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Abstract

The continuing epidemic of overweight and obesity faces a lack of appropriate phar-

maceutical treatment options to support health care systems. Although studied for

decades, currently available drugs only show low efficacy but serious or at least un-

pleasant side effects. Multi-target drugs hold promise to overcome the limitations of

traditional pharmaceutics by modulating several nodes of the disease-relevant biolog-

ical network. In this thesis, the multi-target concept was applied to macromolecular

targets involved in obesity.

In order to identify target pairs useful as starting points for multi-target drug

design, we applied a systematic data mining approach employing publicly available

bioactivity data of small molecules binding to targets involved in obesity. The target

pair with the highest molecular similarity among known active ligands was found to

comprise of histamine H3 receptor (H3R) and melanin-concentrating hormone receptor

1 (MCHR1). Both proteins are part of the G-protein coupled receptor (GPCR) family

and were extensively studied as potential obesity targets. Although antagonizing either

receptor was efficient in rodent models of obesity, drug candidates failed to proof

efficacy in clinical studies. To test the potential of H3R and MCHR1 in multi-target

drug development, a shape-based virtual screening campaign was conducted resulting

in the selection of three small molecules. A subsequent in vitro evaluation revealed

nanomolar affinity for all three molecules at both receptors.

Lead optimization against multiple targets can dramatically benefit from integra-

tion of structural data. Since H3R and MCHR1 lack experimental structural data

for structure-based drug design, two novel methods were developed that support drug

design campaigns based on homology models. H3R is part of the aminergic family

of GPCRs, which share a conserved charged interaction between ligand and protein.

This crucial interaction was incorporated into a ligand-guided homology modeling

campaign revealing valuable insights into side chain conformations critical for appro-

priate ligand placement in H3R. A subsequent virtual screening campaign followed by

in vitro validation revealed two novel ligands with nanomolar affinity at H3R. MCHR1

is less well characterized and was found to contain several highly flexible residues in

the ligand binding pocket, which hindered the translation of the ligand-guided ho-

mology modeling strategy to MCHR1. To include the high flexibility of binding site

residues, the protein environment of water molecules in molecular dynamics simula-

tions was analyzed to derive 3D pharmacophores for virtual screening. Generated 3D

pharmacophores were highly successful in a retrospective virtual screening campaign

in discriminating active MCHR1 ligands from decoys. This method was translated

into a Python package (PyRod), where the source code was released publicly.

The results and methods developed in this thesis provide valuable tools to support

the development of more efficient and safe anti-obesity medications. We show that
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the simultaneous inhibition of H3R and MCHR1 with a single high a�nity binder

is possible. We developed novel computational methods to support structure-based

virtual screening campaigns against both receptors.
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Zusammenfassung

Die st•andig ansteigende Pr•avalenz f•ur •Ubergewicht und Adipositas o�enbart einen

dramatischen Mangel an geeigenten pharmazeutischen Behandlungsoptionen. Obwohl

seit Jahrzenten an einer Behandlung geforscht wird, weisen derzeitig verf•ugbare Phar-

mazeutika nur eine geringe Wirksamkeit und schwere oder zumindest unangenehme

Nebenwirkungen auf. Wirksto�e, welche die Aktivit•at mehrerer Zielstrukturen mod-

ulieren k•onnen, versprechen die Limitationen traditioneller Medikamente zu •uber-

winden, indem sie das biologische Netzwerk hinter einer Krankheit an verschiedenen

Stellen simultan beein
ussen. In dieser Dissertation wurde das Konzept zur Mod-

ulierung mehrerer Zielstrukturen auf Adipositas angewendet.

Um Adipositas-relevante Zielstruktur-Paare zu identi�zieren, deren Aktivit•at mit

einem Molek•ul moduliert werden k•onnte, wurde ein systematischer Ansatz zur Anal-

yse von •o�entlich zug•anglichen Aktivit•atsdaten kleiner Molek•ule durchgef•uhrt. Das

