1y seems impossible, because the Fukui indices for C1g are too low; the path stops
at the formation of 180H-B. Because CYP11B1 can synthesise 180OH-B and not
aldosterone, this path seems to explain the enzymatic activity of CYP11B1.

6.4.4.5 Path 5

The fifth path is the conversion of DOC2 through Csg-hydroxylation, followed by Cis-
hydroxylation and C+g-hydroxylation. Again, the Fukui index of Cs is less than that of C14
and Cq9, but high enough to allow conversion into 180H-DOC. Here, the conformations of
180H-DOC2w and 180H-DOC2x/2z possess a favourable C41 Fukui index for further
oxidation to 180H-B2w and 180H-B2z. From these two conformations, only 180H-B2z
possesses a favourable enough C+g Fukui index to form 18diOH-B2zw or 18diOH-B2zy
(Figure 6—-10).
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6.4.4.6 Path 6

The sixth and last path is the conversion of DOC3 via Cs-hydroxylation, followed by C11-
hydroxylation and C1g-hydroxylation. Although DOC3 possesses a strong preference for the
formation of B (Path 3), the C1s Fukui index is very high (higher than the C41 indices for
DOC1 and DOC2) and is almost the same as the C+g index. It is plausible that 180OH-DOC is
formed from this DOC conformation. After this conversion, only 180H-DOC3z possesses a
high C11-Fukui index that allows formation of 180H-B3z. As seen in Path 3, formation of this
structure can result in the formation of 18diOH-B3zw and 18diOH-B3zy (Figure 6—10).

6.4.5 Structural investigation of the hydroxylation paths

Although the Fukui index provides an indicative measure for the reactivity of the carbon
atoms, it does not provide information on the spatial restrictions that may be present for
each of the conversion steps. We have suggested in Chapter 2 that the B-side of the
corticosteroids is oriented at an angle of around 45° to the heme [64]. This is the only
conformation that presents all hydroxylation sites in close proximity to the heme iron (cut-off
5.0 A, paragraph 2.7.3 ). Assuming that this orientation is correct, hydrogen atom extraction
from C1s is most plausible from the orientation types x and z. This has an implication for the
paths discussed above.

Path 1 resulted in the conversion of 180H-B1x and 180H-B1z into either 18diOH-B1xw or
18diOH-B1yz. Both 180H-B1x and 180H-B1z possess an internal hydrogen bond between
the Cqg-hydroxyl group and the Cyo-ketone group and are very closely related in structure
(Figure 6-10). Because of this interaction, the 'w' C4s-hydrogen is in reality more an 'x' Cqg-
hydrogen and can be oxidised by the heme iron. The 'y' C18-hydrogen is blocked from
oxidation by the internal hydrogen bond. As a result, the conversion of 180H-B1x and
180H-B1z into 18diOH-B1xw is spatially favourable, whereas the formation of 18diOH-
B1yz is not. Similar conclusions can be drawn for the results of Path 3, Path 5 and Path 6.
For each of these paths, the oxidation of 180H-B x or z results in a spatially plausible C+s
hydrogen abstraction on the w side and not the y side (Figure 6-12).

6.4.6 180H-DOC as an in vitro inhibitor for CYP11B1 and CYP11B2

Investigation of the 180H-DOC species may provide insight on the inhibitory action it
possesses on both CYP11B1 and CYP11B2, and the substrate function it possesses on the
synthesis of 180H-B and aldosterone by CYP11B2. For the inhibitory action on CYP11B1,
which is a poor catalyst for the formation of 180H-B and aldosterone, we suggest that the
binding mode of 180H-DOC must feature a poor Fukui index for further C44-hydroxylation.
The conformations of 180H-DOC that match this query are 1x, 1z, 3w, 3x, and 3y. The
affinity of one of these conformations to the active site of CYP11B1 must be close to that of
DOC itself if 18OH-DOC is to act as an inhibitor, but in this study we cannot estimate binding
affinities to the active site.

To explain the activity of 180H-DOC on CYP11B2, we suggest that the effect of 180H-DOC
on CYP11B2 is three-fold: (1) the binding affinity of 180H-DOC to the active site is close to
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that of DOC, (2) the binding orientation of 180H-DOC features a C11-hydroxylation distance
within 5.0 A and (3), the conformation of 180H-DOC in CYP11B2 can act as a substrate for
the formation of 180H-B and aldosterone, i.e. the C41 Fukui index of the 180H-DOC
conformation is high. There are two conformations of 180H-DOC that might match these
features, namely 180H-DOC2z and 180H-DOC3z. The 180H-DOC2z and 180H-DOC3z
conformations possess a high C41 Fukui index and can be converted into 180H-B (Path 5
and Path 6, respectively). At the same time, they can compete with DOC2 and DOC3 for the
binding site. The 180H-DOC2z conformation seems most plausible for the inhibition of
DOC, since DOC2 does not seem to be a great substrate for the conversion into B. This
implies that 180H-DOC2z may have a greater affinity for CYP11B2 than DOC2 and may
halt the synthesis of B in favour of the synthesis of 180H-B and aldosterone.

6.4.7 Study Limitations: Mechanistic Knowledge

The heme cofactor plays a prime role in the conversion of substrates and inclusion of the
heme in the calculations can increase accuracy and confidence. However, since the
substrates are converted differently by CYP11B1 and CYP11B2, it would still be impossible
to derive a clear picture for the regio-specificity of the two isoforms. Therefore, inclusion of
the heme in these calculations would not add more information to describe the differences in
substrate conversion steps for aldosterone synthesis. For the inclusion of active site
influences, the calculations can be expanded to QM/MM, which are time-consuming and
require an accurate description of the protein active site. Unfortunately, this required detail is
unattainable for homology models.

The calculation of the Fukui index is best used for synthesis of compounds that are not
shielded from the environment, i.e. they do not take into account the stabilisation or
hindrance by proteins. Therefore, interpretation of our results in comparison with observed
substrate conversions by the cytochrome P450 enzymes is not that straightforward, as
active site influences are important for the regio-specific hydroxylation of the substrates. In
this respect, the high Ci9 Fukui indices observed from the calculations may indicate that
protein-ligand interactions play an important role in discriminating between the three
different hydroxylation sites of DOC.

It is uncertain whether the substrates actually assume the conformations researched in our
investigations. Moreover, the optimal energy conformation of the substrate is not necessarily
the optimal conformation in the protein-substrate complex. To overcome these problems, it
is necessary to generate multiple conformations of DOC to investigate the influence of the
substrate conformation on the likelihood for oxidation.

The investigation of the possible sequential paths also depends on the assumption that the
conversion of the substrates does not exchange the intermediate products with the
environment. Although it has been determined that other cytochrome P450 enzymes work or
likely work according to this theory [65-70], we are uncertain whether it is also applicable for
the cytochrome P450 11B family. However, because the conversion pathway is very regio-
specific, we believe that it is correct to assume that structures are largely restricted in their
movement in the protein active site.
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6.5 Transition state analogues of the 18-hydroxycorticosterone conversion

Using Fukui index calculations, we have been able to derive the most likely multistep
conversion from DOC to aldosterone as performed by CYP11B2. The conformations that are
most likely to be involved in the last conversion step are 180H-B3z and 18diOH-B3zw
(Path 3, paragraph 6.4.4.3 ). To obtain a basis for the design of transition state analogues,
we have derived the transition state that occurs during the conversion of 18-
hydroxycorticosterone to aldosterone for this particular conformation of the gemdiol.

Since quantum mechanics calculations are computationally costly, it is imperative that the
model system is reduced sufficiently, yet still retains an accurate description of the
enzymatic activity. The catalytic site of the enzyme can be simplified in many ways. In
general, the system can be simplified at either the level of the heme or at the level of the
substrate and the enzyme environment. The final model system used during our calculations
of the transition state of 18-hydroxycorticosterone can be seen in (Figure 6-13).

o
HO N\

OH o
HO. HO N
: : » HO. o OH
o \
Full Substrate Model Substrate

S\

CH,

Transition State
Model System

Full Heme Model Heme
Figure 6-13 Model system for the Transition State that occurs during the conversion of 18-
hydroxycorticosterone to aldosterone. left) original substrate and heme. centre) model systems for the
substrate and heme. right) model system of the transition state.

6.5.1 Reduction of Heme Complexity

The active species of the heme prosthetic group have been described in (paragraph 6.3 ).
The simplest model that has been used as a representative for the modelling of the heme
system in the Cpd 0 state is an iron-oxo species. This model consists solely of an iron atom,
an oxygen atom, and a substrate. Modelling the conversion of methane to methanol with this
model system has clearly shown the two-state reaction of the oxygen rebound (paragraph
6.3.1 ) [76,77,78], however, the approach of the substrate to the iron-oxo species is not
plausible. If the atomic positions of this model system are superposed with the full heme
system, the position of the substrate is on the wrong side of the heme (Figure 6-14a,d).
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A slightly more complete model of the heme includes the sulphur and nitrogen atoms
stabilised by hydrogen atoms as [FeO(SH)-(NH)s)]" (Figure 6-14b) [79]. This model is
claimed to include all the features that are essential for the accurate modelling of the
hydrogen abstraction steps; the oxyferryl species, the thiolate group, and the octahedral
coordination of the iron centred between four nitrogen donors. This model supports the two-
state rebound mechanism and the recorded energy barriers of the rebound mechanism are
close to computations performed with the full heme system [79].

Higher precision can be obtained by including the exact ring systems of the heme group and
adjustments to the thiolate group [43,50,52,80,81]. Generally, these models truncate the
heme to porphine by removing all side chains from the porphyrin group. A less severe
truncation can be performed by using octamethyl porphine where the side chains are
exchanged by methyl groups [82]. The cysteine residue can be modelled as a thiolate (SH"),
methyl mercaptide (SCH3™), cysteine anion (CysS™), or expanded with NH groups to mimic
the hydrogen bonding network of the cysteine (Figure 6-14c) [83]. The current consensus
for modelling the heme with quantum mechanics calculations is to use at least the porphine
group in combination with the thiolate [83,84].

To keep the computational effort within bounds, we have chosen to use the unsubstituted
porphine group in combination with a methyl mercaptide group for the accurate modelling of
the heme system in this thesis. The structure of this complex is shown in (Figure 6—14c),
with hydrogen atoms as Y-substituents, and a methyl group as X-substituent (see also
Figure 6-13, centre).

Xis SH or SCH; or SH- + (NH),
Y is H or propionate

H
i d
H//C-., H H H/ 'H
H
(o]
f Y
NH:\U /NH3
€
~
NH | NH, i v
S S
H x
a) FeO* b) FeO(SH)-(NH,),)I* c) almost full heme model d) Full heme (Cpd 0)

Figure 6-14 Comparison of the different heme model systems compared to the actual system.

