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ABSTRACT 

Despite being banned by international treaties, several chemical attacks using 

organophosphorus compounds (OPCs) have been recorded over the last decades. By inhibiting 

the acetylcholinesterase, OPCs cause an increase of ACh concentrations in the synaptic gap, 

resulting in muscle weakness and respiratory paralysis after desensitization of nicotinic 

acetylcholine receptors (nAChRs). The current treatment of OPC poisonings is insufficient, 

with no treatment option targeting nAChRs directly. Recent progress in this area was made by 

the identification of MB327, a positive allosteric modulator (PAM) of nAChRs, able to 

resensitize the receptor. However, MB327 also acts as inhibitor of nAChRs at slightly higher 

concentrations, counteracting its therapeutic effect. Experimental data indicates that the 

therapeutically relevant effect is being transmitted via an allosteric binding site, but the precise 

binding site remained unknown, making structure- and ligand-based optimization of the 

compounds demanding. Within this thesis, I focused on proposing a binding site for these 

compounds as well as identifying more potent analogs of known binders and compounds 

featuring novel chemotypes acting as PAMs in nAChRs. 

More precisely, in PUBLICATION I, I predicted a novel allosteric binding site for MB327, 

MB327-PAM-1, by using blind docking experiments in combination with molecular dynamics 

(MD) simulations and rigidity analysis. By performing free ligand diffusion MD simulations, I 

disentangled that MB327 may also bind to the orthosteric binding site, probably explaining the 

inhibitory effect of the ligand at higher concentrations. Based on this knowledge, more potent 

analogs of MB327 could be designed. Furthermore, in PUBLICATION II, I unraveled the 

potential binding mode of UNC0646, a recently described binder in MB327-PAM-1 with 

increased affinity compared to MB327.  

Based on the knowledge gathered in the first two publications, structure- and ligand-based drug 

design approaches became feasible. In PUBLICATION III, I performed a variety of virtual 

screening approaches to identify more affine substituents of the UNC0646 quinazoline moiety 

and to identify novel chemotypes acting as PAMs with a higher affinity compared to MB327, 

enriching the pool of lead structures. In PUBLICATION IV, Grid Inhomogeneous Solvation 

Theory computations helped revealing entropically unfavored water molecules within MB327-

PAM-1. Substituting these water molecules with novel substituents at the MB327 

bispyridinium core resulted in an MB327 analog with higher potency compared to MB327. 
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ZUSAMMENFASSUNG 

Obwohl die Verwendung von Organophosphorverbindungen (OPCs) als chemische Waffen 

durch internationale Verträge verboten ist, wurden sie in den letzten Jahrzehnten wiederholt 

eingesetzt. Durch irreversible Hemmung der Acetylcholinesterase führen sie zu einer erhöhten 

Konzentration von Acetylcholin im synaptischen Spalt. Dies führt zur Desensitisierung von 

nikotinischen Acetylcholinrezeptoren (nAChR), einhergehend mit Muskelschwäche und 

Atemstillstand. Behandlungsoptionen von OPC-Vergiftungen sind unzureichend, und keine 

Medikamente adressieren den nAChR direkt. Mit der Identifikation von MB327, einem positiv 

allosterischen Modulator (PAM) von nAChRs, der die Muskelkraft in somanvergiftetem 

Gewebe wieder herstellen kann, wurde ein entscheidender Fortschritt gemacht. Allerdings 

weist MB327 bei unwesentlich höheren Konzentrationen einen inhibitorischen Effekt auf, was 

den therapeutisch relevanten Effekt antagonisiert. Die genaue Lokalisation der 

therapierelevanten allosteren Bindetasche ist unbekannt, was struktur- und ligandenbasierte 

Optimierungen der Moleküle anspruchsvoll macht. In dieser Forschungsarbeit habe ich mich 

darauf konzentriert, die Bindetasche dieser Moleküle zu identifizieren und neue, potentere 

Analoga bekannter PAMs und PAMs mit neuem chemischen Grundgerüst zu entwickeln. 

Genauer gesagter habe ich in Publikation I eine neue Bindestelle von MB327, MB327-PAM-1, 

basierend auf blind docking Experimenten in Kombination mit Molekulardynamik (MD) 

Simulationen und Rigiditätsanalyse vorhergesagt. Die Durchführung von free ligand diffusion 

MD-Simulationen hat nahegelegt, dass MB327 auch Affinität zur orthosteren Bindetasche 

aufweist, was vermutlich den inhibitorischen Effekt erklärt. Darauf basierende strukturbasierte 

Optimisierungsansätze führten zu MB327-Analoga mit erhöhter Aktivität. In Publikation II 

habe ich einen plausiblen Bindemodus von UNC0646 in MB327-PAM-1, einem kürzlich 

beschriebenen Liganden mit erhöhter Affinität im Vergleich zu MB327, präsentiert. In 

Publikation III habe ich basierend auf den Erkenntnissen der ersten beiden Publikationen 

verschiedene virtuelle Screeningansätze verwendet, um neue Substituenten des 

Chinazolinbausteins von UNC0646 mit erhöhter Affinität zu identifizieren. Außerdem konnte 

ich PAMs mit neuem chemischen Grundgerüsten identifizieren, die eine erhöhte Affinität im 

Vergleich zu MB327 aufweisen, was die Anzahl an Leitstrukturen erhöht. In Publikation IV 

konnte ich, basierend auf Grid Inhomogeneous Solvation Theory Berechnungen, entropisch 

ungünstige Wassercluster in MB327-PAM-1 identifizieren. Die Verdrängung dieser 

Wassercluster durch variierende Substituenten am MB327-Grundgerüst führte zu einem im 

Vergleich zu MB327 potenteren Analogon.
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1. INTRODUCTION 

Handling with organophosphorus compounds (OPCs) is highly restricted, and their use as 

chemical warfare agents is prohibited by international treaties [1]. Nevertheless, the occurrence 

of OPC poisonings is far from over. The most serious cases of OPC poisoning happened in the 

Syrian civilian war in 2013 and 2017, resulting in the death of thousands of people [2, 3]. 

Besides that, OPCs are also attractive for terrorist groups. In 1995, a terroristic sarin attack on 

the Tokyo subway killed thirteen and sickened thousands of people [4-6]. Thus, OPCs persist 

as a significant threat to the civilian and military population. Furthermore, the use of 

organophosphorus insecticides repeatedly led to intoxications around the globe [7-11]. OPCs 

act by covalently inhibiting the acetylcholinesterase (AChE), an enzyme crucial for degrading 

the neurotransmitter acetylcholine (ACh) in the synaptic gap (chapter 2.1.2) [1, 12-20]. The 

resulting overstimulation of postsynaptic muscarinic (mAChRs) and nicotinic acetylcholine 

receptors (nAChRs) leads to receptor-specific symptoms, such as miosis and bradycardia 

(mAChR) and muscle weakness and respiratory paralysis (nAChR), leading to life-threatening 

situations [1, 5, 6, 21-23]. Noteworthy, overstimulation of nAChRs does not lead to an 

overactivation of the receptor but results in receptor desensitization associated with a non-

functional, non-activatable configuration (chapter 2.1.4) [24, 25].  

Current treatment options for OPC poisoning focus on inhibiting the overstimulation of 

mAChRs by application of the inhibitor atropine and reactivating the AChE with oximes, 

targeting both receptors indirectly [1]. Even though oximes are widely considered to have 

beneficial effects, certain OPCs are insensitive to a variety of oximes, and oximes are generally 

ineffective after an aging process of the OPC-AChE complex (chapter 2.1.2) [1, 26-43]. No 

treatment options currently target nAChRs directly, resulting in a substantial therapeutic gap 

after OPC poisoning. Recent progress was made by the identification of MB327, acting as a 

positive allosteric modulator (PAM) of nAChRs, able to reestablish the muscle force in soman-

poisoned rat diaphragms and to potentiate the cholinergic effect (chapter 2.1.3) [44-47]. At 

slightly higher concentrations, the ligand itself acts as an inhibitor of the receptor, resulting in 

a tight therapeutic index [46]. Thus, MB327 cannot be used in the treatment of OPC poisonings 

directly but can be considered as a promising lead structure. Since the identification of MB327, 

a variety of analogs have been synthesized and tested regarding their affinity, but no 

groundbreaking increase in binding affinity has been observed in any analog [48, 49]. A small 

number of selected MB327 analogs also showed no beneficial effects compared to MB327 

regarding their potency in reestablishing muscle force in soman-poisoned tissue [46]. Recently, 
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by in vitro screening of a database using an MB327 MS Binding Assay, UNC0646 has been 

identified with increased affinity to the MB327 binding site compared to MB327 [pKi 

(UNC0646)= 6.23 ± 0.02; pKi (MB327) = 4.73 ± 0.03] [48, 50]. Despite the increased affinity, 

activity measurements performed by our collaboration partners at the Bundeswehr Institute of 

Pharmacology and Toxicology in Munich (Figure 1) revealed a reduced potency of UNC0646 

compared to MB327, making the use of UNC0646 as a treatment option unattainable 

(PUBLICATION II) [51]. Thus, further studies are required to understand the mechanism of 

action of PAMs and identifying novel PAMs of nAChRs with increased potency and with a 

lack of inhibitory effects on the receptor to ultimately close the therapeutic gap in OPC 

poisoning treatment. For the design of or search for such ligands, knowledge of the binding 

mode of MB327 and UNC0646 in the nAChR would be beneficial. These, however, remained 

elusive prior to my thesis. 

Within this thesis, I utilized computational methods to predict the binding mode of known 

ligands and to suggest novel analogs of known binders and compounds featuring novel 

chemical scaffolds as potential PAMs. To verify my predictions and to strengthen the 

assumptions made within my predictions, I worked in close collaboration with experimentalists 

from the Ludwig Maximilians University in Munich – performing synthesis of novel suggested 

analogs and in vitro affinity testing using UNC0642 MS Binding Assays – and from the 

Bundeswehr Institute of Pharmacology and Toxicology – performing ex vivo activity testing of 

suggested compounds in soman-poisoned rat diaphragm assays (Figure 1). Gathered 

experimental data was then used to strengthen our computational models. 

One way to identify optimized analogs of known binders or novel chemotypes acting as PAMs 

are structure- (SBDD) and ligand-based (LBDD) drug design approaches (chapters 2.2.3.2 and 

2.2.3.1, respectively). Therefore, knowledge of the binding mode of ligands is crucial. At the 

beginning of my work, experimental data suggested that MB327 binds to an allosteric binding 

site, responsible for the therapeutically relevant effect [46, 52]. However, the location of this 

binding site within the protein remained elusive. Also, the pocketome of nAChRs remains 

incompletely understood with several Protein Data Bank (PDB) structures featuring a variety 

of potential allosteric binding sites - for PAMs, these are preferably localized at the transition 

from the extracellular domain (ECD) to the transmembrane domain (TMD) of the receptor, or 

in the upper part of the TMD (chapter 2.1.5), yet differ between different PAMs [53-68]. 

Uncertainty about the binding site and the binding mode of the positive allosteric modulators 

make structure- and ligand-based approaches to generate novel binders challenging.  
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To identify the binding site of MB327, blind docking experiments in combination with 

molecular dynamics (MD) simulations may be performed (chapters 2.2.2.1 and 2.2.2.2), 

accompanied by rigidity analysis (chapter 2.2.2.3) to predict allosteric impacts transmitted via 

this binding site. Applying these techniques to identify a potential binding site revealed that 

MB327 may bind at the transition from the ECD to the TMD in a binding site called MB327-

PAM-1 (PUBLICATION I). MB327-PAM-1 can also be occupied by calcium ions acting as 

positive allosteric modulators of nAChRs [65, 69]. Allosteric impacts transmitted via this 

binding site are in line with experimental results [45-47] (PUBLICATION I). Furthermore, 

free ligand binding MD simulations (chapter 2.2.2.2) revealed that MB327 may also bind to 

the orthosteric binding site (PUBLICATION I), probably acting as an inhibitor, in line with 

recent experimental results [70]. Furthermore, a plausible binding mode of UNC0646 in 

MB327-PAM-1 was suggested using a combination of docking experiments and MD 

simulations (PUBLICATION II). 

In addition to ligand-based screenings based on the two-dimensional structure of UNC0646, 

the novel proposed binding mode enabled performing ligand-based screenings based on the 

three-dimensional bound conformation of a UNC0646 analog, resulting in the identification of 

substituents of the quinazoline moiety within UNC0646 that increase its affinity. Furthermore 

a virtual high-throughput structure-based screening in MB327-PAM-1 resulted in four new 

chemotypes binding to MB327-PAM-1 with increased affinity compared to MB327, including 

cycloguanil, the active metabolite of the approved antimalaria drug proguanil [71, 72] 

(PUBLICATION III). Cycloguanil was also tested regarding its ability to reestablish muscle 

force after soman poisoning and showed increased potency compared to MB327. 

Lastly, novel MB327 analogs were designed based on adjusting substituents of the 

bispyridinium core to replace entropically unfavored water clusters within MB327-PAM-1, as 

observed during MD simulations of MB327 bound to the binding site (chapter 2.2.3.3) 

resulting in the identification of PTMD90-0012, an analog with increased affinity compared to 

MB327 (PUBLICATION IV). 
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Figure 1: Design-Make-Test-Analysis workflow to identify novel chemical scaffolds acting as PAMs respectively to optimize 
the structure of known PAMs. Blue colors indicate computational studies performed at the Heinrich Heine University in 
Düsseldorf, green colors indicate experiments performed by our collaboration partners at the Ludwig Maximilians University 
in Munich, beige colors indicate experiments performed by our collaboration partners at the Bundeswehr Institute of 
Pharmacology and Toxicology, and yellow colors indicate analysis conducted in collaboration among all working groups. I 
utilized computational approaches to predict the binding site and performed SBDD to identify commercially available novel 
chemical scaffolds binding to the MB327 binding site. Furthermore, I performed SBDD and LBDD to identify analogs with 
potentially increased potency compared to MB327 and UNC06464, respectively. Analogs were then synthesized and 
compounds with novel chemical scaffolds were purchased commercially. All compounds were tested in in vitro MS Binding 
Assays to characterize the affinity towards the MB327 binding site. Selected compounds were tested in an ex vivo activity assay 
to discover their potential in reestablishing muscle force in soman-poisoned rat diaphragm. Structure-affinity/activity 
relationships (SAR) derived from experimental results obtained within this workflow and experimental results gathered from 
literature are continuously used to support and optimize our model.  
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2. BACKGROUND 

In the following section, I will first give a brief overview of the physiological role of ACh, 

particularly its role as a neurotransmitter, followed by an outline of how OPCs disturb the ACh 

pathway. Then, I will give insights into the currently unsatisfactory treatment of OPC poisoning 

and will highlight current research attempting novel promising approaches to close the 

therapeutic gap with a focus on MB327, a PAM of the nAChR. Since the binding site of MB327 

remained elusive, I will also focus on the three-dimensional structure of nAChRs and the 

current knowledge about its pocketome. 

In the second subchapter, I will introduce the methods we used to identify the binding site of 

MB327 first, followed by the identification of novel, more potent PAMs of the nAChR. 

2.1. Organophosphorus poisoning 

2.1.1. Physiological and pathophysiological role of acetylcholine 

The neurotransmitter ACh plays a crucial role in physiological processes within animals and 

humans [24, 73-86]. ACh is synthesized in the synaptic cell by acetylation of choline and stored 

in intracellular vesicles containing thousands of molecules per vesicle [87-93]. After an 

occurring action potential, ACh is released into the synaptic gap [83, 84, 86]. There, ACh can 

bind to two classes of receptors, the mAChR and nAChR, eliciting action potentials in the 

postsynaptic cell [16, 94-103] (Figure 2A). The mAChR is a G-protein coupled receptor, 

transmitting signals via secondary messengers after ACh binding and thereby indirectly 

influencing the ion concentrations within the cell [104-114]. In contrast, the nAChR is a 

pentameric ligand-gated ion channel, directly influencing the ionic concentrations within the 

cell by letting ions pass through the receptor after ACh binding [115-120]. Following its release, 

thereby activating the aforementioned postsynaptic receptors, ACh is rapidly hydrolyzed to 

choline and acetate by the AChE [12-17]. 

Disruption of the ACh transmission is associated with several diseases and intoxications. 

Myasthenia gravis, a neuromuscular junction disease, is an autoimmune disease associated with 

the formation of antibodies against nAChRs [121-126]. In Alzheimer’s disease, inhibitors of 

AChE are used in treatment since the neurodegenerative disease is associated with a disruption 

of ACh signaling [127-137]. However, covalently inhibiting the AChE is also the mechanism 

of action of many OPCs, such as insecticides (e.g., parathion) and chemical warfare nerve 

agents (e.g., sarin, soman, tabun, and Novichok compounds) [1, 138-144]. Despite being 

forbidden by international treaties, such as the Chemical Weapons Convention and the 1990 
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Chemical Weapons Accord, OPCs are still being used as chemical weapons and thus remain a 

serious threat to the civilian and military population [1, 145], especially because current 

treatment options are unsatisfactory. Thus, as much knowledge as possible about OPCs is 

required to ultimately close the therapeutic gap. 