Zielstruktur-Paar mit der gr•o�ten •Ahnlichkeit zwischen bekannten Liganden beinhaltet

den Histamine H3 Rezeptor (H3R) und den Rezeptor 1 des Melanin-konzentrierenden

Hormons (MCHR1). Beide Proteine sind Teil der G-Protein gekoppelten Rezeptor

Familie und wurden intensiv f•ur die Behandlung von Adipositas untersucht. Ob-

wohl Antagonisten f•ur beide Rezeptoren bei Nagetier-Modellen f•ur Adipositas wirksam

waren, konnten diese vielversprechenden Ergebnisse nicht auf den Menschen •ubertragen

werden. Um das Potential von H3R und MCHR1 als Zielstruktur-Paar zu •uberpr•ufen,

wurde eine 3D•Ahnlichkeitssuche durchgef•uhrt, welche in der Identi�zierung von drei

Molek•ulen resultierte. Eine anschlie�endein vitro Validierung zeigte nanomolare

A�nit•aten f•ur alle drei Molek•ule an beiden Rezeptoren.

Die Optimierung von Wirksto�kandidaten gegen mehrere Zielstrukturen kann er-

heblich von der Integerierung von Strukturdaten pro�tieren. Da f•ur H3R und MCHR1

keine experimentel best•atigten Strukturen zur Verf•ugung standen, wurden zwei neue

Methoden entwickelt, welche auf Homologie Modellen-basierende Projekte zur Wirk-

sto�entwicklung unterst•utzen k•onnen. H 3R ist Teil der aminergen Familie von GPCRs,

welche eine konservierte geladene Interaktion zwischen Ligand und Protein aufweisen.

Diese entscheidende Interaktion wurde in einem Liganden-geleiteten Homologie Mode-

lierungs-Ansatz ausgenutzt und erm•oglichte die Charakterisierung von Seitenketten-

Konformationen, die eine korrekte Platzierung der Liganden erm•oglichen. Ein virtu-

elles Screening gefolgt von einerin vitro Validierung identi�zierte zwei neue Molek•ule

mit nanomolarer A�nit•at am H 3R. MCHR1 wurde weniger stark untersucht und bein-

haltet mehrere hoch 
exible Seitenketten in der Bindetasche, welche eine•Ubertragung

des Liganden-geleiteten Homologie Modelierungs-Ansatzes verhindern. Um die hohe

Flexibilit•at der Bindetasche zu ber•ucksichtigen, wurde die Protein-Umgebung von

Wasser-Molek•ulen in Simulationen zur Molek•uldynamik analysiert um 3D Pharmako-

phore f•ur virtuelles Screening abzuleiten. Die generierten 3D Pharmakophore waren
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in einem retrospektiven Screening in der Lage aktive MCHR1 Liganden von inaktiven

Molek•ulen zu unterscheiden. Diese Methode wurde in ein Python Packet (PyRod)

•ubertragen, dessen Quellcode •o�entlich zug•anglich gemacht wurde.

Die in dieser Arbeit entstandenen Ergebnisse und Methoden bieten wertvolle Werk-

zeuge f•ur die Entwicklung von e�ektiven und sicheren Adipositas-Wirksto�en. Wir

konnten zeigen, dass die simultane Inhibition von H3R und MCHR1 mit einem einzi-

gen Molek•ul m•oglich ist. Wir entwickelten neue computergest•utze Methoden, um

strukturbasiertes virtuelles Screening f•ur beide Rezeptoren zu unterst•utzen.
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Introduction

1.1 The Obesity Epidemic

Obesity and overweight have evolved into signi�cant threats of human health account-

ing for 4 Mio deaths in 2015 [1]. These medical conditions are characterized by an

abnormal or excessive accumulation of fat, and are associated with various serious

diseases including type 2 diabetes, hypertension, myocardial infarction, stroke, venous

thromboembolism and certain types of cancer [2]. Since 1980 the prevalence of obesity

has constantly increased a�ecting the health of 13 % of adults world-wide in 2016

(Fig 1) [3]. Although studied for decades, health care systems still lack an e�ective

treatment to stop the obesity epidemic.

Figure 1: Prevalence of obesity among adults. Data from World Health Organization [3].
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1.2 Regulation of Energy Homeostasis

Main causes for overweight and obesity are genetic susceptibility, increased consump-

tion of high-energy food and insu�cient physical activity, resulting in the the excess

of energy intake over energy expenditure [2].