6.5.2 Reduction of Substrate Complexity

In early quantum mechanics studies on the catalytic activity of monooxygenases, the
calculations have been performed using methane as the substrate [47,76,85,86]. The results
from the calculations on methane have been expanded to conclude general features of the
catalytic activity for larger molecules, in particular alkyl moieties. Since the general features
of the conversion of methane have been clarified, the complexity of the model systems has
been expanded to involve more and more detail. In recent studies, larger substrates have
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been used [3,43,79,50,52,87] as well as additional active site properties such as water
molecules or amino acid side chains [79,88,89,90]. These implementations have provided
insight on the stabilisation of Cpd 0 and Cpd I, the stability of the substrate in the active site,
and the delivery of protons to the active site through water channels.

In this thesis, the steroidal substrates are much larger than the substrates that have been
computed in current literature. To reduce computation cost, the substrate size can be
reduced by removing regions of the substrate that play no apparent role during the
conversion steps. Hackett et al. have shown that reduction of androgens by neglecting the
contribution of the steroid C and D rings can be used to explain their aromatisation by
CYP19 [43] (for steroid enumeration see Figure 1-3). Using a comparable approach, the
complexity of 18-hydroxycorticosterone has been reduced by neglecting the A and B-rings of
the steroid skeleton (Figure 6—-13, centre).

To obtain an initial pose for the reduced 18-hydroxycorticosterone structure during hydrogen
abstraction, we have first explored transition state 1 by using ethanol as a substrate (Figure
6-15). Next, the reduced 18-hydroxycorticosterone structure has been superimposed on the
heme-ethanol complex. Subsequently, the conformations of the substrate-bound reaction
complex (1) and product-bound complex (13) have been optimised, and the hydrogen
abstraction pathway has been investigated using single point calculations (Figure 6—16).

H, o
H—o0.> C—H

Substrate System Transition State 1 Intermediate State Transition State 2 Product System
(for quartet state)

Figure 6-15 Schematic for the structures of the reaction complex during the conversion of ethanol to
ethanediol. Transition state 2 only occurs in the quartet state, similar to (Figure 6—2b and Figure 6—4)

6.6 Results and Discussion: Transition state analogues

The rate-determining step of the reaction is the hydrogen abstraction of transition state 1,
which results in the intermediate state where the alkyl-radical is in complex with the
hydroxylated heme. During this process, the characteristic of the proximal carbon atom
changes from an sp3 hybridised conformation to an sp2 hybridised conformation (Figure 6—
15, Figure 6—16 conf 6). Subsequently, the reaction of the intermediate state cation (Figure
6-16 conf 9) is swift and smooth for the formation of the product (oxygen rebound, see also
Figure 6-4).

Our calculations on the substrate conversion of the 18-hydroxycorticosterone (reduced form)
are slightly different than the results published by other groups for the substrate camphor
[79,89]. We have calculated a relative energy barrier for Transition State 1 as 38.6 kcal/mol,
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whereas the barrier for camphor has been determined to be as low as 20-25 kcal/mol. The
intermediate state has been computed 5.7 kcal/mol higher than the substrate-bound reaction
complex, whereas the intermediate state of camphor is 15 kcal/mol. We have not detected
any Transition State for the rebound reaction, and the stable gemdiol product of the reduced
18-hydroxycorticosterone structure has a low energy minimum as -75.4 kcal/mol, whereas
the product of camphor has been determined in the range of -50 kcal/mol. These energetic
differences are caused by our method of calculation, as we have derived the complexes
using single point calculations, which do not optimise the geometry. Nevertheless, the
calculated conformation of the complexes during this reaction state provides information for
the design of transition state analogues.

The exact positioning of the substrate above the heme is an important feature that
determines the selectivity of substrate conversion by CYP11B1 and CYP11B2 (paragraph
2.7.5 ). It is anticipated that this selectivity between CYP11B1 and CYP11B2 cannot be
distinguished when only the heme-substrate complex is computed with quantum mechanics
calculations, rather, for this to be achieved, amino acids in close proximity to the substrate
must be also included in the calculations. It is possible to implement these active site
properties to the calculations, however, since the homology models have been based on
cytochrome structures that are a maximum of 30% identical (paragraph 2.4.2 ), it is likely
that the required detail for the determination of substrate selectivity can never be reached.
Resolving the substrate selectivity of CYP11B1 and CYP11B2 may prove to be fruitful if a
combined method such as QMMM (Quantum Mechanics/Molecular Mechanics) is used.
Fortunately, our main research interest in quantum mechanics calculations on the synthesis
of aldosterone lies only in the uncovering of the transition state and constructing analogues
of the substrate conformation in this particular state. The other steps of substrate need not
be resolved in order to design the CYP11B2 selective analogues, and the exact active site
differences near the substrate need not be taken into account. Since we are only interested
in the transition state of the complex, it is a reasonable assumption that the other protein-
substrate states do not need to be computed.

Several analogues have been identified based on their steric and electrostatic overlap with
the reduced form of 18-hydroxycorticosterone (Figure 6—17). Because the exact overlap of
the steroidal rings is difficult to obtain, the steric overlap of most suggested structures is
limited to a spherical shape featuring a possible interaction site with the heme iron.
Compounds (1) and (6) may function as a good basis for further inhibitor development, since
compound (1) has been used as a substructure for drugs, and compound (6) is related to
oxazoles and imidazoles, that are also used as substructures of drugs. The chemical nature
of the iron-ligating nitrogen of compounds (2) and (5) is doubtful as they may prefer a
protonated form. Likewise, compound (4) is not stable and will be subject to ring opening.
Lastly, the camphor-like compound (3) provides the best steric overlap and a good
electrostatic overlap, and although it is theoretically possible, the acidic group does not
interact with a heme iron.
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Figure 6-16 Reaction pathway for the conversion of the reduced 18-hydroxycorticosterone to the
reduced 18-dihydroxycorticosterone for the doublet state. For the doublet state, no second Transition
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Figure 6—17 Electrostatic and steric properties of the Transition State (centre top) and several
analogues. Negatively charged regions are coloured red, whereas positively charged regions are
coloured blue.
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6.7 Conclusions: Transition State Analogues and Mechanistic Knowledge

Using quantum mechanical calculations, we have attempted to elucidate the substrate
conversion mechanism performed by CYP11B1 and CYP11B2. To accomplish this we have
performed both a conformation analysis as well as an analysis towards hydroxylation site
reactivity in accordance with the Fukui index. For each of the possible substrate conversion
paths, we have calculated the carbon atom reactivity and thus an indicative measurement
for the likelihood of substrate conversion.

We find that the determination of the Fukui index for these structures is justifiable for the
gathering of mechanistic knowledge on the conversion of 11-deoxycorticosterone (DOC) to
aldosterone, as we have derived plausible multistep conversion paths for different initial
substrate conformations. In addition, we have been able to discriminate between paths that
are likely taken by either CYP11B1 or CYP11B2. Path 2 ends in the synthesis of
corticosterone (B) which may explain its large concentration measured in in vitro
experiments [59,60,61]. Path 4 ends with the synthesis of 18-hydroxycorticosterone (180OH-
B) and may be representative for the substrate conversion by CYP11B1. The other paths
end with the successful synthesis of aldosterone and may explain the substrate conversion
mechanism of CYP11B2.

Based on the Fukui index, the most plausible path for aldosterone synthesis is path 3, which
features the initial conformation DOC3. This path clearly possesses favourable Fukui indices
for each subsequent hydroxylation step resulting in the synthesis of 18-
dihydroxycorticosterone (18diOH-B). In the modelling study of Chapter 2, we have defined
the conformations involved in this path to be determinant for the synthesis of aldosterone
[64]. Indeed, the results from our quantum mechanics study can confirm and emphasise our
homology modelling findings.

We expanded the investigations on the hydroxylation paths to uncover the cause for the
inhibitory effect of 180H-DOC on the conversion of DOC by CYP11B1 and CYP11B2, and
the increased synthesis of aldosterone by CYP11B2. We propose that the inhibitory effect
on CYP11B1 can be attributed to a binding mode of 180H-DOC creating an unfavourable
C11 Fukui index, thereby prohibiting further oxidation. The conformation of 18 OH-DOC which
increases the synthesis of aldosterone by CYP11B2 may itself be converted into 180OH-B
and aldosterone. This suggests that the involvement of active site conformation plays a
large role in substrate stabilisation and the regio-specific substrate conversion performed by
both members of the CYP11B family.

In a next step, the conformations that are most likely involved in the last conversion step of
aldosterone synthesis (path 3) have been used to determine the transition state of the
conversion of 180H-B. This investigation has been completed by calculating the reaction
path of the reduced structure of 180H-B to 18diOH-B. Because we only determined the
doublet state rather than the quartet and sextet states, only the first (desired) transition state
was observed, and not the oxygen rebound. Although the magnitude of the potential energy
diagram of our reaction path is high, the generic structure of the gemdiol transition state has
been identified and can be used for the construction of highly CYP11B2-selective substrate
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analogues. Whether the exact sp2 conformation of the substrate in this hydrogen abstraction
transition state can be accurately mimicked remains to be tested.
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Chapter 7 Concluding Remarks

The molecular modelling work presented in this thesis has been guided by synthesis carried
out by SyMO-Chem NV and by Organon NV, as well as in vitro measurements carried out at
the University of Maastricht. The close interaction between the three disciplines has led to
feedback for compound synthesis based on molecular modelling insights, and feedback for
molecular modelling based on in vitro measurement data. An important aspect of the
molecular modelling work comprised the elucidation of inhibitor interactions followed by the
prioritisation of subsequent compound synthesis. Thus, molecular modelling has provided
an integral link between compound synthesis and in vitro screening.

Using molecular modelling we have constructed protein models for CYP11B1 and
CYP11B2. Their active site conformations have provided insights on the binding modes of
both substrates and inhibitors, and have allowed identification of the protein-ligand
interactions most important for binding affinity. Various computational approaches have
been explored for the prediction of ligand binding affinity as well as the design of novel
CYP11B2 selective inhibitors, and have opened up new areas for future investigations. The
most important conclusions that may stimulate further research are summarised below.

Cytochrome P450 enzymes all share the same general protein fold. Therefore, it is difficult
to construct homology models that can correctly predict the selectivity of ligands towards
different cytochromes. The structural resemblance of CYP11B1 and CYP11B2 is especially
high featuring a sequence identity of more than 90%. Our homology modelling work
suggests that even though the structural overlap between proteins is high, it is still possible
to identify the structural features that determine the conformational variations between the
proteins. During the construction of the homology models there were no amino acid
differences detected between the active sites of the two isoforms. Instead, the structural
active site differences are caused by amino acids lining the active site. Although the
modelling has been performed in detail for the active site regions as well as the structural
core of the proteins, the amino acid replacement method of homology modelling is not
perfect. Homology models often contain amino acid chains possessing unfavourable chain
rotations and it is possible that some conformational differences between our CYP11B1 and
CYP11B2 models are caused by such disparities. Therefore, it is uncertain whether the
conformational differences found are indeed related to the amino acid differences lining the
active site or to conformational inaccuracies of other amino acids in close proximity to the
active site. Ideally, a CYP11B2 crystal structure should be resolved to validate our model
results. However, due to the hydrophobic character of the membrane-bound region of the
cytochrome P450 enzymes, these crystal structures are difficult to obtain. In addition, the
available mammalian crystal structures have been modified extensively to solve insolubility
problems, hence these modifications may affect the protein fold (such as for CYP2C9 and
CYP2D6). Despite the modelling limitations, the constructed homology models can be used
as a tool to specify protein-ligand interactions. For better elucidation of active site
differences between CYP11B1 and CYP11B2, we recommend a method such as site-
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directed mutagenesis to investigate which amino acids play an important role in either (1)
substrate recognition, (2) protein conformation stabilisation, (3) control of the active site
cavity size, and (4) active site entrance, which can be substantiated by in vitro
measurements such as performed by Bernhardt et al (1996).