 

Figure 2: Transmission of an action potential via the synaptic cleft by the neurotransmitter ACh. A) ACh (red) is stored in 
vesicles in the presynaptic cell (sand). After being released in the synaptic gap as a result of an occurring action potential, ACh 
can bind to mAChRs (orange) and nAChRs (blue) located in the membrane of the postsynaptic cell (olive green). mAChRs can 
influence the ion concentration within the cell via second messengers, whereas activation of nAChRs leads to transmission of 
cations through the receptor pore. ACh is subsequently hydrolyzed to choline (purple) and acetate (green) via the AChE. OPCs 
act by inhibiting AChEs. B) Activation cycle of nAChRs according to Corradi and Bouzat [146]. Activation of nAChRs leads 
to the pore opening, resulting in a ligand-bound active state, whereas overstimulation of the receptor results in a ligand-bound 
overstimulated state of the receptor with a pore closed differently than the inactive state Overstimulation may occur after 
prolonged exposure to ACh, a result of the inhibition of the AChE. After a recovery time or by application of allosteric 
resensitizers, the receptor can be resensitized, resulting in a functional state. The grey box indicates the location of the 
membrane.  
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2.1.2. Mechanism of action and current treatment of OPC poisoning 

The first OPC [tabun (GA)] was identified in Germany by Gerhard Schrader in the 1930s while 

developing organophosphorus-based insecticides [1]. During the Second World War and the 

following Cold War, further OPCs were developed, including members of the G-series [G for 

Germany, e.g., soman (GD)] and members of the more potent V-series (V for “Venomous”) 

developed in Great Britain (e.g., VX) [1]. Despite, as mentioned above (chapter 2.1.1), the use 

of OPCs being internationally despised, they were used in various occurrences. In 1995, 13 

people were killed by a terroristic act using sarin, causing long-term health effects on hundreds 

of people [4-6]. During the Syrian civil war, hundreds of people were killed in chemical attacks 

in 2013 and 2017 [2, 3]. Additionally, the former Russian military intelligence officer and later 

double agent for the United Kingdom, Sergei Skripal, and the Russian oppositionist Alexei 

Navalny were both victims of chemical attacks using Novichok in 2018 and 2020, 

respectively [147-149]. These cases clearly demonstrate the ongoing threat of OPC poisoning 

and stretch the importance of a successful treatment after poisoning. 

In order to understand the current state and novel attempts to treat OPC poisoning, it is 

necessary to first describe the mechanism of action. OPCs can block the AChE covalently by 

binding to S203 which is part of the catalytic triad of AChE (Figure 2A, Figure 3), resulting in 

increased concentrations of ACh in the synaptic gap [1, 18-20, 150]. This leads to an 

overstimulation of both mAChRs and nAChRs, associated with the typical toxicological 

symptoms after OPC poisoning. Symptoms associated with the overstimulation of mAChRs 

include nausea, bradycardia, miosis, arrhythmia, and bronchoconstriction [1, 6, 21-23]. 

Overstimulation of nAChRs results in a closed, functionally inactivated conformation of the 

ion channel (Figure 2B) [24, 25, 151]. However, in contrast to the resting state of the receptor, 

this overstimulated, desensitized state is not activatable anymore and is being associated with 

toxicological symptoms, such as muscle weakness and respiratory paralysis [1, 5, 6, 21, 24, 25, 

152].  
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Figure 3: Mechanism of inactivation of AChE by OPCs and reactivation by oximes. Crystal structure of the Torpedo 
californica AChE with soman (purple) covalently bound to S203, part of the catalytic triad, A) before and B) after aging (PDB 
IDs: 2WFZ, 2WG0 [153]). For the sake of clarity, the amino acid numbering of the catalytic triad of Torpedo californica was 
adjusted to the amino acid numbering of the human AChE. Amino acids that are part of the catalytic triad are shown as sticks. 
C) Crystal structure of obidoxime bound to the catalytic region of mouse AChE (PDB ID: 2GYW [154]). D) Schematic reaction 
of the OPC soman with the catalytic triad of AChE. After soman phosphorylates S203, the ester bond may be hydrolyzed, 
resulting in an aged adduct that cannot be reactivated by oximes anymore. If AChE has not undergone an aging process yet, 
obidoxime may act as a reactivator of inhibited AChEs. 

Although the function of both mAChRs and nAChRs is highly disturbed after OPC poisoning, 

current treatment options mainly focus on inhibiting the overstimulation of mAChRs and 

targeting both receptors indirectly by reestablishing the function of AChE. Atropine can be used 

to counteract the toxicological symptoms transmitted via mAChRs and shows beneficial effects 

after OPC poisoning in vivo [1, 6, 34, 36-38, 155, 156]. Yet, symptoms transmitted via 

overstimulation of nAChRs, such as respiratory paralysis leading to death, cannot be treated by 

atropine. In terms of AChE restoration, oximes are widely considered to have a beneficial effect 

on patient recovery [1, 26-38]. These compounds can displace the covalently bound OPC from 

AChE by hydrolyzing the serine-OPC bond [1, 29, 35, 157, 158] (Figure 3). However, certain 

oximes are ineffective against several OPCs and cannot be used after the OPC-bound AChE 
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undergoes an aging process [1, 26, 28, 39-43] (Figure 3D). Furthermore, two meta-analyses 

concluded no beneficial effect of oxime-treatment [159, 160]. Taken together, whereas specific 

drugs are available to alleviate the effects of overstimulated mAChRs, overstimulation of 

nAChRs can only be treated indirectly by reactivating the AChE. Nevertheless, the efficacy of 

these oximes is unsatisfactory. Thus, there is still a substantial therapeutic gap in the treatment 

of OPC poisonings, which might be closed by the development of resensitizing modulators that 

target nAChRs directly. However, in comparison to targeting the less complex mAChRs, where 

an antagonist binding in the orthosteric binding site can be beneficial to treat overstimulation, 

such ligands would have no beneficial effects on nAChRs. The desensitized state of nAChRs 

resulting from overstimulation represents a closed state, functionally comparable to the inactive 

state regarding its ability to transmit action potentials onto postsynaptic cells. Thus, orthosteric 

inhibitors would result in an inactivated conformation of the receptor, contradicting the goal of 

reactivating nAChR. Consequently, a PAM needs to be identified that is able to resensitize 

nAChRs and ultimately close the gap in OPC poisoning treatment. 

2.1.3.  Novel therapeutics in the treatment of OPC poisoning interacting directly 

with nAChRs 

In previous work, a novel PAM of nAChRs, MB327 (Figure 4), was identified. Even though 

first results indicated that the ligand acts as an inhibitor of nAChRs [44], later studies revealed 

that MB327 can act as a PAM, and the small molecule drug has been shown to reestablish 

muscle force in soman-intoxicated rat diaphragms by interacting directly with nAChRs with a 

maximum effect at concentrations of 300 µM [45, 46]. The ligand is neither subtype- nor 

species-selective, indicating that MB327 can bind to a binding site highly conserved among 

several nAChR subtypes and species [45, 47, 52, 161]. Furthermore, in vivo experiments 

revealed that MB327, in combination with hyoscine and physostigmine, protects guinea pigs 

against OPC poisoning [44]. While these results indicate that MB327 can resensitize 

overstimulated nAChRs, solid-supported membrane-based electrophysiology experiments 

showed that MB327 can additionally enhance the cholinergic effect and increase binding of the 

orthosteric ligand [46, 47]. Nevertheless, the therapeutic index of MB327 and analogs is quite 

narrow, as they can cat as inhibitors of nAChRs at slightly higher concentrations - after a 

maximum muscle force restoration at MB327 concentrations of 300 µM, the restoration 

decreases at concentrations of 1000 µM [46]. Thus, MB327 is currently not usable in the 

treatment of OPC poisoning, and further work is needed to understand the underlying 

mechanisms leading to the positive allosteric and inhibitory effects (PUBLICATION I).  
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Noteworthy, a new paper, published after the work within this thesis was completed, states that 

MB327 has no positive allosteric modulation impact on nAChRs expressed in Xenopus laevis 

oocytes but, starting at high nanomolar concentrations, acts as an open channel blocker 

instead [162]. In this study, Haufe et al. suggested a binding site for the bispyridinium 

compounds at the transition region from the TMD to the ECD within the pore of the receptor, 

in line with the region we predicted for binding (PUBLICATION I). They excluded an impact 

of the expression system on the inhibitory effects of the bispyridinium compounds observed in 

their studies. However, while they confirmed the inhibitory effects of the bispyridinium 

compounds in an expression system used earlier to characterize the positive allosteric effect of 

MB327 (chinese hamster ovary cells), Haufe et al. co-applied 30 μM MB327 with the 

orthosteric agonist acetylcholine (100 μM) [47, 162]. In comparison, experiments performed 

by Scheffel et al. indicated a positive allosteric effect of 30 μM MB327 when co-applied with 

the orthosteric agonist nicotine (100 μM) [47]. As mentioned above, MB327 shows a very 

narrow therapeutic index resulting in an inhibitory effect of MB327 at concentrations > 70 μM 

when co-applied with 100 μM nicotine, as observed by Scheffel et al. [47]. Thus, the exchange 

of the orthosteric ligand from nicotine to acetylcholine might have an impact on the 

concentrations needed to observe the positive allosteric effect, which might explain why Haufe 

et al. only observed an inhibitory effect of MB327 on nAChRs in this expression system. 

However, this cannot explain why Haufe et al. could only observe a dose-dependent inhibition 

of nAChRs and no positive allosteric modulation in their initially used expression system 

(Xenopus laevis oocytes), despite starting at high nanomolar MB327 concentrations. 

Nevertheless, it has been shown that varying experimental setups can lead to contrary ligand 

binding properties [163, 164] and that nAChRs are prone to be modulated by their lipid 

environment [165]. Thus, although these findings require further investigations in the future, 

the fact that MB327 shows beneficial effects in reestablishing muscle force in rat diaphragm 

assays after OPC poisoning and that MB327 shows beneficial effects in in vivo studies, qualifies 

MB327 to be considered as lead structure to further develop antidotes targeting OPC poisoning. 

In recent studies, several symmetrical and non-symmetrical analogs of MB327 with varying 

chemical properties in their substituents were synthesized and tested for their affinity towards 

the MB327 binding site [48, 49]. However, out of 56 analogs, only one analog, PTM0022 

(Figure 4), bearing an additional phenyl substituent in the 3-position of the pyridinium ring 

(pKi = 5.16 ± 0.07 compared to 4.73 ± 0.03 for MB327), showed a substantial increase in 

binding affinity. Overall, only slight differences regarding affinity could be observed, and 

selected analogs showed a tight therapeutic index in ex vivo activity testing comparable to 
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MB327 [46, 48, 49]. Additionally, in a recent study, various MB327 analogs were tested for 

their muscle force restoration properties after OPC poisoning revealing that the linker length 

correlates with the capability to restore muscle function. A linker length of 2-5 carbon atoms 

between the tert-butyl substituted bispyridinium rings resulted in recovery of OPC poisoned rat 

diaphragm whereas longer linker lengths failed to recover muscle force [166]. Because MB327, 

featuring a trimethylene linker, showed the biggest effects on muscle recovery, a series of 

bispyridinium compounds with a trimethylene linker, analogous to MB327, was synthesized 

and tested for their capabilities to restore muscle force after soman poisoning [166, 167]. 

However, none of these compounds showed better muscle force restoration properties 

compared to MB327 [167]. Thus, it is crucial to identify novel ligands binding to the MB327 

binding site that can be used as new lead structures to close the therapeutic gap in OPC 

poisoning. Recently, progress in this area has been made by our collaboration partners by 

identifying UNC0646 (Figure 4) displaying increased affinity to the MB327 binding site 

compared to MB327 [pKi (UNC0646)= 6.23 ± 0.02; pKi (MB327) = 4.73 ± 0.03] [48, 50]. 

However, because of its properties, UNC0646 already violates two rules of Lipinski’s rule of 

five [168] and overall displays unsatisfactory pharmacokinetic and toxicological properties 

(PUBLICATION III). Thus, the identification of structures with novel chemical scaffolds 

binding to the MB327 binding site and reestablishing muscle force after OPC poisoning to 

ultimately close the therapeutic gap in the treatment of nerve agent poisoning is of utmost 

importance (PUBLICATION III). 

 

Figure 4: MB327 as a lead structure for PAMs of nAChRs in the treatment of OPC poisoning and later identified more potent 
binders in the MB327 binding site, PTM022 and UNC0646. Displayed affinity values are reported in ref. [48, 50]. 

One approach to identify novel binders is rational SBDD (chapter 2.2.3.1,  

PUBLICATION III). However, this requires knowledge of the structure, and particularly the 

binding site of the ligand of interest. For MB327, the binding site remained unknown. 

Experiments unraveled that MB327 acts as an allosteric modulator of nAChRs and that the 

affinity to the orthosteric binding site does not correlate with the concentrations needed for the 
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positive allosteric effects, thus ruling out the orthosteric binding site as the therapeutically 

relevant binding pocket [46, 52]. However, to further perform rational SBDD, knowledge of 

the binding site is crucial (PUBLICATION I). Therefore, adequate knowledge of the structure 

of nAChRs is needed. 

2.1.4. The nicotinic acetylcholine receptor 

The nAChRs belong to the family of the pentameric ligand-gated ion channels and consist of 

five subunits, each spanning an ECD, four transmembrane helices, and an intracellular domain 

[64-68, 151, 169-179] (Figure 5A). They can consist of different combinations of various 

subunits and can be divided into two subtypes, the neuronal-type and the muscle-type [118, 

119, 180-190]. The human muscle-type nAChR, which is associated with life-threatening 

toxicological effects after OPC poisoning, is assembled by two α1-, one β1-, one δ-, and one ε- 

(respectively γ- in the embryonic form) subunit building a heteropentamer [191]. To the best of 

our knowledge, no PDB structure of the human muscle-type nAChR was available during the 

preparation of this thesis. Nevertheless, progress in structure resolution has helped further 

understanding the three-dimensional composition of various nAChRs subtypes, including 

structural differences in the different states of the receptor. Starting in 2001, several structures 

of the ACh-binding protein, respectively ACh-binding protein chimeras, a homologue of the 

ECD of nAChRs, have been published [53-63, 192-216]. Although these structures provided 

important insights into the structure of the ECD, including the orthosteric binding site, sole 

structural knowledge of the ECD cannot explain structural differences between the distinct 

states of the receptor, especially between the active and the desensitized state (Figure 5B). 

Structural data of nAChRs, including the TMD, was missing until 2005 [217]. However, these 

first structures only provided a rough insight into the overall architecture of the TMD. Because 

of a low resolution, residues within the TMD were incorrectly fitted, as verified by later 

structures and experimental results [64-68, 151, 169-176, 217-220]. The first structure featuring 

the correct location of transmembrane residues was published in 2015 [151]. Since then, several 

structures - including the TMD - containing different subtypes of nAChRs from several species 

were published [64-68, 151, 169-176]. Currently, to the best of my knowledge, PDB structures 

featuring all three states of the receptor (inactive, active, and desensitized) are available only 

for one nAChR subtype, the homopentameric neuronal-type α7-nAChR [65]. 
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Figure 5: Structural rearrangements during the activation and desensitization cycle of nAChRs. A) Side view of the homology 
model of the human muscle-type nAChR (PUBLICATION I, ref. [221]) in the desensitized conformation featuring two α- 
(green and yellow), one β- (cyan), one δ- (purple) and one ε-subunit (salmon). Curly brackets indicate the location of the ECD, 
TMD and intracellular domain (ICD), respectively. B) Close-up of the ECD of all three states (active state shown in green, 
inactive state in yellow, and desensitized state in red) of the neuronal α-7 nAChR, the only subtype for which all three states 
were resolved during preparation of this thesis (PDB IDs: 7KOX, 7KOQ, 7KOO [65]). Arrows indicate differences between 
the inactive and active / desensitized state. The ECD of the inactive and desensitized state was aligned to the ECD of the active 
conformation. For clarity, only two subunits are shown. C) Close-up of helix 2 of the TMD of the α7-nAChR (PDB IDs: 7KOX, 
7KOQ, 7KOO [65]), spanning the transmembrane pore. Amino acids at the inactive constriction site (9’, LEU) and the 
desensitized constriction site (-1’, GLU) are shown as sticks. The TMD of the inactive and desensitized state was aligned with 
the TMD of the active conformation. For clarity, only three subunits are depicted. D) Pore radius along the membrane normal 
of the transmembrane pore for the active (green), inactive (yellow), and desensitized (red) conformation computed with 
CAVER [222]. The inactive constriction side (9’) has been set to 0 Å along the z-axis. 