Energy homeostasis is regulated by a multitude of hormones such as leptin, insulin

and ghrelin mainly secreted by gut, pancreas and adipose tissue. These peripheral

signals either act as appetite stimulant (orexigenic) or appetite suppressant (anorectic)

by binding to their cognate receptors and thus stimulate the central nervous system

(CNS), notably the arcuate nucleus (ARC) of the hypothalamus (Fig 2). Within the

ARC, two types of neurons exist that either co-express the orexigenic neurotransmitters

neuropeptide Y (NPY) and agouti-related Protein (AgRP) or co-express the anorectic

neurotransmitters pro-opiomelanocortin (POMC) as well as cocaine and amphetamine-

related transcript (CART) [4, 5].

The orexigenic NPY/AgRP neurons can inhibit anorectic POMC neurons by se-

creting 
 -aminobutyric acid (GABA). Both types of neurons more widely project into

the CNS including the paraventricular nucleus (PVN) and the lateral hypothalamic

area (LHA). These areas home putative second-order neurons that also interact with

other anorectic and orexigenic signals from gut and CNS mediating behavioral, en-

docrine and autonomous e�ects of changes in energy status by acting on neurons of

the nucleus tractus solitaries (NTS) [4, 5].

1.3 Targets for Obesity Treatment

The major challenge for developing drugs against obesity is the complexity of metabolic

body weight control. It is maintained by an equilibrium between three major pathways:

food intake, energy generation and fat storage [6]. Consequently, this model provides

di�erent opportunities for pharmaceutical intervention: (i) agents that decrease ap-

petite through central action, (ii) agents that a�ect metabolism through peripheral

action, (iii) agents modulating the gastrointestinal (GI) tract and (iv) agents that not

only a�ect obesity, but also reduce mortality and morbidity of associated disorders.

Current research on obesity related pathways reveals a plethora of receptors, enzymes

and transcription factors that might be useful as targets for anti-obesity agents (Tab

1). In the following sections, examples are provided highlighting several targets for

drug development against obesity.

1.3.1 Decreasing Appetite Through Central Action

Leptin is a hormone expressed and secreted by adipocytes in proportion to body fat

stores [33]. It acts anorectic through its interaction with the leptin receptor, a single

membrane-spanning class I cytokine receptor with tyrosine kinase activity. Among

2
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Figure 2: Regulation of energy homeostasis by neuronal circuits and extrinsic in
uences.

AgRP - agouti-related Protein, ARC - arcuate nucleus, CART - cocaine and amphetamine-

related transcript, GLP1 - Glucagon-like peptide 1, LHA - lateral hypothalamic area, NPY -

neurotransmitters neuropeptide Y, POMC - pro-opiomelanocortin, PP - pncreatic polypep-

tide, PVN - paraventricular nucleus, PYY - peptide YY.

rare individuals who are obese because of the lack of this peptide, administration of

physiological doses of leptin decreases food intake and causes weight loss. However,

common obese patients are leptin-resistant and have elevated circulating levels of this

peptide. Experimental studies in animals have identi�ed two intracellular proteins that

terminate receptor signaling, acting as potent mediators of leptin resistance: cytokine

signaling- 3 (SOCS3) and protein tyrosine phosphatase 1B (PTP1B). Therefore, inhi-

bition of either of these proteins could increase leptin sensitivity. However, inhibition

of SOCS3 as therapeutic strategy for obesity treatment is highly advised because this

protein is implicated in several biological processes [35]. In contrast, PTP1B is a viable

anti-obesity drug target, since PTP1B knockout rats are sensitive to leptin and insulin

and resistant to diet-induced obesity. Moreover, it has been shown that the selective

blockade of the PTP1B expression results in decreases in food intake and reduction of

body weight by increasing the action of leptin and insulin in the hypothalamus [36].

These results validate PTP1B inhibitors as promising anti-obesity agents.

3
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Table 1: Obesity-relevant targets retrieved from a literature research covered in the sys-

tematic data mining work
ow presented in section 4.1 [7]. Only targets were included, for

which ligand data has been deposited in the ChEMBL database [8] to the time of the study.