To investigate their dynamic behaviour, the constructed homology models of CYP11B1 and
CYP11B2 have been subjected to a study which combines molecular dynamics with
molecular docking. The combination of these disciplines has been applied to rationalise
experimental data from in vitro measurements. The experimental data is an ensemble
average over many different protein and ligand conformations as well as orientations, and
therefore, the homology models need to be assessed to determine whether they provide
enough information for the prediction of protein-ligand interactions. One of the challenges
involved with molecular docking and molecular dynamics is using the correct algorithms and
parameter sets. Although many such combinations have been described, their accuracy
varies and the best applicable algorithm-parameter set is different based on the physico-
chemical properties of the protein, the ligands and the combination thereof. Another
challenge concerning molecular dynamics simulations is that it is difficult to determine
whether the conformational changes are caused by the dynamic behaviour of the protein or
by inaccuracies in the dynamics parameter sets resulting in the loss of stabilising
interactions. In particular, all molecular dynamics simulations will at some point result in
protein structures that deviate so much from the starting structures, such that the carefully
refined spatial arrangements deemed important in the homology modelling methods are lost.
Whereas these changes from the carefully refined interactions may help elucidate the subtle
differences between the binding of various ligands, observations from far advanced
molecular dynamics states may be misinterpreted. Nevertheless, the careful investigation
using molecular dynamics allows the inclusion of the flexible behaviour of a protein active
site relating to ligand specificity and induced binding. As such, we have been able to
determine that our homology models are stable throughout the molecular dynamics
simulation, as is demonstrated by the conservation of protein-ligand and protein-water
interactions. Therefore, we are confident that the structural integrity of our protein models is
sufficient for further investigation on protein-ligand interactions. In future, molecular
dynamics simulations can be expanded by calculating protein-ligand binding free energies
that can be used to evaluate in vitro measured binding affinities.

To obtain a predictive model for inhibitor binding affinity, we have performed molecular
docking of our compound dataset. Ideally, the docking study is validated using a training set
of protein-ligand interaction points. Since this is not available for either CYP11B1 or
CYP11B2, a training set has been constructed devised of the in vitro measurement data,
followed by a validation using a small test set of newly synthesised compounds.
Investigation of this docking validation method showed that the homology models were
among the best performing protein states sampled by the molecular dynamics simulations. It
not only suggests that the homology models are best suitable for the docking of novel
CYP11B inhibitors, but also that these structures, which have been constructed and refined
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mostly at the early stages of the project, have been performing at an optimal level until the
end of the project. However, to be able to predict binding affinity in a reliable way, we
suggest that homology models are updated at regular intervals during molecular modelling
research, and that discrepancies of the protein structure are chartered such that the
misprediction of the original models can be adjusted using a correction term. This allows the
original homology models to be used for a prolonged time during which the in silico models
can be optimised using novel in vitro measurement data.

In addition to the complexity in the estimation of ligand binding affinities, there are also
several limitations of molecular docking. The protein homology model structure is treated as
a static composition of the protein. Protein-ligand interactions are rather a result of the
interplay between protein and ligand characteristics, indicating that ligand-induced binding
modes will not be discovered by molecular docking. In comparison, the limitation of our
homology models is that they fail to dock certain types of substructures due to protein-ligand
clashes. We have attempted to compensate for ligand-induced binding effects by including
the dynamic properties of the active site using protein states sampled by the molecular
dynamics simulations. Indeed, different active site conformations are able to relate the
potency of ligand in different ways, emphasising that the inclusion of the flexible behaviour is
important for the evaluation of such ligand-induced binding modes.

Next to these limitations, our protein models possess a poor description for the active site
entrance. The compounds possessing a substituent that points out of the active site cavity
are continuously mispredicted, indicating that our models require further structural
refinements. The active site cavity currently opens up into solvent, however, structural
assessment of the cytochrome P450 fold indicates that this region is membrane bound. In
comparison, the crystal structures of most cytochrome P450 enzymes have been made
soluble for structure elucidation, especially in the regions contacting the membrane (helices
F and G). Using the conformation of these crystal structures during modelling has not lead to
an optimal description for this active site region, even with the most questionable crystal
structures discarded from the analysis (CYP2C9, CYP2D6). Therefore, we propose that it is
questionable whether the modified characteristics of these mutant regions still represent the
in vivo folding of the protein. To our knowledge, no studies are currently available in which
these mutation influences have been derived. As a result, these regions will continue to
possess structural inaccuracies for all future homology modelling attempts on cytochromes.
Perhaps, for the correct elucidation of the protein fold, protein-membrane interactions need
to be taken into account, which opens up a new challenging field of research.

Next to protein-inhibitor interactions, we have described the interactions between the
proteins and their natural substrates. From this analysis, we have related the CYP11B2
specific conversion of the steroid 18-hydroxycorticosterone to a delicate difference in binding
mode for the two isoforms. In the CYP11B1 active site the steroid forms an inhibitory
interaction with the iron-oxygen species preventing its conversion, whereas in CYP11B2 it
forms a stabilising internal hydrogen bond that allows its conversion into aldosterone.
Indeed, in a quantum mechanical ligand-based exploration of substrate reactivity, we have
found that this CYP11B2 specific steroid conformation is the most plausible for conversion
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into aldosterone by the iron-oxygen species. Further exploration of the steroid reactivity
suggests that other paths in the conversion of 11-deoxycorticosterone to aldosterone exist,
including a path that ends with the in vivo dominant product, corticosterone, and a path that
ends with the in vivo CYP11B1 final product 18-hydroxycorticosterone.

Although these promising results are a first step towards the understanding of the substrate
conversion mechanism, several key interactions have been neglected. Firstly, the iron-
oxygen species can assume different oxidation states, influencing the stabilisation and
conversion of the ligands in the protein active site. Secondly, the ligand-based approach
only considers the nucleophilic attack of the oxygen atom to the substrate and neglects the
stabilising interactions of amino acids in the protein active site. Thirdly, the investigated
substrate conversion paths are all based on the assumption that the ligands do not leave the
active site until the final product has been formed. In order to compensate for these
assumptions, a method such as QMMM can be performed to increase the modelling detail of
the iron-oxygen species as well as to take into consideration important active site
interactions. Even if the homology model active site detail required for the accurate
performance of QMMM on CYP11B1 and CYP11B2 may be insufficient to determine their
conversion differences, the calculation of, for instance, only CYP11B2 may provide new
insights on the conversion mechanism. The investigation using QMMM has not been
performed due to study time limitations, but is recommended for future research. Currently,
the quantum mechanics calculations performed in this thesis have vyielded plausible
explanations for the preferred substrate conversion paths and these considerations can be
used as a starting point for further explorations.

A parallel investigation towards the transition state of 18-hydroxycorticosterone during its
conversion to aldosterone has elucidated the heme-substrate complex and has provided
insight into the construction of transition state inhibitors that are able to mimic the CYP11B2
specific conformation of the substrate. The elucidation of the transition state has been
approximated using single point calculations, whereas this normally requires a careful
investigation using quantum mechanical transition state detection methods that are very
difficult to converge. Thus, deriving conformations using quantum mechanics calculation is
difficult, yet the simplified method can be applied for the derivation of the transition state.
The ftransition state features the presence of an sp2 hybridised carbon that must be
specifically mimicked. Any large deviations from the transition state may result in mimicking
the binding of other CYP11B substrates, which probably results in the inhibition of both
isoforms. Our approximation of the 18-hydroxycorticosterone transition state is accurate for
the construction of analogues, but whether the exact conformation of the transition state can
be accomplished by a CYP inhibitor remains to be seen.

A final approach to the prediction of binding affinity is to use ligand-based methods such as
(3D)QSAR. The construction of a predictive QSAR model can be difficult and time-
consuming. This is especially true for our compound set where changes in different
substructures influence the potency of other substructures in a different manner. This
indicates that the compounds are too flexible or may bind in different binding modes, making
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it difficult for a QSAR to be constructed. To circumvent these problems, we have used a
simplified type of structure-activity elucidation method, namely decision tree analysis. Using
decision tree analyses allows the quick evaluation of ligand structures and the prediction of
their potency. However, the method employed in this thesis still involves quality control and
requires the definition of different training and test sets. The inaccurate distribution of the
compound in the various training or test sets can result in the overtraining of the decision
tree analysis. Moreover, if the compounds are very similar, it can be difficult to construct a
reliable decision tree that can distinguish the different contributions to inhibitor potency.
Hence, the analysis is both limited by the compounds that are used for model construction
and compounds that can be accurately predicted by the models. Taking these
considerations into account, a decision tree analysis model is more easily updated than a
QSAR model each time new compounds are available, and it can provide a strong tool for
the prediction of ligand potency. Since the prediction set for our final decision tree models is
relatively small, the power of the decision tree analysis is difficult to determine. However, we
have been able to determined substrate properties that are vital for inhibitor potency for
CYP11B1 and CYP11B2, which can be used as discriminants for the design of selective
inhibitors.

In conclusion, using the molecular modelling techniques investigated in our study, we have
been able to explain protein-ligand interactions that contribute to binding affinity and inhibitor
selectivity. Pending future investigations, our in silico models can be refined by performing
site-directed mutagenesis, ligand microcalorimetry measurements for unravelling the
contributions to binding affinities, crystal structure elucidation, and further optimisation using
in vitro measurement data from newly synthesised compounds. Although this project has
been aimed towards development of a drug for the treatment of heart failure, the methods
discussed in this thesis are independent from the drug target and can be applied to any drug
project.
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Appendix A: Known inhibitors of the CYP11B family

The following structures were identified at the start of the project to possess CYP11B1 or
CYP11B2 inhibition. The cut-off for the activity separations are 10uM (--), 1uM (-), 100nM (+)
<10nM (++) and 1nM (+++).

Compound Name Structure CYP11B1 CYP11B2 Reference
Activity Activity
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Compound Name
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Compound Name Structure CYP11B1 CYP11B2 Reference
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Appendix B: Chemical Structures of Fadrazole Analogues

Chemical structures and in vitro potency values for fadrazole analogues (Moeras
numbering). Potency is shown in nM. The various substituent positions can be found in each
of their generic scaffolds below.