Unraveling the three-dimensional structure of the TMD also shed further light on the 

differences between the different states of the receptor, even though the mechanisms leading to 

structural rearrangements resulting in the different states of nAChRs are not fully understood 

[64-68, 151, 169-176]. The main difference between the states is located within the 

transmembrane pore region (Figure 5C, D). In the inactive structure, the pore gate is located at 

positions 9’ and 16’, inhibiting an ion passing through the receptor [64, 65, 67, 68, 169-172, 

174]. In contrast, in the desensitized state, the transmembrane pore region adapts a funnel-

shaped conformation with a constriction gate at the position -1’ [64-68, 151, 173, 175, 176]. 



BACKGROUND  14 
 

Surprisingly, the amino acid side chains of the glutamates at position -1’ are all facing towards 

the pore, resulting in spatial proximity of the carboxy groups, which might be explained by the 

fact that some PDB structures of the desensitized state feature a sodium ion present at this 

position, potentially interacting with the negatively charged side chains [151, 175, 176]. In the 

active conformation, the pore region remains open so that ions can pass through the 

receptor [65]. Taken together, the conformation of the TMD varies between all three states. In 

contrast, as mentioned above, the ECD only undergoes notable structural rearrangements during 

the transition from the inactive to the active conformation, including the closing of loop C, 

surrounding the orthosteric binding site, and a movement of the Cys-loop, the β1-β2-loop, and 

the loop F (Figure 5B), as seen in the PDB structure of the α7-nAChR (PDB IDs: 7KOX, 7KOQ, 

7KOO), the only PDB entry featuring all three states [65].  

Thus, an allosteric ligand needs to bind in a binding site that can convey allosteric impacts on 

I) the TMD to transfer the receptor from a desensitized to an active conformation and II) the 

orthosteric binding site to enhance the cholinergic effect of competitive ligands, as described 

above (chapter 2.1.3, PUBLICATION I). Identifying the correct binding site and 

understanding the binding mode of PAMs is of utmost importance to perform LBDD and 

SBDD. Currently, the pocketome of nAChRs and, thereby, the binding site of PAMs remains 

incompletely understood. However, advances in structure resolution have not only helped to 

distinguish between the different states of nAChRs but have also helped to identify allosteric 

binding pockets [53-68]. 
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2.1.5. Binding sites of allosteric modulators of nAChRs 

PDB structures of nAChRs helped identifying a series of potential allosteric binding sites in 

nAChRs. First, analyzing the three-dimensional structures of the ACh-binding protein revealed 

several binding sites of co-crystallized small molecules, such as solvent molecules and buffer 

ingredients [53-63]. However, while binding of these compounds can occur basically all over 

the ECD of nAChRs, those compounds do not exhibit drug-like properties and are, in general, 

way smaller. Thus, not all pockets may be available for bulkier drug-like compounds, such as 

MB327. However, in the multitude of published nAChR structures, also binding sites for lead- 

and drug-like compounds were unraveled.  

Small molecule compounds, showing properties of lead-like structures, were described to bind 

to four distinct pockets within the ACh-binding protein: the top pocket, located at the N-

terminal helix of nAChRs; the agonist subpocket, located slightly underneath (towards the 

membrane) the orthosteric binding site; the vestibule pocket, located at the same height as the 

orthosteric binding site but facing towards the pore region; and the β8-β9 loop site, located in 

close proximity to the β-sheets 8 and 9 (Figure 6A) [61, 62]. However, all these identified 

compounds act as inhibitors of the human α7-nAChR [61, 62]. Notably, the agonist subpocket 

overlaps with the binding site of the inhibitor ketamine in the closely related GLIC pentameric 

ligand-gated ion channel [223, 224]. Furthermore, the β8-β9-binding site overlaps with the 

binding site of the inhibitor bromoform in pentameric ligand-gated ion channels from Erwinia 

chrysanthemi [225], further supporting the importance of those binding sites. Although these 

binding sites give first insights into the pocketome of nAChRs, only inhibitors of the receptor 

have been described in these pockets, and the lack of the TMD in the structures of the ACh-

binding protein might also impact possible binding conformations. To unravel the binding site 

of the PAM MB327, required to rationally design more potent PAMs, binding sites able to 

transmit positive allosteric effects within the receptor are required. 

Several binding sites for PAMs were described in the literature. The binding site of PNU-

120596, an α7-nAChR specific PAM, is located at the upper part (towards the ECD) of the 

TMD (Figure 6B, C) [64, 226]. This binding site is identical to a recently identified binding site 

for PAMs, such as benzodiazepines and etomidate, in the closely related GABAA receptor [227-

229], indicating the importance of this binding site for allosteric modulation in pentameric 

ligand-gated ion channels. However, investigating surrounding amino acids within the PNU-

120596-binding site in the α7- and human muscle-type nAChR reveals that sterically 

demanding amino acids in the human muscle-type nAChR may inhibit binding of PAMs in this 
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binding site, explaining why PNU-120596 is α7-specific (Figure 6C). Nevertheless, browsing 

PDB structures of nAChRs in complex with PAMs suggests that these compounds favor 

binding to the transition of the ECD to TMD (Figure 6B). 

 

Figure 6: Allosteric binding sites of nAChRs. A) Binding sites of negative allosteric modulators in the top pocket (blue), the 
agonist subpocket (brown), the vestibule pocket (yellow), and the β8-β9 loop site (red) [61, 62]. Structures are aligned to the 
ACh-binding protein with negative allosteric modulators bound to the top and the agonist subpocket (PDB ID: 5AFJ [61]). The 
orthosteric binding site is indicated by a sphere colored in eggnog. B) Overview of allosteric modulators bound to the transition 
region from ECD to TMD of nAChRs. Displayed are the positive allosteric modulator calcium (green) [65], ivermectin 
(salmon) [66], PNU-120596 (red) [64], and the negative allosteric modulator etomidate (orange) [68], as well as the inhibitor 
d-tubocurarin bound to the orthosteric binding site (cyan), the pore region (blue-white), and the TMD (dark blue) [67]. 
Structures are aligned to the Torpedo nAChR in complex with etomidate (PDB ID: 8F6Y [68]). C) Close-up of the binding 
mode of PNU-120596 (red) in the human α7-nAChR (PDB ID: 7EKT [64]). A298 (green) within TMD helix 3 is mutated to 
leucine or methionine/isoleucine in the human muscle-type nAChR. Thus, the sterically more hindered amino acids would 
clash with the ligand. 

Calcium has been shown to act as a PAM by interacting with E44 and E172 of the human α7-

nAChR, located slightly above the TMD – this binding site has been recently verified by PDB 

structures [65, 69]. Furthermore, ivermectin, a PAM of full length nAChRs, was shown to bind 

to the upper part of the TMD in a desensitized state of an α7-nAChR construct lacking the ECD, 

a construct ivermectin can activate in the absence of an orthosteric ligand – this binding pocket 
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partially overlaps with the PNU-120596 binding site [66, 170, 230] further underlining the 

importance of the transition of the ECD to the TMD for positive allosteric modulation in 

nAChRs.  

Besides PAMs, negative allosteric modulators also bind in a close region (Figure 6B). In 

comparison to GABAA receptors, where etomidate acts as a PAM, the compound transmits 

negative allosteric effects in nAChRs, binding to a binding site located within the TMD, 

stabilizing a desensitized state of the receptor [68]. d-Tubocurarine, an inhibitor of human 

muscle-type nAChRs, binds to the orthosteric binding site, inhibiting nAChRs at low 

concentrations, as observed in a cryo-EM structure of the muscle-type nAChR from the 

Torpedo ray [67, 231]. At higher concentrations, d-tubocurarine also binds to two allosteric 

binding sites – one located within the transmembrane pore region and one located at the upper 

part of the TMD [67]. It is noteworthy that all structures of nAChR in complex with d-

tubocurarine, whether an agonist is present or not, represent a desensitized-like conformation 

[67]. This complex binding behavior is not unique for d-tubocurarine. Benzodiazepines such as 

diazepam can also bind into a second allosteric site located within the extracellular domain in 

GABAA receptors [227, 228]. Despite the overlap of the ivermectin and PNU-120596 binding 

site, the activation of the α7-nAChR construct lacking the ECD can be enhanced by coapplying 

PNU-120596 to ivermectin [170]. Thus, further binding pockets might have an impact on the 

positive allosteric impact of either compound, emphasizing the complexity of binding of 

allosteric modulators in nAChRs and related receptors. 

Taken together, these results indicate that the pocketome of nAChRs is highly complex, and a 

variety of binding sites can transmit allosteric effects on the receptor. Nevertheless, the results 

also indicate that PAMs especially favor binding to the transition between the ECD and the 

TMD, giving insights in which region MB327 might bind. PAMs often interact with a binding 

pocket located at the upper part of the TMD in between helix 1, 2, and 3 in nAChRs and GABAA 

receptors. Nevertheless, to the best of my knowledge, all compounds binding to this binding 

site are not charged under physiological conditions. In comparison, calcium, a charged PAM, 

such as MB327, binds in a nearby binding pocket located slightly above the TMD. However, 

no single binding site for all PAMs can be identified, and thus, the potential binding site for 

MB327 needs to be identified. Computational methods can be a useful tool to identify binding 

sites of known binders (PUBLICATION I, chapter 2.2.2). 

Using in silico methods, three binding sites for MB327 and analogous bispyridinium 

compounds were already suggested in the literature [70, 232]. First, Wein et al. [232] proposed 
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that MB327 may bind in two binding sites located in the human muscle-type nAChR. However, 

because a PDB structure of nAChR (PDB ID: 2BG9 [217]) with a low resolution and an 

improper fitting of the transmembrane residues, as revealed by later experiments and newer 

PDB structures of nAChRs, was used, one of these two binding sites is nonexistent [64-68, 151, 

169-176, 217, 218, 232]. The second proposed binding site is located in the extracellular domain 

(ECD), an area that was correctly resolved in the used PDB structure [232]. However, as 

described above, allosteric modulators impacting the desensitized state of nAChRs, such as 

MB327, often bind to the transition of the ECD to the TMD.  

Additionally, Epstein et al. [70] performed docking experiments, MD simulations (chapter 

2.2.2), and mutagenesis experiments to show that related bispyridinium compounds can bind to 

the orthosteric binding site, inhibiting nAChRs [70]. While these results are in line with our 

findings (PUBLICATION I), this binding site may only explain the inhibitory effect of 

MB327. However, as mentioned above (chapter 2.1.3), the therapeutically relevant effect is a 

positive allosteric modulation of nAChRs [46].  

Thus, the correct binding site of MB327, responsible for the therapeutically relevant effect, 

remained elusive prior to my thesis and needed to be identified. This binding site can then be 

used to perform SBDD to identify more potent MB327 and UNC0646 analogs as well as novel 

lead structures with higher efficacy in the treatment of OPC poisoning (PUBLICATION I, 

PUBLICATION III, and PUBLICATION IV). This may help to finally close the gap in OPC 

poisoning treatment in the future. To achieve this goal, we focused on using in silico methods. 

The following chapter will give insights into those techniques.  
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2.2. In silico methods used in the development of novel ligands 

Nowadays, SBDD is widely used to rationally develop novel ligands for proteins of interest and 

has been proven successful in the development of various clinically approved drugs, starting 

with the angiotensin-converting enzyme inhibitor captopril in 1977 [233-243]. A quick PubMed 

(https://pubmed.ncbi.nlm.nih.gov/) search for the term “structure-based drug design” reveals 

more than 9,000 publications until 2023 with more than half of it published between 2017 and 

2023, demonstrating the increasing importance of such techniques. Within this thesis, this 

approach shall be used to develop novel binders in the MB327 binding site. The following 

chapters will provide insights into the workflow used to perform computer-aided rational drug 

design (Figure 7), starting with homology modeling of proteins (chapter 2.2.1), including a 

discussion of newly available machine learning based tools to predict protein structures, such 

as AlphaFold [244, 245], followed by methods to identify novel binding sites in proteins 

(chapter 2.2.2) and an overview of how known ligands can be optimized, and how to identify 

ligands with novel chemotypes (chapter 2.2.3).  

 

Figure 7: Schematic overview of methods used to identify novel binders in the MB327 binding site. A) At the beginning of 
this thesis, no structure of the human muscle-type nAChR was published. Thus, first, a high-quality homology model needed 
to be generated to predict the binding site of known binders, such as MB327. Knowledge of the binding site is of utmost 
importance to B) perform LBDD based on the three-dimensional conformation of the ligand within the binding site to identify 
analogs of known binders with increased affinity and C) to perform SBDD to identify binders with novel chemical scaffolds. 
Numbers under each method refer to the respective chapter describing the method. 

To verify my predictions, I worked in close collaboration with experimentalists at the Ludwig 

Maximilians University in Munich and the Bundeswehr Institute of Pharmacology and 

Toxicology. There, synthesis and in vitro affinity measurements of the new compounds towards 
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the MB327 binding site and ex vivo activity measurements in soman-poisoned rat diaphragm 

were conducted (Figure 1). 

2.2.1. Homology modeling 

One way to retrieve high-quality protein structures, important to understand the binding mode 

of known ligands and identify more potent binders, is by retrieving their three-dimensional 

structural data from the PDB [88] (https://www.rcsb.org/). However, this presupposes that the 

structure of the protein of interest has been experimentally resolved and publicly deposited in 

the PDB. Nevertheless, for a huge number of proteins, including the human muscle-type 

nAChR, no three-dimensional structure is available yet. As an illustration, in 2021, less than 

half of the proteins encoded by the human genome were resolved and deposited in the 

PDB [246], illustrating the need for structure prediction approaches to generate high-quality 

models. One way to do so is by performing homology modeling, where the three-dimensional 

structure of proteins is predicted based on homologues with known structures. Therefore, first, 

a template structure needs to be identified based on the protein sequence. In general, it is 

considered that a sequence identity of ~30% is sufficient to generate high-quality models [247-

249]. For instance, several PDB structures of different nAChR subtypes from various species 

in the desensitized state have been deposited in the PDB, all sharing a similar three-dimensional 

structure, despite sharing minimum sequence similarity of partially slightly less than 30% [64-

68, 151, 173, 175, 176]. To identify potential target structures, several sequence comparison 

software packages are available, such as NCBI BLAST [250, 251], FASTA [252], and the HH-

suite [253], or are directly implemented in homology modeling software packages, such as 

MODELLER [254], MOE [255], or TopModel [256]. Received sequence alignments can be 

further verified using alignment softwares considering the three-dimensional structure of 

template proteins, such as PROMALS3D [257]. Naturally, searching the PDB for highly related 

protein structures, such as structures of the same protein from different species, or with 

alternative subunits, can also lead to the desired outcome. In the case of the human muscle-type 

nAChR, no structure of the receptor itself is available in the PDB, but as aforementioned 

(chapter 2.1.4), several PDB structures, including different states of human nAChRs featuring 

alternative subunits and nAChRs of different species were deposited in the PDB making 

homology modeling approaches for the human muscle-type nAChR feasible [64-68, 151, 169-

176]. After alignment of the sequences, homology modeling can be performed using a variety 

of software packages [254, 255, 258-265]. One regularly used software is MODELLER [254, 

265]. This method applies the approach of satisfying spatial restraints to generate protein 

models. Therefore, first, the template structure distance and dihedral angle restraints are derived 
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from the alignment and then combined with CHARM22 force field terms into an objective 

function, which is then optimized in Cartesian space [254, 265-268]. However, side-chain and 

loop modeling can often lead to problems in model generation, especially if the sequence 

identity in the loop regions is low. Loops can consist of only a few amino acids, and fold 

prediction based on these short sequences can be challenging. For instance, identical amino acid 

sequences with up to seven positions can be found in both α-helices and β-sheets [269, 270]. 

To avoid wrong predictions based on databases, MODELLER uses conjugate gradient 

minimization in combination with MD simulations with simulated annealing for model 

optimization [265-267]. However, especially predicting loops consisting of longer sequences is 

often challenging since these are often not resolved in PDB structures and therefore templates 

for these loops are missing. Furthermore, side-chain conformations can often vary in the 

generated model, even if the amino acid is identical in the template. Thus, a thorough inspection 

of the amino acid side-chain conformation in the active site is of utmost importance. Amino 

acids can then be altered by choosing rotamers based on rotamer libraries, such as backbone-

dependent libraries [271], MD-simulation-based libraries [272], or by energetical optimization 

using programs such as MOE [255]. However, the need to optimize side-chain conformations 

highly depends on the intended use of the model. If the model is used for MD simulations 

(chapter 2.2.2.2), receptor plasticity will be considered, and thus, orientations of the side chains 

will adapt energetically favored conformations based on force field parameters. However, if the 

protein will be used for molecular docking (chapter 2.2.2.1), side-chain optimization is of 

utmost importance to improve the likelihood of identifying potent hits interacting with the 

sidechains in the binding pocket. 

Noteworthy is the recent progress in machine learning, which has provided new powerful 

methods to predict protein structures, such as TopModel [256] and AlphaFold [244, 245]. 