Required

Modulation
Receptors Enzymes

Transcription

factors

Activation 5HT 1BR [9] 5HT2CR [9] SIRT1 [10] PPAR� [11]

AMY1 [12] AMY3 [12] PPAR� [11]

� 3AR [13] BRS3 [14] PPAR
 [11]

CCKAR [15] GLP1R [15] THR� [16]

MCR3 [17] MCR4 [17]

NPYR2 [18] NPYR4 [18]

OX1R [19] OX2R [19]

Deactivation 5HT6R [20] CB1 [21] 11� HD1 [22]

CRHR2 [23] GALR1 [24] ACC1 [25]

GHSR [15] H3R [26] ACC2 [25]

MCHR1 [27] µOR [28] CPT1L [29]

NPYR1 [18] NPYR5 [18] CPT1M [29]

DGAT1 [30]

FAS [31]

PLIP [32]

PTP1B [33]

SCD1 [34]

1.3.2 A�ecting Metabolism Through Peripheral Action

Activation of the � 3 adrenergic receptor (� 3AR) induces both catecholamine-stimulated

lipolysis and thermogenesis in adipose tissue [13]. It appears that thermogenesis is

primarily responsible for the removal of stored fat in animal models. Treatment with

molecules selectively activating� 3AR markedly increases energy expenditure and de-

creases obesity in rodents [37]. These observations demonstrate the potential of� 3AR

activators as anti-obesity agents.

1.3.3 Modulating the Gastrointestinal Tract

Cholecystokinin (CCK) inhibits food intake in all mammalian species in which it has

been tested, including human [15]. This peptide is rapidly released from L cells in

the upper intestine in response to the intraluminal presence of digestive products,

resulting in the earlier termination of the meal. The e�ect of CCK on feeding is

mediated by its interaction with the CCK A receptor (CCKAR), which is expressed
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in the GI tract as well as in several areas of the CNS. Infusion of the C-terminal

octapeptide of CCK, the shortest bioactive form, reduces food intake in obese men

[38]. In contrast, administration of CCKAR inhibitors results in increased food intake

through increasing meal size [39].

1.3.4 Reducing the Morbidity of Associated Disorders

The peroxisome proliferator-activated receptors (PPAR) are transcription factors re-

sponsible for the transcription of genetic information important to the metabolic sig-

naling network [11]. Three PPAR isoforms are known, i.e.� , 
 and � . PPAR� is

a regulator of fatty acid metabolism and energy homeostasis and is mainly expressed

in the metabolically active tissues like liver, heart, skeletal muscle and adipose tissue.

Molecules activating this receptor can reduce weight gain by increasing thermogenesis

but also improve blood lipid levels important in several cardiovascular diseases [40].

PPAR� acts as central regulator of fat burning and thermogenesis. Activation of this

isoform increases fatty acid oxidation and energy expenditure but has also shown to

improve lipid and glucose levels in mouse models of type II diabetes [41]. PPAR
 is

mainly expressed in the adipose tissue and is a key mediator of adipogenesis. Activa-

tion of this receptor results in transforming fat storing white adipose tissue into fat

burning brown adipose tissue and thus increased energy expenditure [42]. Further-

more, PPAR
 activators were found to sensitize type II diabetes patients for insulin

[43]. Taken together, agents that activate PPARs have great potential in obesity

treatment by increasing energy expenditure and improving associated disorders.

1.4 Current Treatment Approaches for Obesity

Weight loss of just 5 to 10 % achieved by lifestyle intervention leads to signi�cant

improvements of cardiovascular disease risk factors [44]. However, most patients with

obesity undergoing a lifestyle intervention will regain much of their lost weight on

the long-term [45]. Another treatment option for patients with obesity is bariatric

surgery. Although being one of the most e�ective treatments, bariatric surgery is

reserved for patients with severe or complex obesity and additionally, carries risks of

surgical complications and weight regain [46{49]. Combining lifestyle intervention with

pharmacological treatment proved to be the most e�ective approach [50].

Currently, six drugs are approved by the federal drug administration (FDA) for

treatment of obesity (Fig 3) [5]. Phentermine monotherapy is a�ecting the release of

catecholamines in the hypothalamus causing reduced appetite and food consumption.

Although phentermine has already been approved in 1959 for obesity management, the

exact mechanism is still unclear [5]. The combination of phentermine with GABA-

releasing properties of topiramate was found to be more e�ective than phentermine
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monotherapy [51, 52]. Orlistat reduces systemic fat absorption by inhibition of gas-

tric and pancreatic lipases, ultimately decreasing energy intake [32]. Lorcaserin is a

selective agonist of the 5-HT2C receptor stimulating anorectic POMC/CART neurons

[53]. The drugs naltrexone and bupropion act synergistically by antagonizing theµ

opioid receptor and by inhibiting the reuptake of dopamine and norepiniphrine [54].