The selectivity factor has been determined by dividing the CYP11B1 potency by the
CYP11B2 potency, thus a higher value indicates a higher selectivity for CYP11B2.
Compounds used in the molecular docking study have a Yes/No label indicating that their
docking pose contained the imidazole group pointing towards the heme ("Yes') or not ('No').
Compounds used which have been docked and predicted using the regression in Chapter 4,
possess the 'Prediction' label. Compounds used for the training and test set in the decision
tree analysis are indicated with a 'Yes' label, whereas the compounds with the 'Prediction’
label have been used for prediction.

Rortho
Rb2
R5 Rpara

/ N

R4 )\RZ
N
Moeras R2 R& R5 Rb2 Rortho Rpara 1181 1182 Selectivity Docking DT used?
IC50 (nM) 1C50 (nM) (11B1/118B2) pose ok?
44 CH20H H H H H 0CH3 1000+ 1000+ Yes Yes
46 CH20H H H Rb-Ro-Cychex H 254.3 + 26.5 1628.2 + 433.4 - No
133 CH3 H H H H H 300+ 300+ Yes Yes
138 CH3 H H H H CN 522.2 + 107.4 203.5 + 30.0 Yes Yes
159 NH2 R4-R5-Ph H H H 300+ 300+ No Yes
160 SH H H H H H 300+ 300+  ===== Yes Yes
Rortho
Rb2

Rb1
R5

N
Moeras R5 Rb1 Rb2 Rortho 1181 11B2 Selectivity Docking DT used?

IC50 (nM) IC50 (nM) (1181/118B2) Pose ok?

45 H H Rb-Ro-Cychex 16.3 + 2.8 44.5 =+ 5.3 0.37 Yes Yes
249 H Ph 2Ph=C2H4-2Ph 890.09 + 161.1 1000+ 0 ===-- No Yes
250 H H 2Ph-CH3-Ph 47.3 + 7.4 52.2 + 5.0 0.91 Prediction Yes
290 Ph H H CcN 49.3 + 35.8 139.8 + 43.8 0.35 Prediction Yes
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Rmeta
R5
@

N

Moeras R5 Rmeta 1181 1182 Selectivity Docking DTused?
1C50 (nMm) 1C50 (nM) (11B1/11B2) Pose ok?
103 t-But NHCOCH3 6.1 = 1.4 117.8 =+ 9.3 Yes Yes
139 H CN 300+ 300+ Yes Yes
141 C3H60H CcN 168.2 = 19.4 300+ Yes Yes
142 H COOH 300+ 1070 + 378.5 No Yes
144 H F 205.7 + 40.1 815.1 * 23.3 Yes Yes
145 H Br 142.7 + 98.6 365.2 + 99.8 Yes Yes
146 C3H60H F 56.6 + 9.1 46.1 £ 2.0 Yes Yes
148 H cL 151.3 £ 19.5 456.6 * 28.5 Yes Yes
150 H COOCH3 730.23 + 63.7 300+ 0 ====- No Yes
152 C3H60H Br 34.6 = 3.9 28.9 + 4.0 1.20 Yes Yes
154 H Br 58.9 + 1.9 156.3 + 7.1 0.38 Yes Yes
155 H NH2 390.0 = 90.6 600.0 + 124.5 0.65 Yes Yes
156 H CH20H 206.3 + 1.5 M74.4 + 221.1 0.18 Yes Yes
157 H HCO 398.0 + 48.3 393.2 + 143.9 1.01 Yes Yes
158 C3H60H cL 50.2 + 15.4 94.7 + 3.4 0.53 Yes Yes
183 Ph 0CH3 32.4 % 3.2 18.1 + 1.8 1.79 Yes Prediction
272 Ph CN 32.1 + 13.1 28.3 + 6.6 1.13 Yes Yes
275 Ph F 2.6 £ 1.7 16.7 + 1.2 0.16 Yes Yes
276 Ph Br 1.8 + 1.0 7.4 + 2.1 0.24 Yes Yes
278 Ph cL 1.9 £ 0.3 14.8 + 4.0 0.13 Yes Yes
280 Ph NO2 13.0 + 9.2 1M1 + 3.8 1.17 Yes Yes
Rmeta
Rb2

Rb

R5 Rpara
/ N

/

N
Moeras R5 Rb1 Rb2 Rmeta Rpara 1181 11B2 Selectivity Docking DTused?

I1C50 (nm) 1C50 (nM) (1181/118B2) Pose ok?

5 R5-Rb-Cychex H H 2-Pyr 6.8 =+ 1.24 139.2 + 49.2 0.05 Yes Yes
6 R5-Rb-Cychex H H HCO 9.8 =+ 4.2 93.4 + 30.7 0.11 Yes Yes
7 R5-Rb-Cychex H H CH20H 2.2 + 1.1 68.0 + 18.0 0.03 Yes Yes
8 R5-Rb-Cychex H H COCH3 4.7 £ 0.3 23.1 £ 6.6 0.20 Yes Yes
11_R COO0C2H5 CH3* H H H 0.5 +£ 0.2 1.7 + 0.9 0.29 Yes Yes
26 R5-Rb-Cychex H H COOH 2145. + 410.6 871.1 + 110.2 2.46 Yes Yes
27_R R5-Rb-Cychex* H H CN 118.6 + 8.9 6.0 + 1.9 19.77 Yes Yes
27_S R5-Rb-Cychex* H H CN 39.5 % 4ok 171.2 £ 51.7 0.23 Yes Yes
52 R5-Rb-Cychex H H COOCH3 2.0 + 0.6 129.5 + 21.4 0.02 Yes Yes
60 R5-Rb-Cychex H H CONH2 70.52 £ 20.1 446.5 * 3.1 0.16 Yes Yes
107 R5-Rb-Cychex H H H 36.3 + 5.99 159.4 + 19.1 0.23 Yes Yes
108 R5-Rb-Cychex H H Br 30.5 =+ 4.31 60.4 £ 11.2 0.50 Yes Yes
181 H C3H60H H H CN 7.4 * 0.9 2.4 + 0.3 3.08 Yes Yes
182 H CH2Ph H H CN 189.6 + 18.0 237.6 *+ 9.9 0.80 Yes Yes
202 H Ph Ph H H 10.81 = 1.9 271.91 85.5 0.04 Yes Yes
227 R5-Rb-Cychex H F H 74.21 = 6.3 357.79 + 58.4 0.21 Yes Yes
228 R5-Rb-Cychex H H F 23.6 = 1.8 252.3 * 97.6 0.09 Yes Yes
229 R5-Rb-Cychex H Br H 45.04 + 0.7 252.69 * 87.0 0.18 Yes Yes
235 H 3CN-Ph H H CN 380.63 = 16.7 1480.25 + 657.8 0.26 No Yes
236 H C3H7 H H CN 85.41 + 7.6 186.83 + 63.8 0.46 Yes Yes
237 H C3H7 C3H7 H CN 85.57 £ 3.5 181.24 £ 8.1 0.47 Yes Yes
251 H Ph H H H 88.7 + 2.1 473.8 + 101.1 0.19 Yes Yes
252 Cycprop-CH20HPh Ph H H 258.9 * 2.3 120.5 £ 35.5 2.15 No Yes
293 Ph CH3 H H CN 2.3 + 0.7 8.9 + 3.5 0.26 Prediction Yes
295 H C3H60H C3H60H H CN 1000+ 1000+ === Prediction Prediction
297 R5-2-Ph-CH2-Rb H H CN 39.2 + 3.4 41.2 + 0.9 0.95 Prediction Prediction
322 H Rb=Rb-CycpropH CN 10.2 =+ 2.2 101.4 = 5.9 0.10 Prediction Prediction
324 H C2H40H H H CN 36.6 = 6.9 292.6 * 14.6 0.13 Prediction Prediction
325 Ph C2H4O0H H H CN N.D. N.D.  ====- - No
326 Ph C3H60H H H CN 37.0 = 0.7 403.4 + 46.7 0.09 Prediction Prediction
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R5 Rpara

/ N

%

N
Moeras RS Rpara 1181 1182 Selectivity Docking DT used?
1C50 (nM) IC50 (nM) (11B1/11B2) Pose ok?