However, while TopModel was available during model generation of the nAChRs described in 

this thesis and AlphaFold became available shortly afterwards, two main limitations 

discouraged using these software packages. Although knowing the exact conformation of all 

amino acids within the binding site associated with a particular state of the receptor is crucial 

in drug design workflows, AlphaFold predicts the three-dimensional structure of a protein based 

solely on the amino acid sequence without considering the different states of a protein. In 

TopModel, certain models can be excluded or specifically included in template selection, and 

thereby, a certain state of the receptor can be targeted directly. However, the main limitation 

was that both approaches only predict single-chain models of the receptor that needed to be 

aligned in a specific order subsequently. Because only individual chains were predicted, side-
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chain conformations often overlapped after aligning the subtypes. This shortage could be 

overcome by using MODELLER [265], where multimeric modeling is possible. Nowadays, 

after the modeling of nAChRs within this thesis was finished, new tools, such as 

ColabFold [273] and AlphaFold-Multimer [274], are available to predict models of complexes. 

However, because of the high sequence identity to several nAChR PDB structures, all sharing 

a similar three-dimensional structure, homology modeling can be considered as a trustworthy 

tool to predict models of high quality. Noteworthy, the release of the recently published 

Alphafold3 [275] even allows modeling of protein structures in complex with small molecules. 

Nevertheless, this is currently limited to very few biologically common ligands and thus cannot 

be used to predict the binding modes for PAMs of nAChRs. After models of the protein of 

interest are generated successfully, these structures can be used to identify the binding site of 

known binders, such as MB327. 

2.2.2. Identification of novel binding sites 

Several methods may be used to identify binding sites in proteins. One straightforward way is 

to analyze protein structures based on cavities and the properties of the amino acids enclosing 

this cavity, such as SiteFinder, as implemented in MOE [255], SiteMap, as implemented in 

Maestro [276-279], or the DoGSiteScorer, as implemented in the ProteinsPlus server [280-

282]. Furthermore, small molecule fragments with differing chemical properties can be used to 

dock over the full protein to unravel the pocketome [283]. These approaches are a good first 

step to identify allosteric binding sites, but a clear shortage is that they identify potential binding 

sites without considering the chemical properties of known ligands. For instance, known 

binders in the MB327 binding site always feature a least one positive charge [45, 46, 48-50], 

and therefore, negatively charged amino acids are most likely to occur in the binding site while 

a oppositely charged environment would be favored to bind negatively charged ligands. Thus, 

if a binding site is searched for a specific ligand, these techniques can only be used as a first 

indicator to identify potential allosteric sites. Crystal structures have also already revealed that 

a large number of allosteric binding sites can be targeted in nAChRs (chapter 2.1.5) [53-68]. 

To account for the chemical properties of MB327, such as charge, ligand size, and hydrogen 

bond donor / acceptor atoms, other approaches, such as blind docking experiments and free 

ligand diffusion MDs, may be used.  

2.2.2.1. Molecular docking  

Molecular docking is a widely used technique to predict the binding mode of a ligand and has 

been applied to a variety of target proteins [284-293]. A huge variety of methods is available 
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for this purpose [294-303]. One main feature of all these methods is that the ligand first needs 

to be placed in the binding site, followed by a scoring of the pose based on scoring functions. 

However, both the pose generation and scoring of the pose can vary largely between docking 

approaches. For instance, FRED uses an exhaustive search approach exploiting all possible 

translations and rotations of rigid conformers of the ligand of interest within the specified 

binding site. Poses clashing with the receptor are then discarded, and all leftover poses are 

subsequently scored and optimized [300]. In comparison, AutoDock relies on Lamarckian 

genetic algorithms where the conformers of the ligand of interest are being produced during the 

docking process to generate potential binding poses within the binding site [295]. For scoring 

poses, three main approaches are available. Physics-based scoring functions rank the poses 

according to an energy value derived from mathematical equations, generally featuring 

enthalpic terms, such as van der Waals and electrostatic energy terms [255, 301, 304]. Empirical 

scoring functions use weighting factors based on available experimental data [296, 305-311]. 

Knowledge-based scoring functions make use of the large number of protein-ligand structures 

that are available in the PDB and are based on a statistical assessment of frequently observed 

interactions [310, 312-316]. However, despite these differences, no single docking-scoring 

combination can be considered to be universally superior to other approaches, depending inter 

alia on the target system and ligand properties [316-327]. 

While docking is generally mainly used to gather information on the orientation of a ligand in 

a known binding pocket, blind docking studies can be used to dock the ligand of interest to the 

whole receptor and thereby identify its potential binding site [328-339]. In fact, this method 

was used to identify allosteric binding sites of negative allosteric modulators in nAChRs, and 

the proposed binding site was verified by mutational studies [339]. Currently, only a few 

methods have been developed specifically for blind docking [340-348]. These approaches often 

focus on, first, identifying potential binding sites within the protein without considering known 

ligand properties, followed by docking the ligand inside these binding sites [340-342, 344, 348]. 

This approach entails the risk of missing out on the correct binding site during initial binding 

site identification and thereby predicting a wrong binding site. To avoid overlooking the correct 

binding site, docking can also be performed on the whole protein using classical docking 

software packages and has been proven to be a successful tool for several known protein-ligand 

complexes using AutoDock as a docking engine [329]. For nAChRs, it has been shown that 

blind docking experiments can correctly predict the orthosteric binding site, and the predicted 

allosteric binding sites of galanthamine and negative allosteric modulators are in line with 

experimental results [338, 339]. Thus, blind docking can be a powerful tool to predict allosteric 
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pockets of known allosteric binders in nAChRs, such as MB327 (PUBLICATION I). 

Nevertheless, one shortcoming of molecular docking is that only a rigid structure is being 

considered, while proteins consist of amino acids with highly flexible side chains. Approaches 

to account for this flexibility are I) flexible docking approaches, such as those implemented in 

MOE [255], which allow the amino acid side chains to adapt several conformations during 

docking; II) to perform docking to several models featuring different side-chain conformations, 

this way considering protein flexibility implicitly; and III) MD simulations, often used to further 

solidify docking results [284, 285, 289, 290, 292, 293]. 

2.2.2.2. Molecular dynamics simulations  

To account for the plasticity of the receptor during ligand binding, MD simulations can be 

performed. In MD simulations, equations of motion are solved numerically, resolving protein 

and ligand movements over short periods of time. Thus, MD simulations overcome the shortage 

of molecular docking with respect to only considering rigid receptors. However, while this 

method is more accurate compared to molecular docking, it also requires far more 

computational resources. MD simulations are, therefore, often used to validate the assumptions 

drawn from docking studies further by simulating the protein-ligand complex [284, 285, 289, 

290, 292, 293]. Nevertheless, MD simulations can also be used to predict novel binding sites 

of known binders within a protein. In these free ligand diffusion MD simulations, the ligand is 

placed at random positions outside the receptor, and the movement of the ligand during the 

simulations is observed [289, 349-361] (PUBLICATION I). However, these free ligand 

diffusion MD simulations are generally limited by computational resources, with simulation 

times typically in the low µs range. Thus, ligands stuck in low-affinity binding sites can 

generate false positive results. For instance, as previously discussed, it is known that PAMs of 

pentameric ligand-gated ion channels, such as diazepam in GABAA receptors, may target 

multiple binding sites [227, 228]. Also, rocuronium and d-tubocurarin, inhibitors of nAChRs, 

can bind to multiple binding sites, indicating that nAChR ligands can feature complex binding 

properties [67, 68]. Thus, free ligand diffusion MD simulations might miss one of these binding 

sites for either compound. Furthermore, considering the maximum diffusion-limited association 

rate constant (kon) of 109 M-1 s-1 [362] and ligand ([L]) and protein concentrations ([P]) of 1 mM 

– which is approximately in line with our free ligand diffusion MD simulations where 

concentrations of the receptor and ligand are slightly lower than 1 mM (PUBLICATION I) – 

the association rate would be 103 mol l-1 s-1 according to equation 1 [363]: 
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𝑨𝒔𝒔𝒐𝒄𝒊𝒂𝒕𝒊𝒐𝒏 𝒓𝒂𝒕𝒆 ൌ 𝒌𝒐𝒏 ∗ ሾ𝑳ሿ ∗ ሾ𝑷ሿ (1) 

 

Thus, only when considering the diffusion-limited association rate constant and ligand and 

protein concentrations slightly higher than in our simulations, all ligands should be bound to 

the protein after 1 μs long simulations. However, as mentioned, the concentrations in the 

simulations of MB327 binding to nAChR performed within this thesis are even lower, which 

would lead to an incomplete binding, and the association rate constants measured in 

experiments can differ widely from 103 to 109 M-1 s-1 [364-386]. Thus, simulating 1 μs will, 

dependent on the kon, not be sufficient to use free ligand diffusion MD simulations to predict 

the correct binding site for the ligand of interest. Although a low kon value might result in 

binding in one replica, this funding would not be considered as reliable since observations in 

single replicas can often indicate false positives [387]. Nevertheless, it could be shown that free 

ligand diffusion MD simulations are a valuable, widely used tool in predicting binding sites 

[289, 349-361], including reproducing the binding site from PDB structures [350, 352, 361]. 

Once a potential binding site of MB327 is identified, further postprocessing of trajectories 

generated during MD simulations, such as rigidity analysis, can be performed to predict whether 

the identified binding site can account for the experimentally measured allosteric effects on the 

receptor. 

2.2.2.3. Investigating allosteric ligand impacts through rigidity analysis 

The rigidity of proteins can be investigated using our in-house software Constraint Network 

Analysis (CNA) to analyze the allosteric impacts of ligands on the protein [388]. CNA 

computes a network of bonds indicating covalent and non-covalent interactions between each 

residue (Figure 8) and groups the network into rigid and flexible regions. These networks are 

then subject to a constraint dilution simulation of the protein. Based on these simulations, the 

neighbor stability maps, indicating the local stability of the network, may be generated. This 

map features the rigid contacts between each residue (i) to all other residues within the 

protein (j), respectively, indicating the energy cutoff Ecut at which both residues do not belong 

to the same rigid cluster anymore. Based on this result, a chemical potential energy Ei,CNA can 

be computed by summation over all contacts of residue i (Eq. 2) [388, 389]: 

 

𝑬𝒊,𝑪𝑵𝑨 ൌ
𝟏
𝟐

෍ 𝒓𝒄𝒊𝒋,𝒏𝒆𝒊𝒈𝒉𝒃𝒐𝒓

𝒏

𝒊 ஷ 𝐣

 
(2) 
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Based on these assumptions, the allosteric impact of a ligand on the protein may be computed 

as follows: Two dilution runs need to be performed, one in the presence of the ligand and one 

in the absence of the ligand (perturbed system). Thereby, we can compute ΔGi,CNA (Eq. 3) by 

subtracting the chemical potential energy for each residue in the presence of the ligand from 

the chemical potential energy in the absence of the ligand, an approximation according to the 

linear interaction energy approach [388-391]. 

 

𝜟𝑮𝒊,𝑪𝑵𝑨 ൌ
𝟏
𝟐

ሺ〈𝑬𝒊,𝑪𝑵𝑨
𝒑𝒆𝒓𝒕𝒖𝒓𝒃𝒆𝒅〉 െ 〈𝑬𝒊,𝑪𝑵𝑨

𝒈𝒓𝒐𝒖𝒏𝒅〉ሻ 
(3) 

 

This value gives insights into which parts of the protein may be stabilized upon ligand binding. 

In the case of MB327, we would, therefore, expect to see two impacts on the receptor. First, the 

properties of MB327 that lead to reestablishing muscle force after soman poisoning indicate a 

resensitizing effect [45, 46]. Because structural differences between the active and desensitized 

conformation mainly occur in the TMD, we expect that MB327 allosterically impacts this 

region [64-68, 151, 173, 175, 176]. Second, MB327 has been shown to allosterically enhance 

the cholinergic response in nAChRs [46, 47]. Thus, MB327 most likely also exhibits allosteric 

effects on the orthosteric binding site. This approach can help to further support the newly 

identified binding site using in silico methods (PUBLICATION I). Once the potential binding 

site of MB327 is identified, rational computer-aided drug design approaches can be applied to 

subsequently optimize known chemotypes and identify novel chemotypes resensitizing 

nAChRs. 
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Figure 8: Schematic overview of the network generated with CNA. A) The amino acids within one protein (grey spheres) are 
connected via covalent bonds (red). B) Besides covalent bonds, amino acids may interact via non-covalent interactions (green), 
such as hydrogen bonds, leading to rigid clusters (purple) and flexible regions (blue). C) The addition of a ligand (yellow) 
introduces further non-covalent bonds, rigidifying the network. 

2.2.3. Identification of novel analogs and chemotypes binding to MB327-PAM-1 

Computational drug development approaches can be mainly divided into two classes. On the 

one hand, new ligands can be developed based on the structure of known ligands (LBDD), 

ideally resulting in compounds with an analogous structure but improved activity. On the other 

hand, ligands can be designed based on the three-dimensional structure of the residues spanning 

the ligand binding site (SBDD). This approach can help optimize known ligands but can also 

be used to identify novel chemotypes to act as new starting points in ligand optimization. 

2.2.3.1. Ligand-based drug design 

In LBDD, novel ligands are being designed based on the structure of known binders. For this 

purpose, the two- or three-dimensional structure can be considered. Usage of the three-

dimensional structure may generally result in a more precise prediction because it is being 

considered whether analogs can adopt three-dimensional conformations analog to the bound 

ligand. To compare structures, several approaches were developed [255, 392-409]. One 

widespread method to identify analogs based on the two-dimensional structure is to compute 

fingerprints, such as the path-based Daylight fingerprints [403] that create a fingerprint for 

every compound based on fragments of the respective compound, followed by calculating a 

similarity coefficient, such as the Tanimoto score [406] (Eq. 4), 

 



BACKGROUND  28 
 

 

𝑻 ൌ
𝑪

𝑨 ൅ 𝑩 െ 𝑪
 

(4) 

 

where T is the Tanimoto score, A and B are the number of features in the two compared 

compounds, respectively, and C is the number of features present in both compounds. Thereby, 

a similarity index is computed where values can range from 0 to 1, and higher values correspond 

to a higher similarity. This approach has been adopted for three-dimensional similarity searches 

using ROCS, where a Tanimoto score based on the shape of the ligand is combined with a color-

based score which considers the overlap of points of defined molecular recognition properties 

within a ligand compared to the screened compounds [407], resulting in a method successfully 

used in drug discovery projects [289, 408, 410-421], including discovering allosteric 

modulators of nAChRs [422, 423]. However, while this approach is promising 

(PUBLICATION III), the fact that only compounds with similar structural features as already 

known compounds will be identified, restricts the identification of novel chemical scaffolds. To 

identify PAMs with novel chemical scaffolds, structure-based screening approaches may be 

conducted. 

2.2.3.2. Structure-based drug design 

To utilize SBDD approaches, knowledge of the binding site (chapter 2.2.2,  

PUBLICATION I) is fundamental. SBDD can then be performed by inspecting the binding 

mode and creating analogs of the known binders to optimize interactions with the receptor or 

by screening databases of chemicals to identify novel binders. Therefore, all compounds within 

a database containing up to millions of compounds are being docked in the binding site, and the 

resulting poses are being ranked using scoring functions to identify the best binders (chapter 

2.2.2.1). Structure-based approaches have been successfully applied to identify novel nAChR 

binders [200, 203, 424]. However, as mentioned above, one shortcoming of docking approaches 

is that the receptor is generally rigid. Also, solvent atoms are commonly not included in the 

binding site despite often forming hydrogen bond bridges between ligand and receptor atoms 

[425-440]. Thus, similar to blind docking pipelines, binding poses can be further refined and 

affirmed using all-atom MD simulations. During this, entropically unfavored water molecules 

may be identified. Substitution of those water molecules may lead to analogues with increased 

binding affinities. 
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2.2.3.3. Adjusting ligand substituents to displace entropically unfavored 

water molecules 

In many ligand binding events, water bridges the ligand to residues in the active site via 

hydrogen bonds [425-440]. In drug discovery efforts, substituting unfavorable water molecules 

with substituents of the ligand repeatedly led to potent binders [441-448]. MD simulations can 

be performed and post-processed to identify regions of unfavorable water molecules using the 

Grid Inhomogeneous Solvation Theory (GIST) tool [449]. In contrast to a variety of commercial 

softwares, such as WaterMap [450, 451], which only examines high-occupancy water sites, 

GIST operates by first spanning a three-dimensional grid over the binding region, and then 

computing density-weighted thermodynamic quantities of each voxel, and thereby also 

covering regions of low-density water [449]. As for the MB327 binding site, sterically more 

demanding ligands, such as UNC0646, bind with a higher affinity compared to MB327 [50]. 

Thus, it is likely that the binding site is still partly water filled when MB327 is bound. Therefore, 

GIST may be used to identify entropically unfavored water molecules and identify more potent 

MB327 analogs substituting these water molecules (PUBLICATION IV). 