Liraglutide is the most recently approved obesity medication and acts via activation

of the GLP-1 receptor increasing the insulin release from the pancreas [55].

According to clinical trials phentermine/topiramate is the most e�ective pharma-

ceutical obesity therapy causing on average an additional weight loss of only 7 %

compared to placebo after one year of treatment [5]. Beside low e�cacy, all currently

approved medications show serious or at least unpleasant side e�ects underlining a

dearth for e�cient and safe anti-obesity medications [5].

Figure 3: Medications currently approved by the federal drug administration for treatment

of obesity [5].

1.5 GPCRs Targeted in This Thesis

Members of the G-protein coupled receptor (GPCR) family represent the key target for

one third of FDA approved drugs rendering GPCRs an extremely important protein

family for drug discovery [56]. Numerous hormones and neurotransmitters associated

with obesity act via binding to GPCRs, e.g. ghrelin, NPY, AgRP and POMC [57].
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Notably, except for orlistat, all currently approved anti-obesity medications target

GPCRs.

The GPCR protein family consists of 800 members sharing a common motif of 7

transmembrane helices connected by alternating extracellular and intracellular loops

(Fig 4A). They are responsible for transmitting extracellular signals into the cell and,

ultimately, trigger cellular responses. The activity of GPCRs can be modulated by

ligands with di�erent size, ranging from photons, over small molecules like histamine

to bigger peptides like NPY [57].

The binding of agonists induces a conformational change in the intracellular domain

increasing the ligand-dependent recruitment of signal transducers like G-proteins, ar-

restins and extracellular signal-regulated kinases (ERKs) among others. In contrast,

neutral antagonists block receptor signaling at the naturally imprinted basal level.

Inverse agonists, can reduce the basal signaling level providing further therapeutic

opportunities [58].

Fundamental research by Ballesteros and Weinstein on GPCR amino acid sequences

has revealed conserved amino acid residues in each of the transmembrane helices [59].

This �nding progressed into a generic residue numbering scheme that describes each

residue of GPCR transmembrane helices with a helix number and a number indicating

the distance to the most conserved residue of this helix [60]. By de�nition, the most

conserved residue of a helix retrieves the number 50. All other residues of a helix are

numbered according to the distance to this residue, e.g. the residue V3.32 describes a

valine of helix 3 that is 18 positions before the most conserved residue of helix 3 (Fig

4B). This numbering scheme has been proven extremely useful in comparing subtype

speci�c e�ect of mutations and ligand interactions [60]. For instance, ligand binding

to aminergic GPCRs commonly involves a charged interaction with residue D3.32 [61].

Such information is indispensable for discovery of novel ligands targeting GPCRs.

1.5.1 Histamine H 3 Receptor

The histamine receptor family is a class of GPCRs with four known subtypes binding

the endogenous biogenic amine histamine (Fig 5) [64]. The histamine H3 receptor

(H3R) is mainly expressed in the CNS acting as presynaptic auto-receptor providing

negative feedback for histamine release via Gi/o -protein dependent signaling. Addi-

tionally, H 3R was found to be involved in the regulation of other neurotransmitters

including acetylcholine, norepinephrine, dopamine, glutamate,
 -aminobutyric acid

and serotonin which raised interest for drug development against several neurologic

and psychatric disorders [65]. The inverse agonist Pitolisant is the only currently ap-

proved drug that was developed to speci�cally target H3R and is used for treatment

of narcolepsy [66].

The histamine system was also investigated for its role in energy homeostasis and

7
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Figure 4: Structure of G-Protein coupled receptors. (A) 3D representation of cannabinoid

receptor 1 crystal structure in complex with antagonist AM6538 (blue surface) [62]. (B)

Snake plot of cannabinoid receptor 1 generated with a GPCRdb web service [63]. The most

conserved residue for each transmembrane helix are highlighted in yellow.

as potential target of anti-obesity treatments. Administration of histamine reduces

not only food intake but also increases thermogenesis in rodents [67]. In contrast,

decreasing histamine levels induces body weight gain [68]. H3R antagonists which

block the negative feedback for histamine release showed anti-obesity e�ects in rodents,

pigs and monkeys [69{73] (Fig 5). However, promising pre-clinical results could not

be translated to human obesity treatment yet [74].