9 2-Naph CoOH 1463.1 * 347.1 363.6 = 103.2 4.03 No Yes
10 2-Naph N 20.3 + 10.4 24.8 +  24.8 0.82 Yes Yes
24 C3H60H N 48.16 £ 19.76 13.1 & 4.9 3.68 Yes Yes
25 C3H6CL N 4.75 £ 3.0 1.4 = 0.2 3.39 Yes Yes
42 H N 461.5 * 156.0 465.5 * 258.0 0.99 Yes Yes
43 H ocH3 456.5 + 152.3 1952.0 + 111.7 0.23 Yes Yes
49 C2H4COOCH3  OCH3 1M1.4 £ 31.1 121.3 £ 445 0.92 Yes Yes
50 C3H60H ocH3 12.3 + 2.0 58.7 + 2.8 0.21 Yes Yes
51 C3H60H NO2 4.7 + 1.0 88.8 + 9.0 0.05 Yes Yes
53 C3H60H CH3 48.1 + 4.1 23.6 + 7.6 2.04 Yes Yes
54 C3H60H coocH3 5.8 + 2.5 264 = 11.9 0.24 Yes Yes
55 H N 368.2 + 93.0 372.4 * 245.2 0.99 Yes Yes
56 H COOH 300+ 300+  ====- No Yes
57 H ocH3 282.3 + 112.7 763.0 + 102.8 0.37 Yes Yes
58 H CONH2 557.8 + 31.7 3543.6 + 534.9 0.16 Yes Yes
59 H NO2 496.6 =+ 250.2 372.9 + 0.8 1.33 Yes Yes
61 H NH2 235.5 £ 49.6 5705.5 + 276.7 0.04 Yes Yes
109 H Br 211.6 + 13.97 478.5 +  24.2 0.44 Yes Yes
110 W H 709.14 £ 67.9 1799.0 + 322.0 0.39 Yes Yes
114 CH3 N 140.5 + 42.9 12.3 =+ 4.3 11.42 Yes Yes
115 Ph CN 27.5 + 3.5 1.7 £ 0.6 16.18 Yes Yes
116 HCoO N 477.9 + 372.5 61.8 + 5.4 7.73 Yes Yes
117 COOCH3 N 47.8 £ 21.2 7.1 0+ 6.7 6.73 Yes Yes
118 CH20H N 285.2 + 29.4 28.5 + 3.7 10.01 Yes Yes
119 CH30COCH3 CN 212.5 + 17.2 43.55 + 9.5 4.88 Yes Yes
120 C2H4COOCH3  CN 31.1 £ 6.1 3.5 + 0.6 8.89 Yes Yes
121 C2H4COOCH3  CH3 79.1 £ 0.03 15.1 + 2.3 5.24 Yes Yes
122 C2H4COOCH3  NO2 16.3 + 0.7 47 = 2.4 3.47 Yes Yes
123 C2H4COO0CH3 H 326.0 + 18.0 192.9 + 17.87 1.69 Yes Yes
124 C2H4COOCH3  Br 57.4 + 5.6 4.0 +  0.48 14.35 Yes Yes
125 C2H4COOCH3  COOCH3 1M1.3 £ 6.1 21.52 £ 2.14 5.17 No Yes
126 C3H60H H 180.5 + 18.6 285.73 £ 26.00  0.63 Yes Yes
127 C3H60H Br 18.4 + 4.0 6.21 * 0.91 2.96 Yes Yes
128 CHCHCH3 CH3 3.5 + 0.9 3.79 £+ 2.21 0.92 Yes Yes
129 C3H7 CcH3 5.6 + 0.1 2.83 +  0.19 1.98 Yes Yes
130 c3H6CL H 2.16 + 0.73 6.20 +  0.15  0.35 Yes Yes
131 C3H6CL Br 1.1 + 0.01 3.8 * 0.2 0.29 Yes Yes
134 H CH3 602.0 + 182.3 1932.5 + 210.6 0.31 Yes Yes
137 er N 73.2 £ 6.9 23.1 = 6.5 3.17 Yes Yes
143 H F 494.3 £+ 31.2 329.8 + 230.8 1.50 Yes Yes
147 W cL 300+ 300+ ==ee- Yes Yes
149 W coocH3 218.3 + 50.9 300+ meee- Yes Yes
151 C3H60H F 115.5 + 6.3 15.5 + 3.2 7.45 Yes Yes
153 C3H60H cL 43.6 + 0.4 54.5 * 1.2 0.80 Prediction  Yes
173 W CO0CH2Ph 322.2 + 82.0 1000+ === No Yes
174 W CH20H 695.1 + 73.3 1000+ === Yes Yes
184 Ph ocH3 1.3 + 0.9 4.0 = 2.1 0.81 Yes Yes
201 CH20H H 311.78 + 6.4 1000+  ===== Yes Yes
203 HCO H 580.52 + 205.5 1039.83 + 208.7 0.56 Yes Yes
204 CCON(CCH3)2 H 1000+ 1000+  ===== Yes Yes
230 3-CH3-Ph N 129.88 + 79.3 116.7 + 145.6 1.11 Yes Yes
231 C2H4COO0CH3 F 104.42 + 7.8 49.6 + 78.5 2.11 Yes Yes
232 C2H4COOCH3  CL 123.38 + 30.0 176.75 £+ 53.3 0.70 Yes Yes
233 3-Pyr N 517.0 + 13.3 N e Yes Yes
238 4-Pyr N 307.06 + 23.0 407.41 £ 37.6 0.75 Yes Yes
268 Ph Br 7.3 + 1.8 5.1 + 2.0 1.43 Yes Yes
269 Ph F 15.9 + 5.3 10.7 + 1.5 1.49 Yes Yes
270 2-CH3-Ph N 5.7 + 2.2 3.7 = 3.4 1.54 Yes Yes
271 3-CH3-Ph N 6.2 + 2.4 5.2 + 5.2 1.19 Yes Yes
273 Ph NO2 13.7 + 5.4 2.3 % 0.8 5.96 Yes Yes
274 4=F-Ph N 27.4 + 8.6 24.8 + 5.1 1.10 Yes Yes
279 Ph cL 25.4 + 15.4 5.8 + 1.6 4.38 Yes Yes
281 3-F-Ph N 31.8 + 8.5 5.5 + 1.0 5.78 Yes Yes
282 2-F-Ph CN 19.9 + 3.4 2.3 % 0.5 8.65 Yes Yes
291 Ph H 4.8 £ 0.6 10.7 = 2.7 0.45 Prediction  Yes
292 2-0CH3-Ph N 5.3 + 4.3 12.7 2.9 0.42 Prediction  Yes
294 4-CN-Ph N 15.1 = 9.6 30.6 + 22.3 0.49 Prediction  Prediction
296 2-CH20H-Ph  CN 107.9 + 10.7 20.4 = 2.2 5.29 Prediction  Prediction
299 2-C2H5-Ph N 1.6 + 0.2 0.9 + 0.1 1.78 Prediction  Prediction
301 C4H9 N 0.8 + 0.2 1.1 = 0.1 0.73 Prediction  Prediction
302 C2H4Cychex  CN 2.9 + 0.8 1.2+ 0.2 2.42 Prediction  Prediction
318 3-HCO-Ph CN 125.4 + 24.5 58.3 + 6.6 2.15 Prediction Prediction
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Rmeta
R5 Rpara
/ N
R4 Z
N
Moeras R& RS Rmeta Rpara 1181 1182 Selectivity Docking DT used?
1C50 (nM) 1c50 (nM) (11B1/11B2) Pose ok?

136 R4-R5-Ph H cL 503.5 * 47.5 346.1 * 70.1 1.45 No Yes
140 CH3 H H CN 300+ 300+ Yes Yes
161 R4-R5-Ph H COOH 300+ 300+ No Yes
170 R4-R5-Ph H COOCH3 219.1 =+ 3.7 901.21 = 17.8 No Yes
171 R4-R5-Ph H CO0C2H5 889.7 + 88.2 1000+ No Yes
172 R4-R5-Ph H COOCH2Ph 227.8 + 78.9 1000+ No Yes
175 R4-R5-Ph H CH20H 302.7 + 14.5 1000+ No Yes
213 cL cL C(NH2)NOH H 1000+ 1000+ Yes Yes
R5 Rpara

7

X\ //Y

N
Moeras X Y RS Rpara 1181 1182 Selectivity Docking DT used?
IC50 (nM) IC50 (nM) (1181/118B2) Pose ok?

267 N CH 2-Pyr CN 1942.0 + 864.2 1027.2 + 106.8 1.89 No No
283 N N Ph CN 1000+ 528.3 + 111.9 No No
289 N CH Ph CN 1000+ 461.9 + 31.7 No No
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Appendix C.1.1: CYP11B1 Docking Results using GoldScore

Group docking results (y-axis) in models equilibrated with Fadrazole (homology model), compared to
the in vitro potency (x-axis).
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Group docking results (y-axis) in models equilibrated with 18-hydroxycorticosterone (homology model),
compared to the in vitro potency (x-axis).
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Group docking results (y-axis) in models equilibrated 18-hydroxycorticosterone (average results protein

states), compared to the in vitro potency (x-axis).

Rp-Halogen Rp-CN Rb-X Rmeta
75— — T 75 T 75 T 75 T
70 1 70t 70 1 70
65} {1 65} 65} { 65}
v 60F 1 w60 v 60 . . 1 w60}
] 8 8 8
855 55} & 55} . {855+
S S S o S
O sof 1050} O sof g. B 1 @ 5o}
ontest et .
45| R 1 asp PHEERR SR . { aspee
PR .« o
40| 1 40t 40} 1 40}
3 N sl 3 L | I
83556065707 58.06.55.00.5 ~3.0556.0657.07.58.0859.09.5 “5.05.56.06.57.0758.06.55.00.5 ~3.0556.06.57.07.56.06.59.00.5
pIC50 wM) pIC50 BnM) pICSU)&nI"R pIC50 (nM)
R5-| R5-Ph R5-CXC Correlation reduced data
s 75 ——— — B
70+ 41 70 70+ 1 70
651 {1 65} 65} {1 65}
v 60 1 v 60 [ 1 6
L < L <
8 8 8 8
E 55 4 E 55 l!g 4 E 5!
o [=3 o [=}
O 50 1050 o} 105
45 1 45 3 {1 45
40 1 a0t { 40
11B1 = 4.82*x + 17.60, R2= 0.7

35
3g.0 5.56.06.57.07.58.08.59.09.5 ~5.05.56.06.57.07.58.08.59.09.5

pIC50 (nM)

pIC50 (nM)

35
3§.0 5.56.06.57.07.58.08.59.09.5 ~5.05.56.06.57.07.58.08.59.09.5

pIC50 (nM)

pIC50 (nM)



163

Appendix C.1.2: CYP11B1 Docking Results using ChemScore

Group docking results (calculated free energy of binding, y-axis) in models equilibrated with Fadrazole
(homology model), compared to the in vitro potency (x-axis).
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Group docking results (calculated free energy of binding, y-axis) in models equilibrated with Fadrazole
(average results protein states), compared to the in vitro potency (x-axis).
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Group docking results (calculated free energy of binding, y-axis) in models equilibrated with 18-
hydroxycorticosterone (homology model), compared to the in vitro potency (x-axis).
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Group docking results (calculated free energy of binding, y-axis) in models equilibrated with 18-
hydroxycorticosterone (average results protein states), compared to the in vitro potency (x-axis).
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Appendix C.2.1: CYP11B2 Docking Results using GoldScore

Group docking results (y-axis) in models equilibrated with Fadrazole (homology model), compared to
the in vitro potency (x-axis).
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Group docking results (y-axis) in models equilibrated with Fadrazole (average results protein states),
compared to the in vitro potency (x-axis).
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Group docking results (y-axis) in models equilibrated with 18-hydroxycorticosterone (homology model),
compared to the in vitro potency (x-axis).
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Group docking results (y-axis) in models equilibrated with 18-hydroxycorticosterone (average results
protein states), compared to the in vitro potency (x-axis).
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Appendix C.2.2: CYP11B2 Docking Results using ChemScore

Group docking results (calculated free energy of binding, y-axis) in models equilibrated with Fadrazole
(homology model), compared to the in vitro potency (x-axis).
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Group docking results (calculated free energy of binding, y-axis) in models equilibrated with Fadrazole
(average results protein states), compared to the in vitro potency (x-axis).
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Group docking results (calculated free energy of binding, y-axis) in models equilibrated with 18-
hydroxycorticosterone (homology model), compared to the in vitro potency (x-axis).
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Group docking results (calculated free energy of binding, y-axis) in models equilibrated with 18-
hydroxycorticosterone (average results protein states), compared to the in vitro potency (x-axis).
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Appendix D: Decision Tree Analysis Results

Decision tree model results are displayed in matrix form. Herein, the results are vertically
ordered by cost factor (0.25 to 4) and horizontally by leaf size settings (1 to 5), as well as
descriptor sets. Italic values indicate models that possess cost settings that lead to the
overtraining of these models. Greyed values indicate the model settings that have been
used for the potency prediction of novel compounds.