Taken together, computational methods are crucial and widely used in drug discovery projects. 

Both the identification of the binding site and the identification of novel binders have been 

successfully conducted using in silico techniques for several targets, including nAChRs. Thus, 

applying these techniques to nAChRs to close the therapeutic gap in treatment after nerve agent 

poisoning can be promising. In fact, applying blind docking, I first identified a novel potential 

binding site of MB327, MB327-PAM-1, within the human muscle-type nAChR, located at the 

transition of the ECD to the TMD, in line with the binding site location of other PAMs in 

nAChRs. I then performed MD simulations to support our assumption and used free ligand 

diffusion MD simulations to identify a second binding site of MB327 located within the 

orthosteric pocket. This finding is in line with recent results for related bispyridinium 

compounds and probably responsible for the inhibitory effect of MB327 [70]  

(PUBLICATION I). Further studies using molecular docking in combination with MD 

simulations revealed that the novel more affine ligand UNC0646 might also bind in MB327-

PAM-1 (PUBLICATION II). Based on these results, ligand- and structure-based screenings 

were performed to identify MB327 analogs with higher activity in reestablishing rat diaphragm 

muscle force after nerve agent poisoning (PUBLICATION I and PUBLICATION IV), 

alternative substituents at the quinazoline moiety of UNC0646 with a higher affinity compared 

to the UNC0646 substituents were described, and most interesting I identified four new 

chemical scaffolds binding to MB327-PAM-1, including cycloguanil, an active metabolite of 
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the antimalaria drug proguanil [71, 72], demonstrating a higher potency in reestablishing 

muscle force after nerve agent poisoning than MB327 and UNC0646 (PUBLICATION III). 
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3. SCOPE OF THE THESIS 

Despite being internationally banned, OPCs remain a serious threat to civilian and military 

populations. The toxicity of OPCs is based on their inhibition of the AChE, an enzyme involved 

in the decomposition of ACh in the synaptic gap, resulting in enhanced concentrations of ACh. 

This triggers overstimulation of mAChRs, associated with symptoms such as nausea and 

miosis, and nAChRs, associated with muscle weakness and respiratory paralysis. Currently, the 

treatment of OPC poisoning remains unsatisfactory, with no treatment option targeting the 

nAChR directly (chapter 2.1.2). 

Recently, progress has been made by identifying MB327, a PAM of nAChRs, able to reestablish 

the muscle force of soman-poisoned rat diaphragm. However, MB327 has a narrow therapeutic 

index. At higher concentrations, it acts as an inhibitor of the receptor, making it impossible to 

use MB327 for treatment. Analogs of MB327 have, so far, shown only slightly increased 

affinity compared to the lead structure. Recently, UNC0646, binding to the MB327 binding site 

with a higher affinity compared to MB327, has been identified (chapter 2.1.3). However, 

experiments performed at the Bundeswehr Institute of Pharmacology and Toxicology in 

Munich showed that UNC0646 is less potent with respect to reestablishing muscle force after 

soman poisoning compared to MB327 (PUBLICATION II). Thus, to close the therapeutic gap 

in OPC poisoning treatment, further positive allosteric modulators need to be identified, and 

known binders need to be optimized. At the beginning of this thesis, little knowledge about the 

binding site of MB327 made computer-aided drug design approaches challenging. 

Based on these observations, several questions arose: 

 Where can MB327 bind, and how can this binding site explain the positive allosteric 

effect as well as the inhibitory effect of MB327 on nAChRs (PUBLICATION I)? 

 How does UNC0646 bind to the novel identified binding pocket (PUBLICATION II)? 

 How can MB327 and UNC0646 be optimized to generate more potent PAMs 

(PUBLICATION I, III and IV)? 

 Are there other chemical scaffolds binding to the MB327 binding site, reestablishing 

the muscle force after soman poisoning, that can be considered as novel lead structures 

to ultimately close the therapeutic gap in OPC poisoning (PUBLICATION III)? 

Within this thesis, those questions were addressed, resulting in the following publications. 
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4. PUBLICATION I 

A novel binding site in the nicotinic acetylcholine receptor for MB327 can explain its 

allosteric modulation relevant for organophosphorus‐poisoning treatment 

J. Kaiser, C.G.W. Gertzen, T. Bernauer, G. Höfner, K.V. Niessen, T. Seeger, F.F. Paintner, 

K.T. Wanner, F. Worek, H. Thiermann, Gohlke, H 

Toxicol Lett, 2023. 373: p. 160-171.  

Original publication, see pages 69 - 105. 

The content covered in this chapter is taken from “A novel binding site in the nicotinic 

acetylcholine receptor for MB327 can explain its allosteric modulation relevant for 

organophosphorus‐poisoning treatment” [221]. Sentences containing word-by-word citations 

are not highlighted explicitly. 

4.1. Author contributions 

J.K. performed modeling, screening, rigidity analysis, docking, and MD simulation 

experiments. C.G. supported the computational experiments. T.B. synthesized analogs of 

MB327 and T.S. performed rat diaphragm assays. H.G. conceived the study and supervised the 

project. G.H., K.N., F.P., K.W., F.W. and H.T. supervised respective study parts. All authors 

contributed to writing the manuscript. 

4.2. Background 

OPC poisoning remains a serious hazard to civilian and military populations [1]. Covalent 

inhibition of AChE by OPCs leads to an increase of ACh in the synaptic gap, resulting in several 

toxicological symptoms, such as nausea and miosis, triggered by mAChR overstimulation, and 

muscle weakness and respiratory paralysis, provoked by overstimulation and subsequent 

desensitization of nAChRs [1, 5, 6, 18-23]. Current treatment options focus on targeting 

mAChRs directly using the inhibitor atropine and both receptors indirectly by reactivating 

AChEs using oximes [1]. However, many OPCs are insensitive to certain oximes, and oximes 

are mostly ineffective after an aging process of the inhibited AChE [1, 26, 28, 39-43]. No 

treatment option is available targeting the desensitized nAChR directly. 

Recently, MB327 has been identified, able to reestablish muscle force in OPC-poisoned tissue 

and to enhance the cholinergic effect, acting as an allosteric modulator [44-47]. Thus, this 

compound is promising as a lead structure to close the therapeutic gap in OPC poisoning 
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treatment. Nevertheless, MB327 also inhibits nAChRs at slightly higher concentrations, 

counteracting its positive effects [46]. At the start of this project, the binding site of MB327 

remained elusive, making structure- and ligand-based compound optimization demanding.  

Here, I used in silico methods to predict a novel allosteric binding site of MB327, responsible 

for the therapeutically relevant effect. I also performed free ligand diffusion MD simulations, 

unraveling that MB327 may bind in the orthosteric binding site, in line with a recent publication 

revealing that this binding site is responsible for the inhibitory effect of related bispyridinium 

compounds [70]. Finally, based on the novel knowledge about the binding mode, new MB327 

analogs with increased potency compared to MB327 were designed. 

4.3. Results 

4.3.1. Utilizing blind docking to identify a potential new allosteric binding site 

To identify a potential allosteric binding site of MB327, I first generated homology models of 

the human muscle-type and the α7-nAChR, two receptors in which MB327 binds using 

templates of desensitized nAChRs containing different subunits deposited in the PDB [151, 

173, 175, 176, 201]. Blind docking experiments were subsequently performed using 

AutoDock3 [295] as a docking engine in combination with the knowledge-based scoring 

function DrugScore2018 [452], developed in-house. 100 docking runs were performed for each 

ligand – receptor combination. Because MB327 is permanently double positively charged, it is 

unlikely that the ligand crosses the membrane in a notable quantity. Therefore, I allowed 

MB327 to bind to the whole ECD, including the upper part of the TMD, during blind docking 

experiments. To verify the quality of the models and to ensure that blind docking experiments 

may lead to the prognosis of the correct binding site, I first performed dockings using the known 

orthosteric ligand ACh in the human-muscle type nAChR. In line with previous publications 

[338, 339], ACh was correctly placed in the orthosteric binding site in 58 out of 100 docking 

runs. This includes 30 poses in the highest-ranked cluster. By comparison, MB327 was 

favorably placed in a novel identified binding site, MB327-PAM-1, at the transition region of 

the ECD to the TMD in both the human muscle-type and α7-nAChR (Figure 9). Binding to this 

binding site was observed in 8 out of the 10 highest-ranked clusters for the human muscle-type 

nAChR and in 7 out of the 10 highest-ranked clusters in the α7-nAChR, including the biggest 

cluster in both cases. Since the α7-nAChR features a homopentameric structure, five potential 

binding sites for MB327, one between each subunit interface, are available. Notably, in the 

human muscle-type receptor, MB327 was also placed in MB327-PAM-1 of different subunits, 

indicating a multiplicity of binding sites. 
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Figure 9: Localization of MB327-PAM-1 within the human nAChR. A) Extracellular and side view of nAChR with MB327 
(orange spheres) exemplarily bound in MB327-PAM-1 in between the α- and δ-subunit. The orange and black boxes indicate 
the location of MB327-PAM-1 and the orthosteric binding site, respectively. C) Close-up view of MB327 bound to MB327-
PAM-1 in between the ε- and α-subunit. The figure was taken and adjusted from PUBLICATION I [221] (see REPRINT 
PERMISSION). 

4.3.2. Strengthening the suggestion of the new binding site using MD simulations 

To study the impact of receptor plasticity on the binding of MB327 in the novel binding site, I 

performed 32 replicas of 100 ns long MD simulations of MB327 bound to MB327-PAM-1 in 

all five subunits of the human muscle-type nAChR. In 122 out of 160 cases (32 replicas à 5 

binding sites), MB327 remained bound during MD simulations, as characterized by a distance 

< 5 Å to the highly conserved isoleucine of β1 [e.g., I61α (Figure 9C)]. This unbinding occurred 

mainly in between the β- and α- (in 19 out of 32 replicas) and in between the α- and ε-subunit 

(in 16 out of 32 replicas). I identified two important glutamate side chains (E220α and E68ε, 

Figure 9C) interacting with the positively charged compound while MB327 remains bound. 

These two amino acids are highly conserved among different subunits and species of nAChR 

(Table 1), in line with experimental results that MB327 may bind to different nAChRs [45, 47, 

52, 161] and in line with the assumption of MB327 binding to multiple binding sites in the 

human muscle-type nAChR. To scrutinize why, despite the high amino acid conservation, 

unbinding occurs in two binding sites, I looked at the docked binding mode of MB327, 

revealing that in these two binding sites, the distance to the positively charged atoms of MB327 

to these two amino acids is > 5 Å, whereas the distance in the remaining three binding pockets 

to at least one side-chain oxygen is 4.5 Å or less. Thus, an incorrect placement of MB327 during 

the initial docking may be responsible for the ligand instability in these two binding sites. 

Interestingly, E220α
 of the human muscle-type receptor is located at the same position as E172 

of the human α7-nAChR, a crucial amino acid in the stabilization of the positive allosteric 
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modulator calcium [65, 69], suggesting that positive allosteric modulation can be transmitted 

via this binding site. 

Table 1: Sequence similarity of nAChR subunits at specific positions in various species.[a] Table taken from PUBLICATION I 
[214] (see REPRINT PERMISSION). 

Human muscle-type α7 Torpedo marmorata Rat 
α β δ ε α7 α β δ γ α β δ ε 
Q E E E68 Q Q E E E Q E E E 

E220 Q E E E E Q E E E Q E E 
I61 I I I M I L I I I I I I 

[a] Amino acids shown in Figure 9C are highlighted with green shadings. Amino acids with deviating chemical properties are 
written in italics.  

4.3.3. Investigation of allosteric impacts transmitted via MB327-PAM-1 

To further test the assumption that this binding site can transmit the experimentally measured 

positive allosteric effects on the receptor, I performed CNA [388] computations of MB327 

bound to nAChR. Thereby, I have shown that MB327 bound to MB327-PAM-1 is able to 

transmit allosteric effects on the orthosteric binding site, in line with experimental results that 

MB327 enhances the cholinergic effect [46, 47] (Figure 10A). The largest impact in the 

orthosteric binding side is shown on W169α, the only amino acid able interacting with the 

orthosteric ligand nicotine via a hydrogen bond in the PDB structure of the α3β4-nAChR (PDB 

ID: 6PV7 [175]). Allosteric effects are being transmitted via the β-sheets in both adjacent 

subunits with the highest impact on β1, β2, and β6 (Figure 10B). W78δ of β2 belongs to the 

highly conserved aromatic residues encompassing the orthosteric ligand nicotine according to 

the PDB structure of the human α3δ4 nAChR (PDB ID: 6PV7 [175]). Furthermore, β7, β9, and 

β10 are being allosterically impacted. The orthosteric binding site is being formed by the loops 

of these sheets. Thus, MB327 binding to each of the five potential MB327-PAM-1 binding sites 

can have an impact on the orthosteric ligand because, in each case, at least one neighboring 

subunit is encompassing the orthosteric binding site. Furthermore, MB327 can transmit 

allosteric effects on the TMD, including the desensitization gate located at the intracellular site 

of the TMD (Figure 10C, D). This might indicate how MB327 can impact the desensitized state 

of nAChRs and act as a resensitizer, in line with experimental results [45, 46]. 
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Figure 10: Allosteric impact of MB327 on nAChR transmitted via MB327-PAM-1. A) Allosteric impact of MB327 (orange) 
in the three subunits where the ligand remained stable during MD simulations on the ECD. Blue colors indicate the stabilizing 
impact of MB327 on the receptor; darker colors demonstrate a higher impact. The orthosteric ligand (purple) and the amino 
acids W169α and W78δ (green) are shown as sticks. B) Impact of MB327 located between the α- and ε-subunit on nAChR. Red 
arrows indicate the pathway of allosteric stabilization of the orthosteric ligand. C) The impact of MB327 bound to the three 
binding sites in which the ligand remained stable during MD simulations on the TMD. Amino acids located at the 
desensitization gate are shown as green sticks. D) Pore radius of the inactive (purple) and desensitized (yellow) nAChR along 
the pore axis. The distance along the pore axis is set to 0 Å at the gate of the inactive receptor at position 9’. The position of 
the gates is projected on the structure by red bars, respectively. Figure taken and adapted from PUBLICATION I [221] (see 
REPRINT PERMISSION). 

4.3.4. MB327 may also bind to the orthosteric binding site 

To further investigate the binding of MB327 to nAChRs, I also performed free ligand diffusion 

MD simulations (10 replicas à 900 ns) with the ligand placed at a random position within the 

simulation box outside of the receptor. Thereby, I could determine that MB327 may 

additionally bind to the orthosteric binding site of nAChRs, interacting with Y131ε (Figure 

11A, B). Investigating the electrostatics surrounding the receptor revealed that the orthosteric 
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binding site is surrounded by a strong electric field attractive to positively charged ligands such 

as MB327 (Figure 11C, D). This binding site, including the interaction with the tyrosine crucial 

for ligand binding, was recently described as a binding site for related bispyridinium 

compounds, and experimental validation revealed that this binding site is responsible for an 

inhibitory effect [70]. Thus, this binding site may explain how MB327 acts as an inhibitor of 

the receptor at higher concentrations. Binding to MB327-PAM-1 could not be observed during 

the short simulations. However, as mentioned above (chapter 2.2.2.2), only binding sites with 

high kon values can be identified in this experimental setup. 

 

Figure 11: Affinity of MB327 to the orthosteric binding site of nAChRs based on free ligand diffusion MD simulations. 
A) Representative binding mode of MB327 (orange) in the orthosteric binding site in between the α- and ε-subunit. Highly 
conserved amino acids C211α, C212α, and W169α are shown as sticks, as well as Y131ε (green) interacting with MB327. 
B) Minimum distance of aromatic heavy atoms of MB327 to aromatic heavy atoms of Y131ε while MB327 is bound to the 
orthosteric binding site. C) Electric flux lines and D) isocontour surface of the electrostatics surrounding the orthosteric binding 
site. Red colors indicate an electric field attractive to positively charged compounds. The black box indicates the location of 
the orthosteric binding site. Figure taken from PUBLICATION I [221] (see REPRINT PERMISSION). 
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4.3.5. Rational design of more potent MB327 analogs 

Taken together, my results reveal that MB327 potentially binds in an allosteric binding site, 

MB327-PAM-1, responsible for the therapeutically relevant effect on MB327, located at the 

transition of ECD to TMD. Furthermore, the inhibitory effect of the ligand may be explained 

via binding to the orthosteric binding site. This novel knowledge facilitates structure-based 

optimization of the compound. In fact, one of the tert-butyl groups of MB327 is located in a 

polar part of MB327-PAM-1 (Figure 12A). Substituting the apolar moiety with a polar group, 

such as amines, should result in a higher potency of the ligands. Thus, I docked PTM0062 and 

PTM0063, bearing polar amino groups instead of the tert-butyl substituent (Figure 12B, C), 

into the binding site. In all but one subunit the docking score of the two ligands was better than 

MB327, and both compounds show an about two-fold higher reestablishment of muscle force 

in OPC-poisoned rat diaphragm compared to MB327 at concentrations of 100 and 300 µM‡1 

(Figure 12D - F). 