1.5.2 Melanin-Concentrating Hormone Receptor 1

The neurotransmitter melanin-concentrating hormone (MCH) and its G-protein cou-

pled receptors MCHR1 and MCHR2 are expressed in several brain areas implicated in

energy balance as well as sleep and arousal [75, 76]. MCHR1 signaling involves Gi/o

and Gq-proteins as well as ERK phosphorylation [77]. In contrast, MCHR2 was found

to only recruit Gq-proteins [78].

Mice lacking either MCHR1, MCH or complete MCH neurons show increased loco-

motor activity, have an increased energy expenditure and are resistant to diet-induced

obesity [79{82]. The function of MCHR2 and its implication in energy balance is

less well understood, since MCHR2 is not found in rodents complicating the study

of animal models for obesity [83]. However, a transgenic mouse model indicates that

MCHR2 might oppose the endogenous role of MCHR1, thus, favoring selective MCHR1

antagonists [84].

Several MCHR1 antagonists were already developed and showed promising pre-
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clincial results in rodents [85{89] (Fig 5). However, non of the studied molecules was

found to be e�ective in clinical trials in human [90]. Also, partially con
ictive results

have been published about the importance of MCHR1 antagonist CNS exposure. Sev-

eral studies discontinued development of clinical candidates due to a low CNS exposure

[89]. However, another study in rodents found an e�ective peptidomimetic antagonist

selective for MCHR1 that is theoretically not able to enter the CNS [91]. The authors

hypothesize that their studied MCHR1 antagonist is acting via binding to MCHR1

at adipocytes. These results underline the still limited understanding of pathways

involved in obesity and demand further investigations.

Figure 5: Endogenous ligands of H3R and MCHR1 as well several drug candidates with

promising pre-clinical results [67{73, 80, 85{89].

1.6 Rational Multi-Target Drug Design: An

Emerging Paradigm

Driven by the experience that unwanted side e�ects often originate from binding to

undesired o�-targets, rational drug design traditionally focused on maximizing the

9



Introduction

selectivity of ligands for a particular molecular target [92]. However, several "selective"

drugs were later shown to be e�ective because of previously unknown activities towards

other disease-relevant drug targets [93]. Also, our knowledge about possible target

modulation by approved drugs is far from complete, since testing each drug against

each known target is practically infeasible. Thus, many drugs that are being considered

selective, may posses a yet unknown multi-target character [94].

Multi-target approaches question the dogma of maximizing selectivity for one tar-

get, suggesting that the e�ective adjustment of a phenotype might require the modu-

lation of multiple targets, since biological networks can often �nd alternative routes to

bypass the inhibition of a single target [92, 95]. Additionally, it is assumed that multi-

target drugs can be used in smaller doses causing milder side e�ects, and furthermore

decrease the possibility for drug resistance [95]. Especially drug design campaigns

against complex diseases like obesity or psychiatric disorders that depend on several

pathways may bene�t from such approaches. Notably, most medications for mood

disorders modulate the activity of multiple targets in the CNS [96].

Taken together, these characteristics render multi-target approaches a promising

strategy to develop e�ective and safe anti-obesity pharmaceuticals.
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Aim and Objectives

The constantly increasing prevalence of obesity indicates a large unmet of suitable

medications to �ght the obesity epidemic. Currently, available pharmaceuticals only

show low e�cacy and serious or at least unpleasant side e�ects. The complex etiology

of obesity represents a challenge for traditional drug design campaigns and calls for

novel approaches considering the multitude of pathways involved. This thesis aims

at applying the multi-target concept to obesity drug development with the following

steps:

ˆ Identi�cation of obesity-relevant target pairs that are modulated by molecules

with high chemical similarity.

ˆ Validation of the most promising target pair by in vitro evaluation of small

molecules for potential multi-target character.

ˆ Development of mechanistic structural 3D models to investigate key residues for

ligand binding.

ˆ Development as well as statistical and experimental validation of predictive 3D

pharmacophores that allow for virtual screening of compound databases.