Calculated Matthews's correlation coefficient (MCC) for the decision tree models as per training set (q°)
and test set (R%). An MCC higher than 0 indicates that the models behave better than a random guess
and an MCC of 1.0 would indicate a perfect model.
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0.56 0.83 0.50 0.95 0.46 0.91 0.45 0.76 0.42 0.87 0.43 0.87 0.45 0.73 0.42 0.85 0.40 0.82 0.47 0.72 0.51 0.83 0.43 0.76 0.47 0.70 0.47 0.79 0.43 0.74 0.48
0.63 0.83 0.48 0.95 0.42 0.90 0.47 0.77 0.43 0.89 0.40 0.85 0.46 0.74 0.45 0.86 0.38 0.82 0.47 0.74 0.52 0.81 0.35 0.78 0.44 0.69 0.39 0.79 0.36 0.77 0.49
0.71 0.86 0.52 0.96 0.46 0.90 0.47 0.77 0.45 0.91 0.43 0.86 0.43 0.73 0.47 0.87 0.42 0.81 0.48 0.73 0.47 0.82 0.35 0.80 0.46 0.70 0.41 0.78 0.44 0.77 0.44
0.83 0.86 0.50 0.95 0.48 0.93 0.49 0.81 0.48 0.88 0.46 0.87 0.49 0.76 0.49 0.85 0.41 0.81 0.44 0.74 0.50 0.81 0.42 0.80 0.41 0.67 0.36 0.78 0.47 0.76 0.49
1.00 0.84 0.56 0.92 0.47 0.94 0.58 0.79 0.49 0.84 0.46 0.88 0.58 0.73 0.45 0.84 0.42 0.84 0.48 0.69 0.44 0.78 0.48 0.76 0.38 0.67 0.42 0.78 0.46 0.74 0.40
1.20 0.89 0.55 0.92 0.47 0.96 0.55 0.80 0.55 0.84 0.46 0.89 0.60 0.76 0.50 0.84 0.42 0.84 0.50 0.73 0.45 0.78 0.48 0.79 0.45 0.71 0.45 0.78 0.46 0.75 0.46
1.40 0.86 0.50 0.90 0.48 0.96 0.48 0.77 0.50 0.84 0.48 0.88 0.45 0.74 0.48 0.83 0.44 0.82 0.35 0.73 0.48 0.83 0.45 0.80 0.33 0.70 0.46 0.79 0.49 0.77 0.48
1.60 0.82 0.45 0.90 0.48 0.91 0.49 0.77 0.51 0.83 0.53 0.86 0.50 0.74 0.49 0.83 0.53 0.81 0.44 0.710.48 0.82 0.41 0.82 0.39 0.68 0.42 0.79 0.49 0.75 0.40
1.80 0.82 0.46 0.87 0.44 0.90 0.50 0.76 0.48 0.85 0.44 0.83 0.51 0.73 0.47 0.85 0.44 0.79 0.44 0.70 0.46 0.80 0.41 0.80 0.46 0.70 0.43 0.79 0.40 0.79 0.46
2.00 0.80 0.45 0.87 0.46 0.90 0.49 0.78 0.56 0.86 0.46 0.87 0.48 0.76 0.50 0.85 0.46 0.77 0.45 0.75 0.50 0.84 0.46 0.77 0.44 0.71 0.44 0.82 0.43 0.80 0.45
3.00 0.75 0.450.86 0.58 0.78 0.45 0.73 0.45 0.87 0.54 0.78 0.45 0.69 0.46 0.85 0.58 0.74 0.49 0.66 0.45 0.80 0.54 0.73 0.57 0.70 0.46 0.80 0.54 0.72 0.46
4.00 0.49 0.35 0.75 0.42 0.71 0.46 0.59 0.45 0.75 0.42 0.70 0.46 0.45 0.30 0.68 0.37 0.67 0.44 0.45 0.30 0.68 0.37 0.67 0.44 0.32 0.20 0.65 0.38 0.62 0.45
cYP1182 Minimum Minimum Minimum Minimum Minimum
Leafsize 1 Leafsize 2 Leafsize 3 Leafsize 4 Leafsize 5
TTTETRST STerTRoT BoTh TTTGTRaT STerTRor BoTT TTTGTRST STETTROT BT TTTETNST STeTTROT BOTT TrTETRST STerTRor Both

Cost 92 R2_a2 R2_ g2 R2 92 _R2__a2 R2_ g2 R2 92 _R2__a2 R2 a2 R2 92 R2 g2 R2 a2 R2 92 R2 a2 R2__q2 R2
0.25 0.74 0.55 0.77 0.53 0.76 0.39 0.73 0.55 0.77 0.53 0.87 0.54 0.73 0.56 0.76 0.50 0.78 0.3 0.74 0.52 0.7 0.53 0.78 0.38 0.68 0.50 0.74 0.57 0.75 0.38
0.33 0.77 0.50 0.84 0.52 0.83 0.51 0.76 0.51 0.83 0.51 0.83 0.52 0.75 0.57 0.83 0.53 0.80 0.52 0.73 0.52 0.79 0.53 0.77 0.58 0.69 0.47 0.78 0.50 0.77 0.56
0.50 0.83 0.47 0.86 0.58 0.84 0.50 0.79 0.49 0.85 0.56 0.84 0.47 0.72 0.50 0.79 0.56 0.84 0.50 0.69 0.49 0.78 0.54 0.80 0.52 0.66 0.55 0.77 0.53 0.78 0.49
0.56 0.80 0.48 0.88 0.59 0.86 0.48 0.75 0.46 0.86 0.54 0.83 0.54 0.70 0.50 0.85 0.54 0.83 0.54 0.68 0.52 0.81 0.51 0.82 0.51 0.62 0.60 0.77 0.52 0.78 0.46
0.63 0.80 0.47 0.89 0.52 0.90 0.47 0.79 0.44 0.86 0.53 0.88 0.53 0.73 0.47 0.82 0.52 0.85 0.58 0.710.48 0.81 0.51 0.83 0.53 0.62 0.60 0.79 0.43 0.79 0.47
0.71 0.83 0.45 0.88 0.51 0.91 0.48 0.75 0.47 0.86 0.54 0.88 0.53 0.69 0.48 0.81 0.46 0.85 0.43 0.69 0.54 0.79 0.40 0.81 0.47 0.61 0.59 0.77 0.43 0.76 0.46
0.83 0.82 0.42 0.90 0.46 0.95 0.46 0.76 0.44 0.85 0.55 0.88 0.54 0.71 0.42 0.82 0.43 0.85 0.44 0.70 0.50 0.78 0.41 0.80 0.52 0.63 0.56 0.76 0.38 0.75 0.51
1.00 0.79 0.38 0.93 0.46 0.92 0.50 0.70 0.48 0.83 0.48 0.86 0.48 0.66 0.46 0.80 0.47 0.82 0.54 0.66 0.53 0.77 0.47 0.75 0.56 0.64 0.56 0.76 0.45 0.72 0.54
1.20 0.78 0.41 0.93 0.46 0.90 0.48 0.69 0.45 0.83 0.48 0.83 0.44 0.67 0.45 0.80 0.47 0.78 0.57 0.67 0.49 0.77 0.47 0.76 0.56 0.65 0.51 0.76 0.45 0.73 0.50
1.40 0.79 0.41 0.92 0.47 0.86 0.40 0.68 0.51 0.84 0.48 0.85 0.45 0.65 0.49 0.81 0.47 0.78 0.57 0.65 0.49 0.77 0.42 0.75 0.49 0.62 0.49 0.76 0.45 0.75 0.57
1.60 0.75 0.47 0.85 0.43 0.86 0.49 0.68 0.52 0.82 0.45 0.85 0.46 0.67 0.52 0.76 0.44 0.80 0.56 0.65 0.52 0.76 0.44 0.76 0.45 0.61 0.50 0.76 0.45 0.72 0.50
1.80 0.73 0.43 0.86 0.45 0.83 0.37 0.68 0.52 0.82 0.41 0.83 0.44 0.67 0.52 0.77 0.44 0.80 0.50 0.63 0.53 0.77 0.44 0.73 0.42 0.61 0.53 0.76 0.43 0.73 0.51
2.00 0.70 0.46 0.84 0.45 0.77 0.42 0.69 0.50 0.83 0.45 0.76 0.42 0.67 0.52 0.77 0.44 0.77 0.47 0.67 0.52 0.77 0.44 0.74 0.49 0.59 0.53 0.76 0.43 0.73 0.57
3.00 0.60 0.55 0.81 0.42 0.67 0.47 0.60 0.55 0.82 0.43 0.67 0.47 0.59 0.53 0.80 0.41 0.66 0.50 0.59 0.530.76 0.42 0.64 0.46 0.59 0.530.75 0.43 0.70 0.54
4.00 0.57 0.46 0.72 0.44 0.67 0.48 0.57 0.44 0.74 0.42 0.67 0.48 0.57 0.43 0.70 0.42 0.66 0.50 0.56 0.44 0.70 0.45 0.66 0.50 0.59 0.51 0.64 0.41 0.60 0.47

Calculated sensitivity (se) and specificity (sp) profile for the test set of the decision tree models,
coinciding with the construction of receiver-operating curves (ROC tables).