 

Figure 12: Structure-based ligand design based on the novel knowledge about MB327-PAM-1 results in analogs with increased 
potency compared to MB327. A) MB327 bound in MB327-PAM-1 in between the α- and ε-subunit. The tert-butyl substituent 
orientated towards the TMD is located in a polar part of MB327-PAM-1. B) Binding mode of PTM0063 based on docking 
results. The amino group can form additional interactions compared to MB327. C) Structure of PTM0062 and PTM0063. 
Muscle force restoration in soman-poisoned rat diaphragm after treatment with D) PTM0062, E) PTM0063, and F) MB327 
(mean ± standard deviation is shown). Figure taken and adjusted from PUBLICATION I [221] (see REPRINT 
PERMISSION). 

‡1 Synthesis of the compounds was performed by Tamara Bernauer under supervision of Prof. 
Dr. Klaus T. Wanner and Prof. Dr. Franz F. Paintner at the Department of Pharmacy – Center 
for Drug Research, Ludwig Maximilians University, and ex vivo experiments were performed 
by Dr. Thomas Seeger at the Bundeswehr Institute of Pharmacology and Toxicology. 
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4.4. Conclusion and significance 

With this study, I made a substantial contribution to understanding the mode of action of the 

PAM MB327 in a multidisciplinary, collaborative study. Prediction of a potential binding site 

facilitates SBDD, which may ultimately help to close the gap in OPC poisoning treatment. A 

recent publication demonstrated that the region of MB327-PAM-1 is crucial for exerting the 

positive allosteric modulation of nAChRs mediated by calcium ions, supporting the predictions 

made in our study that binding of MB327 to MB327-PAM-1 can mediate a positive allosteric 

modulation of nAChRs. Furthermore, MB327 analogs predicted to be more potent based on the 

novel knowledge about the MB327 binding mode showed a higher potency in ex vivo 

measurements. 

The key results and findings of this study are: 

 Blind docking experiments, followed by blind docking experiments and MD 

simulations, revealed a novel potential allosteric binding site of the PAM MB327, 

located at the transition from ECD and TMD. Amino acids that are important for ligand 

stabilization are also important for stabilizing calcium ions, acting as PAMs in 

nAChRs [65, 69]. 

 Rigidity analysis of MB327 bound to nAChR exposed an allosteric impact of MB327 

on both the orthosteric binding site and the TMD, including the desensitization gate, in 

line with experimental findings that MB327 can enhance the cholinergic effect and act 

as a resensitizer [45-47]. 

 Affinity of MB327 to the orthosteric binding site could be observed using free ligand 

diffusion MD simulations. A recent publication revealed that related bispyridinium 

compounds act as inhibitors of the receptor after binding to the orthosteric binding 

pocket [70]. This may explain the inhibitory effect of MB327 at higher concentrations. 

 The novel knowledge about the potential MB327 binding site can be used for structure-

based compound optimization. In this study, PTM0062 and PTM0063 were designed 

because one tert-butyl group is facing in a polar part of the binding site. Both 

compounds show increased potency compared to MB327. 

The results gathered in this first study allowed us to predict the binding mode of the recently 

identified more affine UNC0646 in MB327-PAM-1 (PUBLICATION II) and also enabled 

performing SBDD to identify MB327 analogs (PUBLICATION IV) and novel chemotypes 

reestablishing muscle force after OPC poisoning (PUBLICATION III).  
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5. PUBLICATION II 

MS Binding Assays with UNC0642 as reporter ligand for the MB327 binding site of the 

nicotinic acetylcholine receptor 

V. Nitsche, G. Höfner, J. Kaiser, C.G.W. Gertzen, T. Seeger, K.V. Niessen, D. Steinritz, F. Worek, 

H. Gohlke, F.F. Paintner, K.T. Wanner 

Toxicol Lett, 2024. 392: p. 94-106.  

Original publication, see pages 106 - 127. 

The content covered in this chapter is taken from “MS Binding Assays with UNC0642 as 

reporter ligand for the MB327 binding site of the nicotinic acetylcholine receptor” [51]. 

Sentences containing word-by-word citations are not highlighted explicitly. 

5.1. Author contributions 

V.N. established the MS Binding Assays and performed affinity screenings, supported by G.H. 

J.K. performed docking and MD simulation experiments. C.G. supported the computational 

experiments. T.S. performed rat diaphragm assays. K.N., D.S., F.W., H.G., F.P., and K.W. 

supervised respective study parts. All authors contributed to writing the manuscript. 

5.2. Background 

Even though MB327 is a promising lead structure to close the gap in OPC poisoning treatment, 

the tight therapeutic index makes the use of the compound unfeasible [45-47]. Recently, a 

screening at our collaboration partners site at the Ludwig Maximilians University in Munich 

identified UNC0646, binding to the MB327 binding site with a higher affinity compared to 

MB327 [50]. Because of the highly flexible substituents of the quinazoline structure of 

UNC0646, optimization of the compound using ligand-based screening approaches is 

demanding without knowing the binding pose of the ligand. In PUBLICATION I, I proposed 

a novel binding site of MB327, MB327-PAM-1, in line with experimental results. Thus, the 

question arose as to how UNC0646 may bind to MB327-PAM-1. 

In this publication, our collaboration partners established novel MS Binding Assays to 

characterize compounds regarding their affinity to the MB327 binding site using in vitro 

measurements, using UNC0642, a slightly less affine analog of UNC0646, as a reporter ligand. 

To predict the potential binding mode of UNC0646 in MB327-PAM-1, I used a flexible docking 
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approach in combination with MD simulations. Thereby, I could predict interactions with amino 

acids decisive for ligand stabilization. 

5.3. Results 

5.3.1. Prediction of the UNC0646 binding mode 

To identify the binding mode of UNC0646 in MB327-PAM-1, I performed flexible docking 

experiments using the PDB structure of the Torpedo nAChR (PDB ID: 6UWZ [174]), in line 

with the receptor used in novel MS Binding Assays to screen ligands in nAChRs presented in 

this publication‡2. Therefore, I docked UNC0646 into all five potential binding sites located 

between adjacent subunits. In two binding sites, located at the negative site of the α-subunits 

[in between the γ- and α-subunit (binding site A, Figure 13A), and between the β- and α-subunit 

(binding site B), respectively], the ligand was placed in a similar conformation. In the remaining 

three binding sites, the ligand was either more solvent-exposed or was placed spanning two 

binding pockets. However, in binding site B, the ligand was placed so that the piperidine 

nitrogen in the 4-position of the quinazoline moiety interacts with E199α while the ligand was 

placed deeper in binding site A, facilitating an interaction between this nitrogen and E65γ. 

Subsequently, I performed MD simulations with UNC0646 bound to both binding sites to 

investigate whether the ligand stays within the binding site and to characterize important 

interacting residues. During 12 replicas of 500 ns long simulations, UNC0646 shows a higher 

movement in binding site B, as indicated by the root mean square deviation (RMSD) of the 

ligand (3.02 ± 0.30 Å vs. 5.13 ± 0.58 Å, p = 0.004 according to a two-sided t-test). Furthermore, 

in binding site B, the ligand leaves the binding site in 6 replicas, whereas the ligand remains 

within binding site A in all 12 replicas. Thus, I used the later binding site to further predict 

important amino acid interactions. 

Based on interaction frequency, I concluded that E65γ is most important for ligand stabilization 

(Figure 13B) (interactions with the piperidine nitrogen in 4-position of the quinazoline moiety 

of UNC0646 in 71.8 ± 7.4 %). This amino acid was suggested to be important for MB327 

stabilization in PUBLICATION I (E68ε in Figure 9C). Secondly, the nitrogen of the piperidine 

ring in the 7-position of the quinazoline moiety located in an area surrounded by four glutamates 

(E69α, E199α, E286α, and E292γ) may be stabilized by interacting with the negatively charged 

side chains of these residues (in 40.3 ± 9.7 % of all frames, Figure 13C).  

‡2 The MS Binding Assays were established by Valentin Nitsche under supervision of Prof. 
Dr. Klaus T. Wanner and Prof. Dr. Franz F. Paintner at the Department of Pharmacy – Center 
for Drug Research, Ludwig Maximilians University.
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The least conserved interactions could be observed for the diazepane ring interacting with E75α 

and E64γ (19.4 ± 5.0% of all frames, Figure 13D). These results are in line with structure-

activity relationships deduced from UNC0646, UNC0638, and UNC0642, where eliminating 

the positive charge in the 2-position of the quinazoline ring only has a minor impact on binding 

affinity [50]. 

 

Figure 13: Proposed binding mode of UNC0646 within MB327-PAM-1. A) Docked binding mode of UNC0646 in between 
the γ- and α-subunit of the Torpedo nAChR. Acidic surrounding amino acids are shown as sticks. B) Minimal distance of the 
positively charged nitrogen of the quinazoline substituent in 4-position of UNC0646 to the side-chain oxygens of E65γ. 
C) Minimal distance of the positively charged nitrogen of the quinazoline substituent in 7-position of UNC0646 to the side-
chain oxygens of E199α, E65α, E286α, and E292γ. D) Minimal distance of the positively charged nitrogen in the quinazoline 
substituent in 2-position of UNC0646 to the side-chain oxygens of E75α and E65γ. The colors in panels B-D correspond to the 
amino acid coloring in panel A. Values in the boxes indicate the frequency of interactions (minimal distance of nitrogen to 
oxygen < 4 Å; mean ± SEM are displayed, taken over 12 replicas each). The figure was taken and adapted from 
PUBLICATION II [51] (see REPRINT PERMISSION). 
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Despite the increased affinity of UNC0646 compared to MB327 towards MB327-PAM-1, 

experiments performed by our collaboration partners within this study revealed that UNC0646 

and its analogs are less potent in reestablishing muscle force of soman-inhibited tissue‡3. 

Nevertheless, although the muscle force restoration is less pronounced compared to MB327, 

reestablishment of soman-inhibited rat diaphragm could be observed at lower concentrations 

compared to MB327, in line with the increased affinity.  

5.4. Conclusion and significance 

With the analysis described above, I made a significant contribution to a collaborative 

publication. I provided insights into the potential binding mode of UNC0646 within MB327-

PAM-1, revealing that UNC0646 might bind to MB327-PAM-1, in line with experimental 

results that both ligands bind to the same binding pocket. Substituents in the 2-position of the 

quinazoline moiety show less conserved interactions with the receptor compared to substituents 

in the 4- and 7-position, in line with experimental results that removing the positively charged 

substituent in the 2-position only has minor impacts on ligand affinity [50]. 

The key results and findings of this study are: 

 A plausible binding mode of UNC0646 in MB327-PAM-1 was provided using a 

combination of flexible docking experiments and MD simulations. 

 Based on this binding mode, crucial amino acid interactions were proposed. E65γ shows 

the most highly conserved salt bridge interaction with the ligand, in line with interacting 

residues observed for MB327 in PUBLICATION I. 

Understanding the binding mode of UNC0646 within MB327-PAM-1 enables LBDD 

approaches based on the three-dimensional structure of the ligand. These techniques were used 

in PUBLICATION III to identify novel UNC0646 analogs featuring substituents increasing 

the affinity towards nAChRs compared to the UNC0646 substituents. 

 

 

 

 

 

‡3 Ex vivo experiments were performed by Dr. Thomas Seeger at the Bundeswehr Institute of 
Pharmacology and Toxicology. 
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6. PUBLICATION III 

Identification of ligands binding to MB327-PAM-1, a binding pocket relevant for 

resensitization of nAChRs 

J. Kaiser, C.G.W. Gertzen, T. Bernauer, V. Nitsche, G. Höfner, K.V. Niessen, T. Seeger, 

F.F. Paintner, K.T. Wanner, D. Steinritz, F. Worek, H. Gohlke 

Toxicol Lett, 2024. in press.  

Original publication, see pages 128 – 184. 

The content covered in this chapter is taken from “Identification of ligands binding to MB327-

PAM-1, a binding pocket relevant for resensitization of nAChRs” [453]. Sentences containing 

word-by-word citations are not highlighted explicitly. 

6.1. Author contributions 

“J.K. performed modeling, screening, and MD simulation experiments. C.G. supported the 

computational experiments. T.B. synthesized analogs of UNC0646. V.N. performed MS 

Binding Assays, and T.S. performed rat diaphragm assays. H.G. conceived the study and 

supervised the project. G.H., K.N., F.P., K.W., D.S., and F.W. supervised respective study parts. 

All authors contributed to writing the manuscript.” [453] 

6.2. Background 

In PUBLICATION II, I predicted a binding mode of UNC0646 within MB327-PAM-1. In this 

publication, our collaboration partners from the Ludwig Maximilians University Munich also 

provided novel MS Binding Assays based on UNC0642, a structural analog of UNC0646, as a 

reporter ligand. These two results enable LBDD to characterize optimized analogs of UNC0646 

and to screen these compounds regarding their affinity using an in vitro assay. During this study, 

two compounds, MB327 and UNC0646, were already described in the literature as binders of 

the MB327 binding site [44-47, 50, 52, 161]. Despite showing a higher affinity for MB327-

PAM-1, the potency of UNC0646 and analogs is reduced compared to MB327, showing only 

minor effects on muscle force reestablishment after OPC poisoning, as depicted in 

PUBLICATION II [50, 51]. However, in line with the increased affinity, the reestablishment 

of muscle force can be observed at lower concentrations compared to MB327 [51]. 

Nevertheless, identical to MB327, UNC0646 also acts as an inhibitor at higher 

concentrations [51]. Thus, the identification of novel chemotypes may help to ultimately close 



PUBLICATION III  45 
 

 

the therapeutic gap after OPC poisoning. Knowledge about the binding site gained from 

PUBLICATION I is pivotal to performing structure-based virtual high-throughput screening.  

In this publication, I performed both ligand- and structure-based screenings to identify 

UNC0646 analogs with substituents on the quinazoline moiety that may increase affinity 

towards MB327-PAM-1 compared to UNC0646 substituents. On the other hand, I identified 

four novel chemotypes that bind to MB327-PAM-1 with increased affinity compared to 

MB327. One of these compounds, cycloguanil, shows increased muscle force reestablishment 

of soman-poisoned tissue compared to MB327. 

6.3. Results 

In this publication, I performed screenings to identify novel binders of MB327-PAM-1 using 

three different methodical pathways (Figure 14), including ligand-based screening based on the 

two-dimensional structure of UNC0646 [Figure 14 (blue scheme)] and the three-dimensional 

structure of the UNC0646 analog PTMD01-0004 [Figure 14 (yellow scheme)], and two 

structure-based screenings [Figure 14 (green scheme)]. Selected compounds were subsequently 

tested in MS Binding Assays using, if not stated otherwise, triplicates with test compound 

concentrations of 10 μM and reporter ligand concentrations of 1 μM‡4. 

6.3.1. Two-dimensional ligand-based screening to identify UNC0646 analogs 

binding to MB327-PAM-1 

First, we performed a ligand-based screening based on the two-dimensional structure of 

UNC0646 using the MolPort (https://molport.com) database [Figure 14 (blue scheme)]. Based 

on this screening, I selected a total of 12 compounds. Of these, 10 compounds displaced the 

reporter ligand from the binding site at concentrations of 1 μM and 10 μM for reporter and test 

compound, respectively (mean ± standard deviation < 100%)‡4. The strongest displacement was 

observed for PTMD01-0019C (1a, Table 2, compound numbering analog to the original 

publication, pages 128 - 184). Interestingly, in contrast to previously described analogs of 

UNC0646, no substituent of the quinazoline moiety features an aliphatic nitrogen. However, 

pKa values of related compounds reveal that the two amino substituents present in PTMD-

0019C can shift the pKa value of the quinazoline moiety above 7. Furthermore, 4-aminopyridine 

has a pKa value of 9.17, indicating that the compound may be protonated.  