ˆ Development of novel computational methods to overcome current limitations.

In this thesis, current methods in computational drug design were applied. The

concepts behind these methods are described in the next chapter. The presentedin

vitro results for experimental validation were generated in close collaboration with the

group of Prof. Dr. Holger Stark at the Heinrich-Heine-University in D•usseldorf.
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Computational Methods

Computational techniques o�er unique opportunities to accelerate the drug discovery

process by providing access to highly e�cient virtual screening as well as by rational-

izing lead optimization e�orts [97]. Depending on the employed data, computational

methods can be classi�ed into ligand- and structure-based approaches.

3.1 Ligand-Based Approaches

3.1.1 Molecular Similarity-Based Virtual Screening Methods

The utilization of molecular similarity measures in the drug discovery process is based

on the observation that similar molecules often posses a similar property, e.g. a�nity

against a certain target [98]. Such measures can be categorized into three types,

di�ering in the complexity of the underlying data, computational costs and accuracy

(Tab 2).

The most simple, yet widely used similarity measure is the comparison of molecular

properties. Lipinski's rule of �ve is a prominent example estimating the oral bioavail-

ability of a molecule with the number of hydrogen bond donors and acceptors, molec-

ular weight and computationally estimated octanol-water partition coe�cient [99]. It

has been intensively employed in the last two decades in
uencing decision making in

the pharmaceutical industry. However, the concept of estimating oral bioavailability

with molecular properties is nowadays being challenged [100].

Initially being developed for substructure searches, molecular �ngerprints formed

the basis of additional methods for assessing the similarity of molecular structures

on the two-dimensional level [101]. Most molecular �ngerprints store the presence of

chemical substructures in a binary vector. For example, the molecular access system

(MACCS [102]) �ngerprint searches for 166 substructures and sets corresponding bits

to one if a substructure was found. In contrast, the extended-connectivity �ngerprint

records the identity and connectivity of each atom. This �ngerprint was further de-

veloped classifying atoms into atom types (e.g. hydrogen bond donors and acceptors

or hydrophobic and aromatic moieties) to increase the chance of sca�old hopping in

similarity searches [103]. Corresponding bit vectors can be e�ciently compared with

13
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similarity coe�cients, e.g. Tanimoto coe�cient ranging from 0 (no similarity) to 1

(highest similarity) [104].

The development of molecular �ngerprints enabled researchers to screen molecular

databases for chemically similar molecules in a highly e�cient manner [101]. Other

prominent examples of �ngerprint usage are the identi�cation of protein targets binding

similar molecules for multi-target or o�-target analysis [105] and the identi�cation of

matched molecular pairs to rationalize structure-activity relationships [106].

Similarity measurements at the three-dimensional level are often less successful in

retrospective virtual screening experiments than similarity measurements employing

molecular �ngerprints [107]. Also, 3D similarity is computational more expensive, since

it requires the generation and comparison of multiple 3D conformations to achieve a

reasonable performance. However, methods employing 3D similarity show more scaf-

fold hopping, which is important to extend the chemical space of a hit series [107]. A

prominent tool for assessing 3D similarity is ROCS (rapid overlay of chemical struc-

tures), which de�nes the volume of a molecule with atom-centered Gaussian functions

[108]. The employed algorithms superpose conformations by maximizing the overlap

of the molecule volumes. Additionally, implemented alignment and scoring routines

analyze the chemical functionality of the molecules (e.g. hydrogen bond donors and

acceptors or aromatic rings) to improve screening performance.

Table 2: Types of molecular similarity measures. HBA - hydrogen bond acceptor, HBD

- hydrogen bond donor, MW - molecular weight, clogP - calculated octanol-water partition

coe�cient, Ro5 - rule of 5, ECFP - extended-connectivity �ngerprint, ROCS - rapid overlay

of chemical structures.

Type Data Tool

Molecular

properties

HBD HBA MW clogP

Ro5 [99]1 4 431 4.2

2 3 342 3.4

2D structure ECFP [103]

3D structure ROCS [108]
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3.2 Structure-Based Approaches

3.2.1 3D Models of Proteins at Atomistic Resolution

Atomistic models of proteins are essential for computer-aided drug design campaigns

to understand the interactions formed between ligand and protein, and to suggest

novel molecules forin vitro testing [97]. Advancements in nuclear magnetic resonance

spectroscopy, X-ray crystallography and cryogenic electron microscopy drove the re-

lease of more than 140.000 experimentally resolved protein structures freely accessible

at the Protein Data Bank [109, 110].