cYpP1181 Minimum Minimum Minimum Minimum Minimum
Leafsize 1 Leafsize 2 Leafsize 3 Leafsize 4 Leafsize 5
TTGTRET STer ol EoTh Trrginal Sterinol Both TTgTnal SterTmol Botn Triginal Sterinol Both TrraTnal Sterimol Both
Cost se _sp _se sp _se sp se s sp se__sp s sp__se sp _se sp se sp _se sp_se sp
0.25 0.56 0.90 0.60 0.83 0.60 0.97 .56 0.90 0.60 0.83 0.59 0.90 .56 0.90 0.67 0.85 0.59 0.90 .60 0.87 0.67 0.85 0.59 0.88 0.53 0.90 0.60 0.86 0.58 0.88
0.33 0.61 0.85 0.64 0.81 0.60 0.85 0.610.87 0.63 0.83 0.62 0.86 0.62 0.88 0.65 0.84 0.60 0.86 0.58 0.90 0.60 0.83 0.59 0.86 0.56 0.87 0.60 0.85 0.58 0.88
0.50 0.64 0.85 0.64 0.75 0.66 0.81 0.64 0.86 0.61 0.75 0.64 0.84 0.59 0.83 0.65 0.78 0.61 0.82 0.62 0.84 0.68 0.74 0.61 0.82 0.59 0.88 0.70 0.77 0.61 0.81
0.56 0.64 0.85 0.68 0.78 0.62 0.82 0.59 0.82 0.66 0.77 0.61 0.83 0.59 0.83 0.63 0.77 0.62 0.84 0.63 0.88 0.69 0.75 0.60 0.86 0.59 0.88 0.68 0.76 0.61 0.86
0.63 0.64 0.84 0.66 0.77 0.64 0.83 0.60 0.83 0.63 0.77 0.62 0.83 0.61 0.83 0.60 0.78 0.62 0.83 0.65 0.86 0.60 0.75 0.60 0.84 0.57 0.81 0.59 0.77 0.63 0.85
0.71 0.68 0.83 0.68 0.79 0.65 0.81 0.63 0.82 0.64 0.79 0.62 0.80 0.64 0.82 0.66 0.76 0.62 0.85 0.64 0.82 0.61 0.73 0.64 0.82 0.60 0.81 0.65 0.79 0.63 0.81
0.83 0.67 0.82 0.71 0.79 0.67 0.81 0.67 0.81 0.67 0.80 0.64 0.83 0.66 0.83 0.64 0.76 0.58 0.84 0.67 0.82 0.63 0.79 0.59 0.81 0.57 0.79 0.68 0.80 0.65 0.83
1.00 0.73 0.83 0.73 0.76 0.77 0.82 0.67 0.82 0.69 0.78 0.75 0.83 0.64 0.80 0.67 0.76 0.65 0.82 0.64 0.80 0.70 0.79 0.59 0.78 0.62 0.70 0.70 0.77 0.60 0.79
1.20 0.72 0.83 0.73 0.76 0.74 0.82 0.74 0.81 0.69 0.78 0.81 0.82 0.69 0.81 0.67 0.76 0.71 0.80 0.64 0.80 0.70 0.79 0.65 0.80 0.64 0.81 0.70 0.77 0.65 0.80
1.40 0.69 0.81 0.73 0.77 0.69 0.79 0.70 0.80 0.70 0.79 0.66 0.79 0.67 0.81 0.69 0.76 0.62 0.74 0.67 0.81 0.67 0.78 0.60 0.74 0.66 0.80 0.73 0.77 0.67 0.80
1.60 0.67 0.78 0.73 0.77 0.68 0.81 0.71 0.80 0.76 0.79 0.69 0.81 0.71 0.79 0.76 0.79 0.63 0.80 0.68 0.80 0.66 0.76 0.65 0.75 0.67 0.76 0.73 0.77 0.64 0.77
1.80 0.67 0.78 0.68 0.76 0.70 0.80 0.71 0.78 0.68 0.76 0.70 0.81 0.72 0.77 0.68 0.76 0.67 0.78 0.69 0.78 0.69 0.74 0.71 0.78 0.67 0.77 0.68 0.73 0.72 0.78
2.00 0.67 0.78 0.70 0.77 0.70 0.79 0.75 0.81 0.70 0.77 0.69 0.79 0.72 0.79 0.60 0.77 0.72 0.76 0.72 0.79 0.70 0.77 0.67 0.78 0.72 0.75 0.71 0.74 0.70 0.77
3.00 0.72 0.750.83 0.78 0.71 0.75 0.72 0.76 0.80 0.77 0.77 0.75 0.75 0.750.83 0.78 0.73 0.77 0.74 0.75 0.82 0.77 0.80 0.76 0.74 0.76 0.82 0.77 0.72 0.76
4.00 0.68 0.70 0.85 0.71 0.79 0.73 0.880.72 0.85 0.71 0.79 0.75 0.68 0.68 0.82 0.69 0.81 0.71 0.68 0.68 0.82 0.69 0.81 0.71 0.52 0.64 0.84 0.69 0.84 0.71
CYP11B2 Minimum Minimum Minimum Minimum Minimum
Leafsize 1 Leafsize 2 Leafsize 3 Leafsize 4 Leafsize 5
Original Sterimol Both Triginal Sterimol Both Triginal Sterimol Both Originsl Sterimol Both Original Sterimol Both

Cost se sp se sp se sp e sp se sp se sp se sp se sp se sp se sp se sp se sp se sp se sp se sp
0.25 0.58 0.94 0.59 0.90 0.68 0.89 0.58 0.94 0.59 0.90 0.65 0.56 0.60 0.94 0.56 0.90 0.68 0.87 0.59 0.92 0.59 0.90 0.68 0.57 0.56 0.92 0.57 0.97 0.68 0.89
0.33 0.58 0.90 0.61 0.88 0.66 0.84 0.58 0.91 0.60 0.88 0.67 0.84 0.60 0.94 0.61 0.88 0.67 0.84 0.60 0.91 0.60 0.90 0.68 0.89 0.57 0.89 0.59 0.88 0.67 0.88
0.50 0.58 0.87 0.67 0.88 0.67 0.82 0.59 0.88 0.65 0.88 0.66 0.81 0.58 0.90 0.64 0.90 0.68 0.81 0.58 0.89 0.62 0.90 0.68 0.84 0.64 0.90 0.60 0.90 0.67 0.82
0.56 0.59 0.87 0.67 0.89 0.66 0.82 0.60 0.85 0.64 0.87 0.73 0.83 0.60 0.89 0.64 0.87 0.71 0.84 0.62 0.90 0.59 0.89 0.69 0.83 0.66 0.91 0.60 0.88 0.64 0.82
0.63 0.60 0.86 0.63 0.87 0.71 0.78 0.59 0.8¢ 0.63 0.87 0.73 0.81 0.60 0.86 0.62 0.87 0.75 0.83 0.62 0.86 0.60 0.88 0.73 0.80 0.66 0.91 0.55 0.86 0.65 0.82
0.71 0.60 0.84 0.63 0.86 0.69 0.79 0.59 0.87 0.64 0.87 0.74 0.81 0.61 0.86 0.60 0.84 0.68 0.76 0.66 0.87 0.56 0.82 0.69 0.78 0.67 0.90 0.57 0.84 0.70 0.76
0.83 0.59 0.83 0.61 0.84 0.70 0.77 0.59 0.84 0.65 0.87 0.76 0.81 0.61 0.81 0.59 0.83 0.68 0.78 0.69 0.83 0.57 0.83 0.76 0.78 0.69 0.86 0.55 0.81 0.75 0.78
1.00 0.59 0.80 0.63 0.82 0.73 0.79 0.65 0.83 0.65 0.83 0.73 0.78 0.66 0.82 0.65 0.82 0.75 0.81 0.71 0.84 0.63 0.83 0.79 0.80 0.69 0.85 0.62 0.82 0.78 0.80
1.20 0.64 0.80 0.63 0.82 0.70 0.78 0.66 0.81 0.65 0.83 0.71 0.76 0.66 0.81 0.65 0.82 0.81 0.79 0.70 0.82 0.63 0.83 0.80 0.79 0.69 0.83 0.62 0.82 0.81 0.75
1.40 0.65 0.79 0.65 0.82 0.71 0.74 0.72 0.82 0.66 0.83 0.73 0.75 0.70 0.82 0.66 0.81 0.78 0.80 0.70 0.82 0.62 0.81 0.77 0.77 0.69 0.82 0.62 0.82 0.79 0.80
1.60 0.71 0.80 0.64 0.80 0.77 0.77 0.82 0.77 0.64 0.81 0.74 0.75 0.82 0.77 0.64 0.81 0.78 0.79 0.80 0.78 0.64 0.81 0.80 0.73 0.79 0.77 0.62 0.82 0.81 0.76
1.80 0.73 0.75 0.64 0.82 0.72 0.71 0.84 0.77 0.63 0.79 0.75 0.75 0.84 0.77 0.65 0.81 0.81 0.75 0.85 0.77 0.65 0.81 0.82 0.71 0.85 0.77 0.63 0.81 0.81 0.77
2.00 0.75 0.75 0.63 0.82 0.78 0.72 0.83 0.76 0.64 0.81 0.78 0.72 0.84 0.77 0.65 0.81 0.82 0.75 0.84 0.77 0.65 0.81 0.85 0.74 0.85 0.77 0.63 0.81 0.87 0.77
3.00 0.87 0.760.63 0.79 0.80 0.73 0.87 0.76 0.64 0.80 0.80 0.73 0.87 0.76 0.64 0.79 0.85 0.73 0.85 0.77 0.64 0.80 0.85 0.771 0.85 0.770.65 0.79 0.85 0.76

4.00 0.78 0.74 0.66 0.80 0.84 0.72 0.78 0.7 0.64 0.80 0.84 0.72 0.77 0.74 0.63 0.80 0.87 0.72 0.78 0.76 0.66 0.80 0.85 0.753 0.86 0.75 0.69 0.78 0.84 0.72
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Potency Prediction table for the 12 Moeras compounds. Moeras number is shown in the first column.
The tables are horizontally ordered by descriptor set. For each descriptor set, 10 models have been
used for the prediction of the potency, encompassing 5 different settings for the minimum leaf size (1 to
5) and two different cost settings per leaf size. These settings coincide with the greyed models in the
tables on the previous page. The prediction by each model is a value ranging from 0 to 5 indicating the
amount of submodels that predict the compound as potent (there are 5 submodels per leaf size and
cost setting). The final prediction value is a fraction value, for which 1.00 indicates that all submodels
have predicted the compound as potent.

CYP11B1 CYP11B2

Original descriptor set Original descriptor set
Leaf 1 1 2 2 3 3 4 4 5 5 1 1 2 2 3 3 4 4 5 5
Cost 1 1.2 1.2 2 1.2 2 0.63 2 1.4 2 Fraction 0.83 3 1.6 3 1.6 3 1 3 1.6 3 Fraction
183 5 5 5 5 5 5 5 5 5 5 1.00 5 5 5 5 5 5 5 5 5 5 1.00
294 2 2 1 4 2 2 2 2 1 2 0.40 5 5 5 5 5 5 5 5 5 5 1.00
295 1 3 0 0 0 0 0 0 0 0 0.08 2 2 2 2 2 3 3 3 0 0 0.38
296 2 2 2 4 2 2 3 2 1 2 0.44 5 5 5 5 5 5 5 5 5 5 1.00
297 5 5 5 5 5 5 4 5 4 4 0.94 5 5 5 5 5 5 5 5 5 5 1.00
299 5 5 5 5 5 5 4 5 4 3 0.92 5 5 5 5 5 5 5 5 5 5 1.00
301 5 5 5 5 5 5 4 5 4 4 0.94 4 4 4 4 3 5 4 3 2 2 0.70
302 5 5 5 5 5 5 4 5 4 3 0.92 5 5 5 5 5 5 5 5 5 5 1.00
318 2 2 2 4 2 2 3 2 1 2 0.44 5 4 5 4 5 4 5 4 5 5 0.92
322 0 0 0 0 0 0 0 0 0 0 0.00 0 0 0 0 0 0 0 0 0 0 0.00
324 5 5 5 5 5 5 5 5 5 5 1.00 2 2 2 2 2 3 3 3 0 0 0.38
326 5 5 5 5 5 5 4 5 4 5 0.96 1 3 0 0 0 0 0 0 0 0 0.08

Sterimol descriptor set Sterimol descriptor set
Leaf 1 1 2 2 3 3 &4 4 5 5 1 1 2 2 3 3 4 4 5 5
Cost 0.83 3 1.6 3 1.6 3 1 3 1.6 3 Fraction 1 1.2 1 1.2 1 1.2 0.71 1.8 0.83 1.8 Fraction
183 4 3 4 4 4 3 4 3 4 3 0.72 5 5 5 3 4 3 4 4 5 5 0.86
294 1 1 0 1 0 1 0 0 0 0 0.08 0 1 0 0 0 0 0 0 0 0 0.02
295 2 2 1 2 1 2 2 1 2 1 0.32 0 1 1 1 1 4 2 1 2 1 0.28
296 3 0 1 1 1 0 3 0 2 0 0.22 3 4 4 4 5 4 5 5 5 5 0.90
297 3 3 4 3 4 3 4 3 4 3 0.68 5 4 5 4 5 4 5 5 5 5 0.94
299 3 0 0 1 0 0 1 0 1 0 0.12 3 3 4 3 5 4 5 5 5 5 0.90
301 4 5 3 5 3 5 3 5 3 5 0.82 5 5 5 3 5 4 5 5 5 5 0.96
302 3 4 2 4 2 4 2 4 2 4 0.62 5 5 5 4 5 4 5 5 5 5 0.96
318 5 5 4 5 4 5 4 5 4 5 0.92 5 5 5 3 5 4 5 5 5 5 0.96
322 1 1 0 1 0 1 1 0 1 0 0.12 0 1 0 0 0 0 0 0 0 0 0.02
324 5 5 5 4 5 4 5 5 5 5 0.96 0 1 0 0 0 0 0 0 0 0 0.02
326 3 5 4 5 4 5 5 5 5 5 0.92 1 1 0 1 0 1 1 0 1 0 0.12