‡4 Experiments were performed by Valentin Nitsche under supervision of Prof. Dr. Klaus T. 
Wanner and Prof. Dr. Franz F. Paintner at the Department of Pharmacy – Center for Drug 
Research, Ludwig Maximilians University.
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Figure 14: Screening scheme to identify novel analogs of UNC0646 and its analog PTMD01-0004 (2a), respectively, and 
novel chemotypes acting as PAMs of nAChRs. A) Based on the two-dimensional structure of UNC0646, a ligand-based 
screening was performed (blue scheme), resulting in the generation of a chimera PTMD01-0050 (1k) inspired by UNC0646, 
UNC0642, and the novel identified binder UNC0379 (1b), with increased reporter ligand displacement in MS Binding Assays 
compared to UNC0646. B) Based on the three-dimensional proposed binding mode of PTMD01-0004 (2a), an analog of 
UNC0646 lacking the substituent in 2-position of the quinazoline moiety, PTMD01-0043 (2g) was identified, featuring a 
substituent enhancing reporter ligand displacement in MS Binding Assays compared to the UNC0646 substituents (yellow 
scheme). C) Based on a structure-based screening, a total of four new chemotypes were identified, replacing the reporter ligand 
in MS Binding Assays, with the highest replacement observed for Cycloguanil (6) and PTMD99-0016C (4). The figure was 
taken and adjusted from PUBLICATION III [453] (see REPRINT PERMISSION). 
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However, these results indicate that the location of the positive charge within the UNC0646 

analogs is less crucial, further emphasized by the results observed for UNC0379 (1b), ZT-12-

037-01 (1c), C-021 (1d), MS012 (1e), PTMD01-0020C (1f), PTMD01-0021C (1g), PTMD01-

0024C (1h), and PTMD01-0025C (1i), and bunazosin (1j). This may be explained by the 

multitude of acidic amino acids located within MB327-PAM-1, as observed in 

PUBLICATION I and PUBLICATION II.  Furthermore, the mean displacement of the 

marker ligand was second strongest for UNC0379, a ligand featuring a more flexible substituent 

in 4-position compared to UNC0646. Based on this result, PTMD01-0050, a chimera inspired 

by UNC0379, UNC0642, and UNC0646, was designed, showing increased reporter ligand 

displacement compared to UNC0646‡5. Taken together, ligand-based screening based on the 

two-dimensional structure of UNC0646 only resulted in ligands with minor impacts on reporter 

ligand displacement. However, these results indicate that the location of the positive charge of 

UNC0646 plays a secondary role, giving insights into structure-affinity relationships. 

 

 

 

 

 

 

 

 

 

 

 

 

 

‡5 Experiments were performed by Valentin Nitsche under supervision of Prof. Dr. Klaus T. 
Wanner and Prof. Dr. Franz F. Paintner at the Department of Pharmacy – Center for Drug 
Research, Ludwig Maximilians University.
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Table 2: Analogs of UNC0646 identified by a ligand-based screening based on the two-dimensional structure of UNC0646 
displacing the reporter ligand in the MS Binding Assays. Table was taken and adjusted from PUBLICATION III [453] (see 
REPRINT PERMISSION). 

 

Compound 
Name / 
PTMD 
code 

R1 R2 R3 

Remaining 
reporter 
ligand 

binding 
[%][b]

1a 
PTMD01-

0019C   47 ± 3 

1b UNC0379 
  

59 ± 4 

1k 
PTMD01-

0050 
 

 

14 ± 0 

1c 
ZT-12-
037-01 

 
 

66 ± 5 
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1d C-021  63 ± 2 

1e MS012 
 

 83 ± 6 

1f 
PTMD01-

0020C   73 ± 7 

1g 
PTMD01-

0021C   
87 ± 2 

1h 
PTMD01-

0024C   83 ± 4 

1i 
PTMD01-

0025C   81 ± 5 

1j Bunazosin 
  

90 ± 7 

[a] The pKi value has been reported in ref. [51]. 
[b] Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in the presence of test 
compounds is hown. 100% reporter ligand binding indicates the absence of a competitor. Thirty measurements were performed 
for UNC0646 and three measurements for all other compounds at test compound concentrations of 10 μM and reporter ligand 
concentrations of 1 µM, respectively. Displayed are the mean and standard deviation.   
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6.3.2. Three-dimensional ligand-based screening based on an UNC0646 analog 

with a reduced molecular structure 

To also consider the three-dimensional structure of UNC0646 bound to MB327-PAM-1, I 

performed ligand-based screenings based on the proposed binding mode of PTMD01-0004 (2a) 

[Table 3, Figure 14 (yellow scheme)], a UNC0646 analog lacking the quinazoline substituent 

in 2-position and thus, in contrast to UNC0646, not violating the molecular weight rule 

according to Lipinski’s rule of five [168]. Therefore, I first created a virtual database of 

PTMD01-0004 (2a) analogs featuring varying substituents in the 4- and 7-position of the 

quinazoline moiety. This database was then subjected to a two-step screening with an initial 

ligand-based screening followed by docking of the 1000 best-rated compounds in each binding 

site in combination with an upstream pharmacophore filter based on the orientation of the 

quinazoline ring and the location of the positively charged nitrogens. The best hits were 

synthesized, and reporter ligand displacement was subsequently measured in vitro‡6. All five 

compounds showed remarkable reporter ligand displacement. However, varying the substituent 

in the 4-position of the quinazoline building block [PTMD01-0032 (2b), PTMD01-0053 (2c), 

PTMD01-0027 (2d), and PTMD01-0030 (2e)] only showed minor effects on binding affinity 

and no increased reporter ligand displacement could be observed compared to PTMD01-0004. 

In contrast, substitution in 7-position in PTMD01-0043 (2g) led to increased reporter ligand 

displacement in comparison to PTMD01-0005 (2f), an analog of UNC0646 bearing the same 

substituents in 2- and 4-position compared to PTMD01-0043 (2g), indicating that the 

substituent of PTMD01-0043 (2g) is favored in comparison to the UNC0646 substituent in 7-

position. Taken together, the two ligand-based screening approaches led to the identification of 

novel substituents of the quinazoline moiety of UNC0646, displaying increased reporter ligand 

displacement in comparison to the UNC0646 substituents. However, only slight improvements 

could be made since all compounds feature a high similarity to UNC0646, a consequence of 

the techniques used. 

 

 

 

‡6 Synthesis of the compounds and MS Binding Assays experiments were performed by 
Tamara Bernauer respectively Valentin Nitsche under supervision of Prof. Dr. Klaus T. 
Wanner and Prof. Dr. Franz F. Paintner at the Department of Pharmacy – Center for Drug 
Research, Ludwig Maximilians University.
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Table 3: Analogs of PTMD01-0004 (2a) identified in a ligand-based screening based on the three-dimensional structure of the 
proposed binding mode of PTMD01-0004 (2a). The table was taken and adjusted from PUBLICATION III [453] (see 
REPRINT PERMISSION). 

 

Compound 
PTMD 
code 

R1 R2 

Remaining 
reporter 
ligand 

binding 
[%][a]

2a 
PTMD01-

0004[b]   

50 ± 5[c] 

2b 
PTMD01-

0032 
 

50 ± 7 

2c 
PTMD01-

0053 
 

76 ± 7 

2d 
PTMD01-

0027 
 

71 ± 3 

2e 
PTMD01-

0030 
 

60 ± 3 

2f 
PTMD01-

0005[b]   

63 ± 4[d] 

2g 
PTMD01-

0043  
43 ± 1 

[a] Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in the presence of test 
compounds is shown. 100% reporter ligand binding indicates the absence of a competitor. Results are based on three 
measurements at test compound concentrations of 10 μM and reporter ligand concentrations of 1 µM if not stated otherwise. 
The mean and standard deviation are shown. 
[b] PTMD01-0004 (2a) and PTMD01-0005 (2f) [Bernauer et al., unpublished] are shown as reference structures to compare to 
PTMD01-0043 (2g) and were not identified in this study 
[c], [d] Results are derived from twelve and six measurements, respectively, at test compound concentrations of 10 μM and 
reporter ligand concentrations of 1 µM. The mean and standard deviation are shown. 
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6.3.3. Identification of novel chemotypes binding to MB327-PAM-1 based on 

structure-based screenings 

To identify novel chemotypes binding to MB327-PAM-1, I performed high-throughput virtual 

screenings [Figure 14 (green scheme)]. Therefore, I docked a lead-like database featuring 

3,434,621 compounds and a database with double positively charged compounds featuring 

129,606 compounds to MB327-PAM-1 of all subunits in the human and Torpedo nAChR 

model, respectively. Thus, side-chain flexibility is being considered implicitly because of 

different side-chain orientations in each subunit resulting from homology modeling. Based on 

visual inspection of the best 1,000 hits per subunit and database (in total, 5 x 2 x 1,000 hits), I 

selected 12 compounds for testing. In a preliminary version of the MS Binding Assays, three 

compounds (PTMD99-0006C, PTMD99-0010C, and PTMD99-0014C) displaced the reporter 

ligand UNC0642‡7. Thus, after another round of visual inspection of the docking results, I 

selected three analogs of PTMD99-0006C [including PTMD99-0016C (4)], seven analogs of 

PTMD99-0010C [including PTMD01-0026C (5)], and eight analogs of PTMD99-0014C 

[including cycloguanil (6)]. Although all three compounds (PTMD99-0006C, PTMD99-

0010C, and PTMD99-0014C) did not show marker ligand displacement in the final version of 

the MS Binding Assays, PTMD01-0001C (3, Figure 15A) and at least one of the ordered 

analogs for each chemotype were able to displace the reporter ligand (Figure 15B-D)‡7. Thus, I 

identified four new chemotypes binding to the MB327 binding site with a higher displacement 

of the reporter ligand compared to MB327 (102 ± 9%, n = 6 [454]). For two of those 

compounds, the displacement of the reporter ligand slightly fails to be significantly different 

from 100% {p < 0.05 according to a two-sided one-sample t-test; p [PTMD99-0001C (3)] = 

0.064, p [PTMD99-0016C (4)] = 0.005, p [PTMD99-0026C (5)] = 0.079, p [cycloguanil (6)] = 

0.006}. 

 

 

 

 

 

‡7 Experiments were performed by Valentin Nitsche under supervision of Prof. Dr. Klaus T. 
Wanner and Prof. Dr. Franz F. Paintner at the Department of Pharmacy – Center for Drug 
Research, Ludwig Maximilians University.
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Figure 15: Docked binding modes of novel chemical scaffolds displacing the reporter ligand in MS Binding Assays identified 
based on structure-based screenings. For each chemical scaffold, the ligand with the highest reporter ligand displacement within 
this group is shown [A) PTMD99-0001C (3), B) PTMD99-0016C (4), C) PTMD99-0026C (5), D) Cycloguanil (6)]. Interacting 
amino acids are shown as sticks and the remaining reporter ligand binding derived from MS Binding Assays is displayed in 
percentage. E) Restoration of muscle force in soman-poisoned rat muscles after cycloguanil (6) treatment. The figure was taken 
from PUBLICATION III [453] (see REPRINT PERMISSION). 
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Of note, cycloguanil (6) is already well described as the active metabolite of proguanil, a 

compound used in the treatment of malaria [71, 72]. The ligand is forming salt bridges with 

E62γ and E200γ in the docked pose and in subsequent MD simulations (Figure 15D, Figure 16), 

located at analog positions as E44 and E172, important for stabilization of the PAM calcium in 

the α7-nAChR [65, 69]. Cycloguanil (6) is the only compound where enough substance was 

commercially available to conduct ex vivo experiments on the reestablishing capability in 

soman-poisoned rat diaphragm‡8. The compound showed a reestablishment of muscle force of 

30.87 ± 19.23% (mean ± SD) at 70 μM (Figure 15E). In comparison, for a similar degree of 

muscle force reestablishment, concentrations of 300 μM MB327 are required, and none of the 

tested UNC0646 concentrations in PUBLICATION II show comparably high muscle force 

reestablishment [51, 221]. Like MB327, UNC0646, and their analogs, cycloguanil (6) shows 

an inhibitory effect at slightly higher concentrations, resulting in a tight therapeutic index. 

Nevertheless, cycloguanil (6) together with PTMD99-0001C (3), PTMD99-0016C (4), and 

PTMD99-0026C (5) can be considered as new lead structures and starting points to ultimately 

close the gap in OPC poisoning treatment. 

6.3.4. Pharmacokinetic and toxicological properties of new hits 

To focus on lead structures with satisfactory pharmacokinetic and toxicological properties, I 

predicted those properties for the most interesting hits and UNC0646. Especially UNC0646 

was predicted to have unsatisfactory pharmacokinetic and toxicological properties, including a 

predicted inhibition of HERG K+ channels and the violation of two rules of Lipinski’s rule of 

five (Table 4, Table 5). In contrast, the four new chemotypes show reasonable properties except 

for PTMD01-0026C, which raises considerable toxicological concerns. 

 

 

 

 

 

 

 

‡8 Ex vivo experiments were performed by Dr. Thomas Seeger at the Bundeswehr Institute of 
Pharmacology and Toxicology. 
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Figure 16: Binding mode of cycloguanil based on MD simulations. A) Representative [based on a k-means clustering including 
receptor and ligand atoms (10 replicas of 1 µs length each); the biggest cluster containing 48.2% of all frames] binding mode 
of cycloguanil (6, green) in MB327-PAM-1. Polar interacting amino acids [E62γ (dark red) and E200γ (purple)] and amino 
acids part of an apolar part of the pocket (sand and cyan, respectively) are shown as sticks. B) Distance distribution of the 
center of mass of the cycloguanil phenyl ring to the center of mass of the aromatic ring of Y239γ. Values in the legend represent 
the mean ± SEM. C) Distance distribution of the nitrogens of cycloguanil acting as hydrogen bond donors to the side-chain 
oxygens of E62γ and E200γ. Colors correspond to the amino acid coloring in panel A. Values in the legend represent the 
frequency ± SEM of interaction (distance between nitrogens and oxygens < 4 Å). The figure was taken and adjusted from 
PUBLICATION III [453] (see REPRINT PERMISSION). 

 

Table 4: Predicted pharmacokinetic properties of UNC0646 and compounds identified in PUBLICATION III with the highest 
reporter ligand displacement. The table was taken and adjusted from PUBLICATION III [453] (see REPRINT 
PERMISSION). 

Compound #starsa QPlogPo/wb QPPCacoc RuleOfFived RuleOfThreee

UNC0646 7 6.01 125.43 2 1 
PTMD01-0050 (1k) 1 5.61 428.53 2 0 
PTMD01-0043 (2g) 0 4.54 297.48 0 0 
PTMD99-0001C (3) 0 2.57 615.24 0 0 
PTMD99-0016C (4) 0 3.72 277.07 0 1 
PTMD99-0026C (5) 0 2.45 201.63 0 0 

Cycloguanil (6) 1 1.59 446.49 0 0 
a Number of properties falling outside the 95% range of similar values for known drugs. 
b Octanol/water partition coefficient (recommended values: -2.0 – 6.5). 
c Caco-2 cell permeability [nm/s] as a model for gut-blood barrier permeation (values < 25 poor, > 500 great). 
d Number of violations of Lipinski’s rule of five. 
e Number of violations of Jorgensen’s rule of three. 
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Table 5: Predicted toxicological properties of UNC0646 and compounds identified in PUBLICATION III with the highest 
reporter ligand displacement. The table was taken and adjusted from PUBLICATION III [453] (see REPRINT 
PERMISSION). 

Compound QPlogHERGa 
Toxicological alert 

countb
Bacterial 

mutagenicityd

UNC0646 -8.22 4 EQUIVOCAL
PTMD01-0050 (1k) -6.11 2 EQUIVOCAL
PTMD01-0043 (2g) -7.46 4 EQUIVOCAL
PTMD99-0001C (3) -4.98 0 INACTIVE
PTMD99-0016C (4) -6.13 2 INACTIVE
PTMD99-0026C (5) -6.53 4 PLAUSIBLE

Cycloguanil (6) -3.99 1 INACTIVE
a IC50 value for blockage of HERG K+ channels (recommended values: above -5). 
b Number of alerts for toxicological predictions. 
c Bacterial mutagenicity in vitro. 

 

6.4. Conclusion and significance 

In this multidisciplinary, collaborative study, I predicted new compounds binding to MB327-

PAM-1 using in silico studies. Binding to the MB327 binding site was verified by our 

collaboration partners using MS Binding Assays. Besides analogs of UNC0646, four new 

chemotypes binding to the MB327 binding site were described. For one of those compounds, 

the active metabolite of the approved antimalaria drug proguanil, cycloguanil, the predicted 

binding was further verified by our collaboration partners using ex vivo studies on soman-

poisoned rat diaphragm. 

The key results and findings of this study are: 

 I performed a ligand-based screening based on the two-dimensional structure of 

UNC0646 to identify analogs binding to MB327-PAM-1. Thereby, new insights into 

structure-affinity relationships can be deduced, and based on the novel identified 

compounds, a chimera compound with a higher reporter ligand displacement compared 

to UNC0646 was identified. 

 Based on the proposed binding mode of UNC0646 characterized in  

PUBLICATION II, I performed a two-step screening approach using ligand-based 

methods considering the three-dimensional structure of PTMD01-0004, an analog of 

UNC0646 lacking the substituent in 2-position of the quinazoline moiety, in 

combination with docking studies. Variation of the substituents in 7-position revealed a 

substituent leading to a higher reporter ligand displacement compared to the according 

substituent of UNC0646.  
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 The binding site prediction I performed in PUBLICATION I enables performing 

structure-based virtual screening. This led to four new chemotypes binding to the 

MB327 binding site, including cycloguanil. Cycloguanil has subsequently been proven 

to reestablish muscle force in soman-poisoned rat diaphragm. The novel chemotypes 

display improved predicted pharmacokinetic and toxicological properties compared to 

UNC0646. 