Despite this progress, many important drug targets still lack structural data. Es-

pecially membrane proteins such as GPCRs proved challenging to crystallize [111].

In such a situation, researchers rely on homology modeling, a method that exploits

structural information from closely related proteins with resolved structures to com-

putationally develop an atomistic model of the protein of interest [112]. Software tools

like MODELLER [113] and MOE [114] provide algorithms to generate homology mod-

els with a de�ned work
ow: (i) Template selection based on sequence similarity using

e�cient alignment algorithms like BLAST [115], (ii) alignment of template and target

sequence with more accurate algorithms like Needleman-Wunsch [116], (iii) mutating

residue mismatches into the corresponding residue of the target sequence, (iv)de novo

modeling of target sequences without a corresponding template structure and (v) re-

solving severe atom clashes. Finally, specialized programs and web-servers like WHAT

IF [117] can be employed to identify structural problems of the homology model, e.g.

atom clashes or wrong dihedral angle distributions [Fig 6].

Figure 6: Ramachandran plots reporting the dihedral angle distribution for general (A)

and glycine residues (B). Blue dots are inside the the area of dihedral angles observed in

high resolution crystallographic structures, red dots outside.
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3.2.2 Ligand-Protein Docking

Molecular docking is a frequently used method in structure-based drug design to pre-

dict the conformation of a small molecule inside a target binding site [118] (Fig 7).

Several docking programs have been developed including GOLD [119], AutoDock [120],

FlexX [121] and Glide [122]. Implemented algorithms sample the conformational space

of ligands and evaluate the quality of each predicted pose with scoring functions [118].

GOLD, for instance, employs a genetic algorithm mimicking the process of natural

selection by altering parameters based on mutation, crossover and migration [119].

Parameters describing the torsional, translational and rotational degrees of freedom

are distributed over di�erent chromosomes and each round of evolution results in a

new combination of these parameters (docking pose), which is subsequently scored to

allow a bias towards the �ttest parameters. Scoring functions of docking programs

signi�cantly di�er and typically involve the evaluation of several binding pose proper-

ties, e.g. steric and electrostatic complementarity, van der Waals attractive potential,

desolvation energy and internal energy of the ligand [118].

Retrospective studies found that docking programs are successful in generating the

binding conformation observed in experimentally resolved protein-ligand complexes

[123, 124]. However, the calculated docking scores do not correlate with binding a�n-

ity for most of the studied targets. Despite this limitation, docking studies are an

integral part of computational drug design campaigns aiding the rational explanation

and exploitation of structure-activity relationships as well as the virtual screening of

compound libraries for novel chemical entities [97].

Figure 7: Predicted conformations of a small molecule inside a protein binding pocket.

16



Computational Methods

3.2.3 3D Pharmacophores for Virtual Screening

The chemical space of small organic molecules for drug discovery is estimated to con-

tain at least 1060 possible molecules [125]. The enormous improvements in computing

power and arti�cial intelligence enables researchers to generate virtual compound li-

braries with billions of synthesizable molecules [126]. These resources can advance

drug design campaigns but cannot be handled su�ciently with traditional in vitro

high-throughput screenings [127]. Three-dimensional pharmacophore models describe

the arrangement of electrostatic and chemical features required for a small molecule

to bind its macromolecular target and can be used to screen such virtual compound

libraries in a highly e�cient manner [128]. Virtual screenings employing 3D pharma-

cophores typically achieve hit rates higher than 10 % rendering 3D pharmacophores

an invaluable tool for drug design [129]. In the following review, the principles of 3D

pharmacophores are described and recent developments in the �eld are highlighted.

Contribution:

Conceptual design (30 %)

Visualization (80 %)

Manuscript preparation (25 %)

Reprinted with permission from Schaller, D.et al. Next Generation 3D Pharmacophore

Modeling. Wiley Interdiscip Rev Comput Mol Sci, e1468 (2020). This is an open access

article licensed under a Creative Commons Attribution 4.0 International License. [Link

to Publisher]
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