Both descriptor sets Both descriptor sets
Leaf 1 1 2 2 3 3 4 4 5 5 1 1 2 2 3 3 4 4 5 5
Cost 0.83 3 1.6 3 1.6 3 1 3 1.6 3 Fraction 1 1.2 1 1.2 1 1.2 0.71 1.8 0.83 1.8 Fraction
183 5 5 4 4 4 4 5 2 3 2 0.76 5 5 5 5 5 4 5 3 5 3 0.90
294 1 1 1 1 2 0 3 1 1 0 0.22 3 1 0 1 1 0 3 0 1 0 0.20
295 3 3 3 3 3 3 2 2 4 2 0.56 5 2 0 1 1 0 4 0 0 0 0.26
296 3 2 1 1 2 1 5 3 2 3 0.46 5 0 3 0 2 3 5 4 5 4 0.62
297 2 1 3 2 4 2 4 2 4 2 0.52 3 2 5 3 5 4 5 4 5 5 0.86
299 3 1 2 1 2 2 4 2 2 3 0.44 3 1 3 1 3 3 5 4 5 4 0.64
301 4 4 4 4 4 4 4 2 3 3 0.72 4 3 5 3 5 3 5 4 4 4 0.84
302 3 1 2 1 2 3 5 4 5 4 0.60 3 2 3 1 3 3 5 4 5 4 0.66
318 4 4 2 3 3 3 5 5 4 5 0.76 5 3 4 3 3 4 5 5 5 5 0.84
322 1 1 1 1 1 1 0 1 3 1 0.22 0 1 0 1 1 0 0 0 0 0 0.06
324 5 4 5 5 5 5 5 4 5 5 0.96 5 2 0 1 1 0 4 0 0 0 0.26
326 4 4 4 4 4 3 4 2 5 2 0.72 1 1 1 1 1 1 0 1 3 1 0.22
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Summary

A Computational Study of the Substrate Conversion and Selective Inhibition of Aldosterone
Synthase

When a functional or structural impairment of cardiac output has occurred, the
cardiovascular system will attempt to compensate for the reduced blood flow. Unfortunately,
many of the resulting processes, such as the renin angiotensin aldosterone system, will
progressively weaken the heart, resulting in the condition called heart failure. The renin
angiotensin aldosterone regulatory system is currently targeted with medicine for heart
failure. Many successes for the prolongation of patient age have been achieved by inhibition
of angiotensin Il synthesis and action. It has become apparent that this approach is
suboptimal. Antagonists of aldosterone have provided better treatment options, however,
side-effects are still observed. In the search for an alternative therapeutic application, we
have studied a novel treatment involving the selective inhibition of aldosterone biosynthesis.
The scope of this study has involved the in silico design and prediction of novel inhibitors,
the synthesis of these inhibitors and analogues, and finally the in vitro measurement of their
potency.

The biosynthesis of aldosterone is performed by two cytochrome p450 enzymes, 11B1 and
11B2, denoted as CYP11B1 and CYP11B2, respectively. From these two family members,
only CYP11B2 can perform the final synthesis step that converts 18-hydroxycorticosterone
into aldosterone. CYP11B1 performs the synthesis of glucocorticoids that are responsible for
metabolic, immunologic and homeostatic functions. Because these glucocorticoid actions
should not be inhibited, the newly designed medicine must be CYP11B2 selective. Since
CYP11B1 is highly homologous to CYP11B2, we have performed an in silico study that
allows us to model the interactions of substrates and inhibitors in both the active sites of
CYP11B1 and CYP11B2.

Using comparative modelling, we have constructed models for the three dimensional
architecture of both proteins. These models have been validated by investigating the
torsional properties of the protein backbone and residue side chains, the overall protein
packing and the dynamic behaviour of the protein models. Subsequently, the models have
been used to evaluate the binding mechanisms and conversion mechanisms for the natural
steroidal ligands of CYP11B1 and CYP11B2. A hypothetical binding mode has been
proposed for 18-hydroxycorticosterone in CYP11B2, featuring the presence of stabilising
hydrogen bonding interactions required for its conversion. Quantum mechanical analyses on
the conversion of the steroids involved have shown a favourable conversion for this
conformation, thereby supporting our hypothesis. In addition, the quantum mechanical
analyses have provided insights on steroid conformations in the active sites during
conversion.
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The suitability of the protein models for inhibitor design has been tested by subjecting the
models to a case study with four known inhibitors of CYP11B1 and CYP11B2. Using
molecular dynamics and molecular docking, the inhibitor potencies for CYP11B1 and
CYP11B2 have been predicted, and their interactions with the proteins have been
evaluated. The trends in inhibitor potency found by these computational methods have been
confirmed by in vitro inhibition measurements. As a next step, the molecular docking study
has been expanded to improve the confidence in the predictive power of the models. Using
the protein states evaluated by the molecular dynamics study, the molecular docking results
of inhibitor analogues have been investigated and the predictive power of the models has
been qualitatively improved.

In a final approach, we have performed a ligand-based investigation of the inhibitor
analogues to determine which ligand characteristics are important for the potency for
CYP11B1 and CYP11B2. To this end, we have conducted decision tree analyses on the
physico-chemical properties of inhibitor substituents, resulting in a collection of descriptors
that can be used for the prediction and design of novel inhibitors.

We have shown that a combination of synthesis, molecular modelling and experimental
measurements form a promising approach towards the design of potentially new inhibitors.



173

Samenvatting

Wanneer de functie of structuur van het hart wordt verstoord, verlaagt de
lichaamsdoorbloeding. Als reactie hierop zal het cardiovasculaire systeem de verminderde
bloedtoevoer proberen te compenseren door herstelmechanismen in te schakelen zoals het
renine angiotensine aldosteron systeem. Helaas leiden de herstelmechanismen er bij grote
en langdurige stoornissen toe dat de werking van het hart geleidelijk aan wordt verzwakt,
wat resulteert in de aandoening genaamd hartfalen. Huidige therapieén voor hartfalen zijn
dan ook gericht op de inhibitie van het renine angiotensine aldosteron systeem. Er zijn al
veel successen geboekt met de inhibitie van angiotensine Il biosynthese en activiteit, maar
het is ook aangetoond dat deze aanpak niet optimaal is. Antagonisten van de aldosteron
activiteit hebben geleid tot betere behandelingsopties, maar bijwerkingen worden nog
steeds waargenomen. Daarom hebben we een alternatieve therapeutische toepassing
onderzocht die zich richt op de inhibitie van de aldosteron biosynthese. Het doel van deze
studie omvat het in silico ontwerp en voorspelling van nieuwe inhibitoren, de synthese van
deze stoffen, en ten slotte de in vitro activiteitsbepaling van deze stoffen.

De biosynthese van aldosteron wordt uitgevoerd door twee cytochroom P450 eiwitten, 11B1
en 11B2, aangeduid als CYP11B1 en CYP11B2. De eerste stappen in de synthese van
aldosteron kunnen door allebei de familieleden worden uitgevoerd. Echter, de laatste stap,
de omzetting van 18-hydroxycorticosterone tot aldosteron, kan alleen worden uitgevoerd
door het familielid CYP11B2. CYP11B1 is verantwoordelijk voor de synthese van
glucocorticoiden die belangrijk zijn in metabole, immunologische en homeostatische
processen. Omdat deze glucocorticoid functies niet belemmerd mogen worden, moet het
nieuw ontworpen medicijn selectief zijn voor CYP11B2.

CYP11B1 en CYP11B2 vertonen een grote homologie in de aminozuursequentie. Daarom
hebben we de driedimensionale eiwitstructuur van CYP11B1 en CYP11B2 gemodelleerd
met behulp van de in silico techniek 'comparative modelling’. De 3D modellen zijn
gevalideerd op basis van de torsie-eigenschappen van het eiwitskelet en de aminozuren, de
totale eiwitstructuur en het dynamische gedrag van de eiwitmodellen. Vervolgens zijn de
binding van substraten en inhibitoren in de active site van beide eiwitten onderzocht.

Met de resultaten van dit onderzoek naar het bindingsmechanisme van de natuurlijke
substraten hebben we een CYP11B2 specifieke binding van 18-hydroxycorticosterone
voorgesteld die nodig is voor de voltooiing van de synthese van aldosteron. Deze
zogenaamde binding mode bevat een stabiliserende interne waterstofbrug die de steroide in
een belangrijke conformatie vasthoudt zodat het verder kan worden omgezet. Kwantum
mechanische berekeningen aan de steroiden en hun verschillende mogelijke conformaties
hebben een gunstige omzetting voorspeld voor de door ons voorgestelde conformatie.
Daarbij ondersteunen deze berekeningen onze hypothese van de CYP11B2 specifiecke
aldosteron synthese. Bovendien hebben de kwantum mechanische berekeningen ons
inzicht in de interactie tussen eiwit en substraat vergroot.
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De geschiktheid van de eiwitmodellen voor het ontwerp van nieuwe inhibitoren is getest
door de interacties te onderzoeken tussen de eiwitten en vier bekende inhibitoren van
CYP11B1 en CYP11B2. Met behulp van moleculaire dynamica en moleculaire docking zijn
de eiwit-inhibitor interacties geévalueerd en is de interactie sterkte van elke inhibitor
voorspeld. De in vitro activiteitsbepalingen hebben de trend in de voorspelde inhibitie
bevestigd. Vervolgens is de docking studie uitgebreid om vertrouwen te krijgen in de
voorspellende kracht van de modellen. Verschillende eiwitconformaties, verkregen uit de
moleculaire dynamica studie, zijn meegenomen in de docking van nieuwe inhibitoren.
Hierdoor is de voorspellende kracht van de modellen kwalitatief verbeterd.

Als laatste hebben we de inhibitoren onderzocht om te bepalen welke kenmerken van
belang zijn voor hun activiteit op CYP11B1 en CYP11B2. Daarvoor is een zogenaamde
beslisboom analyse uitgevoerd naar de fysisch-chemische eigenschappen van de inhibitor
substituenten. Hieruit volgde een verzameling van eigenschappen en hun gewenste
waardes, welke gebruikt kunnen worden voor de voorspelling en het ontwerp van nieuwe
inhibitoren.

Deze studie laat zien dat een combinatie van synthese, moleculair modelleren en
experimentele metingen, een veelbelovende en succesvolle aanpak is voor het ontwerp van
nieuwe inhibitoren.
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