Virtual screening approaches proved to be efficient in the identification of novel binders to the 

MB327 binding site and the identification of novel PAMs of nAChRs. These compounds can 

be considered as novel lead structures. Only for cycloguanil, enough substance was available 

to test the compound in the rat diaphragm assay. Despite the reestablishment of muscle force 

being promising, like MB327, cycloguanil acts as an inhibitor of the receptor at higher 

concentrations. Nevertheless, this compound can be considered a novel lead structure, and 

further structure optimization and reduction of the inhibitory potential might finally lead to 

closing the gap in OPC poisoning treatment. Furthermore, the three remaining compounds 

featuring novel chemotypes shown to bind to the MB327 binding site need to be tested 

regarding their potential to reestablish muscle force to decide on the most promising lead 

structure for further optimization. 
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7. PUBLICATION IV 

Synthesis and biological evaluation of novel MB327 analogs as resensitizers for 

desensitized nicotinic acetylcholine receptors after intoxication with nerve agents 

T. Bernauer, V. Nitsche, J. Kaiser, C.G.W. Gertzen, G. Höfner, K.V. Niessen, T. Seeger, 

D. Steinritz, F. Worek, H. Gohlke, K.T. Wanner, F.F. Paintner 

Toxicol Lett, 2024. 397: p. 151-162.  

Original publication, see pages 185 – 214. 

The content covered in this chapter is taken from “Synthesis and biological evaluation of novel 

MB327 analogs as resensitizers for desensitized nicotinic acetylcholine receptors after 

intoxication with nerve agents” [454]. Sentences containing word-by-word citations are not 

highlighted explicitly. 

7.1. Author contributions 

T.B. synthesized analogs of MB327. V.N. performed MS Binding Assays. J.K. performed MD 

simulation experiments including suggestions for analogs based on GIST computations. C.G. 

supported the computational experiments. T.S. performed rat diaphragm assays. G.H., D.S., 

F.W., H.G., K.W., and F.P. supervised respective study parts. All authors contributed to writing 

the manuscript. 

7.2. Background 

Although a series of MB327 analogs have been synthesized, only minor improvements in 

affinity towards MB327-PAM-1 have been observed [48, 49]. Furthermore, analogs of MB327 

generally feature a similar tight therapeutic index, making the use of these compounds for OPC 

poisoning treatment currently impossible [46]. However, in the literature, only few analogs of 

MB327 were characterized regarding their potential to reestablish muscle force in soman-

poisoned tissue [46]. This publication focuses on the identification of analogs of MB327, 

including in vitro characterization of their affinity towards the MB327 binding site and ex vivo 

measurements on soman-poisoned rat diaphragm. 

The novel binding site of MB327 that I identified in PUBLICATION I enables performing 

SBDD. Despite water often playing an important role in ligand binding [425-440], its existence 

is often neglected in SBDD. Displacing energetically unfavored water molecules has repeatedly 

led to the identification of potent binders [441-448]. Thus, in this publication, I contributed by 
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predicting MB327 analogs based on their potential to displace entropically unfavored water 

clusters. 

7.3. Results 

7.3.1. Substitution of potential entropically unfavored water clusters within 

MB327-PAM-1 

To identify entropically unfavored water molecules, I performed 12 replicas of 1 μs long MD 

simulations with MB327 bound to MB327-PAM-1 in all five subunits of the nAChR. These 

trajectories were then post-processed using GIST [449] computations. I then investigated 

entropically unfavored water clusters in proximity to MB327 bound to MB327-PAM-1. 

Initially, in preliminary results after finishing the first few replica (5 out of 12) of MD 

simulations, based on an entropically unfavored water cluster in between E65α, V66α, and Q68α, 

PTMD90-0015 was designed (Figure 17A, B). However, after completion of all 12 replicas, 

PTM90-0015 would not result in displacing entropically unfavored water molecules anymore. 

Based on the results of the full 1 μs long MD simulations, PTMD90-0012 was designed, 

potentially replacing an entropically unfavored water cluster in between I63ε, E65ε, and E204ε 

(Figure 17A, C, D). The two glutamates interacting with the PAM calcium in α7-nAChRs are 

analogous to E65ε and E204ε [65, 69].  

After synthesis of the compounds, the ligands were characterized based on their ability to 

displace the reporter ligand in MS Binding Assays and to reestablish muscle force in soman-

poisoned rat diaphragm‡9. PTMD90-0015, designed based on initial results from the MD 

simulations, showed decreased affinity towards MB327-PAM-1 compared to MB327 

[pKi (PTMD90-0015) = 3.29 ± 0.05, pKi (MB327) = 3.40 ± 0.04] and no beneficial effects on 

muscle force reestablishment in rat diaphragm assays (Figure 17E). In contrast, PTMD90-0012, 

designed based on the complete MD simulations, showed increased affinity compared to 

MB327 (pKi = 3.69 ± 0.03, p < 0.01 using a two-sided t-test). The restoration of muscle force 

in soman-poisoned rat muscles is higher when treating the muscle with 100 μM PTMD90-0012 

(25.6 ± 17.5%, n = 11, Figure 17F) compared to MB327 (14.8 ± 9.2%, n = 29, data taken from 

ref. [46]), although not significant (p = 0.075, according to a two-sided Welch’s t-test). 

‡9 Synthesis and in vitro experiments were performed by Tamara Bernauer and Valentin 
Nitsche, respectively, under supervision of Prof. Dr. Klaus T. Wanner and Prof. Dr. Franz F. 
Paintner at the Department of Pharmacy – Center for Drug Research, Ludwig Maximilians 
University. Ex vivo experiments were performed by Dr. Thomas Seeger at the Bundeswehr 
Institute of Pharmacology and Toxicology. 
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Figure 17: Design of MB327 analogs based on the identification of unfavored water clusters within MB327-PAM-1. 
A) Structure of the novel MB327 analogs PTMD90-0012 and PTMD90-0015. B) MB327 bound in between the α- and δ-
subunits. During the first 5 out of 12 replicas, an entropically unfavored water cluster was observed between E65α, V66α, and 
Q68α, close to the C3-linker of MB327 leading to the design of PTMD90-0015. Water clusters are shown as spheres, and water 
clusters within 5 Å of MB327 are colored cyan. C)MB327 (green) bound in between the α- and ε-subunit. Water clusters are 
shown as spheres, and water clusters within 5 Å of MB327 are colored cyan. E204ε, E65ε, and I61ε interacting with a water 
cluster in proximity to the aromatic ring of MB327 facing towards the TMD (downwards in this projection) are shown as sticks. 
D) Variation of MB327 to PTMD90-0012 can result in displacement of the entropically unfavored water cluster in proximity. 
Concentration-dependent muscle force restoration of soman-poisoned rat muscles after treatment with E) PTMD90-0015 and 
F) PTMD90-0012. Bars indicate the standard deviation and asterisks indicate significant higher values compared to soman 
(** p < 0.01). n.d. means that no measurements at these concentrations were determined. The figure was taken and adjusted 
from PUBLICATION IV [454] (see REPRINT PERMISSION).  
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7.4. Conclusion and significance 

I used MD simulations to identify entropically unfavored water molecules in MB327-PAM-1 

to contribute to a multidisciplinary, collaborative study. Based on these observations, novel 

MB327 analogs were designed and subsequently tested regarding their affinity towards nAChR 

and their activity in reestablishing muscle force in soman-poisoned rat diaphragm. 

The key results and findings of this study are: 

 Based on 12 replicas of 1 μs long MD simulations, I designed PTMD90-0012 aiming at 

substituting an entropically unfavored water cluster within the binding site. Compared 

to MB327, the affinity towards MB327-PAM-1 is increased. 

These findings give further insights into the structure-activity relationships of MB327 analogs 

and indicate that substituting entropically unfavored water molecules can contribute to 

increasing ligand affinity.  
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8. SUMMARY AND PERSPECTIVE 

In the present work I have utilized computational methods to further understand the binding 

mode of PAMs in nAChRs and contributed to the development of novel, more potent PAMs. 

The key findings of my thesis include: 

 Proposing an allosteric binding site for MB327, MB327-PAM-1, in line with 

experimental results (PUBLICATION I). 

 Providing an approach to explaining why MB327 acts as an inhibitor of nAChRs at 

higher concentrations (PUBLICATION I). 

 Developing a plausible binding mode of UNC0646 (PUBLICATION II). 

 Based on the knowledge about the binding site, developing new analogs of MB327 

(PUBLICATION I and IV) with increased potency / affinity compared to MB327. 

 Suggesting varying substituents of the quinazoline moiety of UNC0646 resulting in 

analogs with a higher reporter ligand displacement compared to the native UNC0646 

quinazoline substituents (PUBLICATION III). 

 Identifying four new chemotypes binding to MB327-PAM-1, including cycloguanil 

showing a higher muscle force reestablishment after soman poisoning compared to 

UNC0646 and its analogs and a reestablishment comparable to MB327 starting at lower 

compound concentrations compared to MB327 (PUBLICATION III). 

 

However, while these approaches deliver important progress in the development of novel PAMs 

of nAChRs, one current drawback is that all compounds feature a tight therapeutic index, 

resulting in the inhibition of nAChRs at slightly higher concentrations than the therapeutically 

needed concentrations. Nevertheless, within this thesis, I developed the ground to address this 

problem by predicting the orthosteric binding site as a responsible binding pocket for the 

inhibitory effect. Thus, future PAM design should focus on enhancing the affinity to MB327-

PAM-1 while simultaneously decreasing the affinity to the orthosteric binding site to ultimately 

close the therapeutic gap in OPC poisoning treatment. Furthermore, the recent experimental 

observations by Haufe et al. that MB327 does not act as PAM [162] need to be further 

investigated and the reason for these contrary findings need to be unraveled. Therefore, it is 

important to further elucidate the binding properties of the ligands in all proposed binding sites. 

Hence, experiments that would further help to understand binding properties include a 

thoroughly experimental characterization of binding affinities to all binding sites and a 

comparison of this data to each compound’s capability of reestablishing muscle force after OPC 
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poisoning. This data can subsequently be compared to computational free energy computations 

of the compounds in the binding sites and to CNA computations investigating the allosteric 

impact of each compound on the orthosteric binding site and the desensitization gate. If 

experimental results are in line with computational predictions, free energy computations and 

allostery predictions using CNA can be implemented in the design workflow of new PAMs to 

avoid experimentally testing compounds that show no beneficial effects. Furthermore, based on 

this extensive data, structure-affinity relationships and machine learning tools can be 

developed, comprising data from experimental results and computational predictions that can 

ultimately be used to predict novel PAMs. 

 

As a first step, in a manuscript that is currently in preparation [Bernauer et al., unpublished, see 

LIST OF PUBLICATIONS], I provided qualitative structure-affinity relationships for 

UNC0646 analogs in MB327-PAM-1 (Figure 18) and developed a linear regression QSAR 

model using all compounds tested for remaining marker binding in the UNC0642 binding assay 

at test compound concentrations of 10 μM and reporter ligand concentrations of 1 μM [453, 

454] [Bernauer et al., unpublished], using AutoQSAR, as implemented in Maestro [455, 456]. 

Compounds displaying a remaining reporter ligand binding not significantly different from 

100% (p > 0.05, based on a two-sided one-sample t-test) were removed from the dataset because 

the actual affinity values might vary widely. The remaining compounds were randomly split 

into an external validation set (20% of all compounds, 16 compounds), and the remaining 

compounds were divided into a training and test set (80% / 20%, 49 and 12 compounds, 

respectively). The resulting model shows high predictivity with an RMSE about 2.5 times the 

mean standard deviation derived in experimental testing. (RMSE test set: 10%; RMSE 

validation set: 9%; mean experimental standard deviation: 4%) (Figure 19). This data, including 

the variables contributing to a higher affinity according to the QSAR model (Table 6), may help 

in the design of novel PAMs targeting nAChRs in the future. However, as mentioned above, to 

ultimately predict the potency of PAMs for resensitizing nAChRs, further data needs to be 

implemented in a predictive model, such as the inhibitory effect of each compound on nAChRs 

and the capability to restore muscle function after OPC poisoning. 
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Figure 18: Summary of qualitative structure-affinity relationships of UNC0646 analogs described in [Bernauer et al., 
unpublished]. Qualitative structure-affinity relationships in A) the 4-position of the quinazoline building block, contingent upon 
the substituent in the 7-position, B) in the 7-position of the quinazoline building block, depending on different substituents in 
the 4-position, and in the 2-position of the quinazoline building block, contingent upon different substituents in the 4- and 7-
positions. Effects at different positions are depicted by varying colors. The quinazoline core structure is highlighted in bold. 
“>” refers to a higher reporter ligand substitution of the respective feature. Undefined substituents in 2-position in panels A) 
and B) indicate an interchangeability with various substituents. If certain trends are dependent on certain substituents in other 
positions, the substituents are indicated in purple boxes, respectively. Figure was taken from [Bernauer et al., unpublished, see 
LIST OF PUBLICATIONS]. 
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Figure 19: QSAR model based on compounds tested in the UNC0642 MS Binding Assay (test compound concentrations = 
10 μM; reporter ligand concentrations = 1 μM). A) Results for the training (grey) and test set (sand color) are depicted. B) The 
results for the validation set are shown. The values for R2, Q2, R2

pred, and RMSE are depicted in the legends, respectively. Black 
lines indicate a perfect prediction. For the validation set a regression line is shown in blue together with the 95% confidence 
interval as blue shade. Figure taken from [Bernauer et al., unpublished, see LIST OF PUBLICATIONS]. 

Table 6: Variables[a] contributing to the QSAR model[b]. Table taken from [Bernauer et al., unpublished, see LIST OF 
PUBLICATIONS]. 

Variable Coefficient 

Intercept 3.34 

CH3 count 3.16 * 10-1 

Sum of topological distances between N N -2.39 * 10-3 

Sum of topological distances between O O 1.84 * 10-3 

Neutral donor groups -4.49 * 10-2 

ALOGP6[c] 2.11 * 10-2 

Randic connectivity -2.04 * 10-1 

PEOE2[d] -6.51 * 10-3 

PEOE7[d] -1.41 * 10-2 

[a] For further information and explanations of the variables, we refer to ref. [457]. 
[b] Variables and Coefficients were extracted from the AutoQSAR output, as implemented in Maestro [455, 456]. 
[c] AlogP is an atomistic method to estimate the log P value of compounds [458]. AlogP6 refers to the surface area attributable 
to atoms with AlogP values in between 0.15 and 0.2. 
[d] Surface area attributable to atoms with Gasteiger charges [459] within a certain bin. The number refers to the number of the 
bin where the binning scheme is [< -0.3, -0.3 to -0.25, …, 0.25 to 0.3, > 0.3]. Thus, PEOE2 and PEOE7 correspond to surface 
areas attributable to atoms with Gasteiger charges of -0.3 to -0.25 and -0.05 to 0, respectively. 
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While we predicted MB327-PAM-1 as binding site for MB327, further experimental evidence 

will be required to ultimately confirm these predictions. Therefore, mutational studies would 

give further insights into amino acids involved in stabilization of MB327 within its binding site. 

At best, a crystal or cryo-EM structure of a nAChR in complex with MB327 would be made 

available to unravel the exact binding mode of MB327. This would help to better understand 

crucial interactions on an atomistic level and thus to develop more potent PAMs. 

 

Additionally, while MB327-PAM-1 is a promising binding site to identify novel PAMs, all 

currently known binders of MB327-PAM-1 feature a tight therapeutic index. Thus, in further 

studies it might be promising to target alternative binding sites, potentially transmitting positive 

allosteric effects. As mentioned above, several alternative binding sites for PAMs were already 

described in PDB structures. Furthermore, docking of fragments to the whole nAChR, as done 

by Hedderich et al. for G-protein coupled receptors [283], might help to further understand the 

pocketome of the receptor. Nevertheless, the later approach would not guarantee that newly 

identified pockets are sufficient to transmit positive allosteric effects on the receptor. Thus, it 

might be more promising to first focus on known allosteric pockets. There, it is crucial to also 

consider differences in the binding sites of the human muscle-type nAChR compared to the 

subtype in which the PAM binding site was originally described. 

 

Furthermore, while I provided an explanation of how MB327 can transmit its allosteric effect 

on the receptor after binding to MB327-PAM-1, the exact mechanism of action facilitating 

changes in receptor configuration remains elusive. Thus, further studies need to be conducted 

to elucidate the mechanisms resulting in structural rearrangements associated with the different 

states of the receptor and the impact of MB327 on these pathways. Therefore, computational 

studies can be a helpful tool to sample the transition pathway between the states and thereby 

unravel mechanisms leading to desensitization of nAChRs. Based on these findings, novel 

PAMs can be designed to interact with amino acids crucial for preventing the receptor form 

desensitizing.  

 

Taken together, my results provide insights into the binding sites of MB327, making SBDD 

and LBDD feasible, and demonstrate first successful examples identifying novel chemical 

scaffolds acting as PAMs. However, further studies are required to optimize these compounds 

and to finally close the therapeutic gap in OPC poisoning treatment. 
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