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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 Vertrége verboten ist, wurden sie in den letzten Jahrzehnten wiederholt
eingesetzt. Durch irreversible Hemmung der Acetylcholinesterase fiihren sie zu einer erhéhten
Konzentration von Acetylcholin im synaptischen Spalt. Dies fiihrt zur Desensitisierung von
nikotinischen Acetylcholinrezeptoren (nAChR), einhergehend mit Muskelschwédche 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 hoheren 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 Molekiile anspruchsvoll macht. In dieser Forschungsarbeit habe ich mich
darauf konzentriert, die Bindetasche dieser Molekiile zu identifizieren und neue, potentere

Analoga bekannter PAMs und PAMs mit neuem chemischen Grundgertist 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 Rigiditédtsanalyse vorhergesagt. Die Durchfiihrung von free ligand diffusion
MD-Simulationen hat nahegelegt, dass MB327 auch Affinitdt zur orthosteren Bindetasche
aufweist, was vermutlich den inhibitorischen Effekt erkldrt. Darauf basierende strukturbasierte
Optimisierungsansitze fiihrten zu MB327-Analoga mit erhohter Aktivitit. In Publikation II
habe ich einen plausiblen Bindemodus von UNC0646 in MB327-PAM-1, einem kiirzlich
beschriebenen Liganden mit erhohter Affinitdit im Vergleich zu MB327, prisentiert. In
Publikation III habe ich basierend auf den Erkenntnissen der ersten beiden Publikationen
verschiedene virtuelle Screeningansdtze verwendet, um neue Substituenten des
Chinazolinbausteins von UNC0646 mit erhohter Affinitit zu identifizieren. Aullerdem konnte
ich PAMs mit neuem chemischen Grundgeriisten identifizieren, die eine erhdhte Affinitdt im
Vergleich zu MB327 aufweisen, was die Anzahl an Leitstrukturen erhoht. In Publikation IV
konnte ich, basierend auf Grid Inhomogeneous Solvation Theory Berechnungen, entropisch
ungiinstige Wassercluster in MB327-PAM-1 identifizieren. Die Verdrangung dieser
Wassercluster durch variierende Substituenten am MB327-Grundgeriist fiihrte 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
(UNCO0646)= 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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Model support / optimization

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
Diisseldorf, 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.
2.1.0rganophosphorus 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
ACHhE 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.

A )

Action potential

Second messengers

Activation Overstimulation

—1
L

T Resensitization T

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, 2WGO [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 uM [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 puM, the restoration
decreases at concentrations of 1000 uM [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 uM MB327 with the
orthosteric agonist acetylcholine (100 uM) [47, 162]. In comparison, experiments performed
by Scheffel ef al. indicated a positive allosteric effect of 30 uM MB327 when co-applied with
the orthosteric agonist nicotine (100 uM) [47]. As mentioned above, MB327 shows a very
narrow therapeutic index resulting in an inhibitory effect of MB327 at concentrations > 70 uM
when co-applied with 100 uM nicotine, as observed by Scheftel 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 fert-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 UNCO0646 (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).

N
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MB327 PTM0022 UNC0646
pK;=4.73 £ 0.03 pK;=5.16 £ 0.07 pK;=6.01+0.10

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 1is 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



BACKGROUND 12

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 a.i-, one Bi-, one 6-, and one &-
(respectively y- 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 a7-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 o-
(green and yellow), one B- (cyan), one 8- (purple) and one e-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 a-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 a7-nAChR (PDB IDs: 7KOX,
7K0OQ, 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 A 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].
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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 pi-p2-loop, and
the loop F (Figure 5B), as seen in the PDB structure of the a7-nAChR (PDB IDs: 7KOX, 7KOQ,
7K0OO0), 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 $8-B9 loop site, located in
close proximity to the B-sheets 8 and 9 (Figure 6A) [61, 62]. However, all these identified
compounds act as inhibitors of the human a7-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 f8-B9-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 a7-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 a7- 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 a7-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 B8-B9 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: SAFJ [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 a7-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 a7-
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 a7-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 a7-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 ef 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 1), 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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2.2.1In 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).

A
Unknown ’ ’ MB3;7 '
structure

Homology modeling Binding site
2.2.1. prediction
nAChR nAChR structure 2.2.2. nAChR - MB327 complex

B 0 — @
LBDD
2.2.3.1.

nAChR - MB327 complex More affine MB327 analogs

c [ — ¢

nAChR - MB327 complex Binders with novel chemical
scaffolds

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 CHARM?22 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 a-helices and B-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 I1I) 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 ps 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 GABAAa 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 10° M 57! [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 10° mol I'' s according to equation 1 [363]:
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Association rate = k,,, = [L] = [P] 4))

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 ps 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 10% to 10° M s! [364-386]. Thus, simulating 1 ps 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 Eicna can

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

1\ )
Eicna = EZ TCijneighbor
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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 AGicna (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].

1 bed d 3
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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),
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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 1V),
alternative substituents at the quinazoline moiety of UNC0646 with a higher affinity compared
to the UNCO0646 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:

e 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)?

e How does UNCO0646 bind to the novel identified binding pocket (PUBLICATION II)?

e How can MB327 and UNCO0646 be optimized to generate more potent PAMs
(PUBLICATION I, III and IV)?

e 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. Hofner, 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

JK. 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., KW., FW. 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 a7-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 DrugScore?’!8

[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 a7-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 a7-nAChR, including the biggest
cluster in both cases. Since the a7-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 B) side view of nAChR with MB327
(orange spheres) exemplarily bound in MB327-PAM-1 in between the a- and d-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 - and a-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 a 5
binding sites), MB327 remained bound during MD simulations, as characterized by a distance
<5 A to the highly conserved isoleucine of P1 [e.g., I61q (Figure 9C)]. This unbinding occurred
mainly in between the - and a- (in 19 out of 32 replicas) and in between the a- and g-subunit
(in 16 out of 32 replicas). I identified two important glutamate side chains (E220, and E68k,
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 A, whereas the distance in the remaining three binding pockets
to at least one side-chain oxygen is 4.5 A 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, E220 of the human muscle-type receptor is located at the same position as E172

of the human a7-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.[® Table taken from PUBLICATION I
[214] (see REPRINT PERMISSION).

Human muscle-type a7 Torpedo marmorata Rat
o B ) € a7 o B ) Y o B ) €
0 E E E68 0 0 E E E 0 E E E
E220 0 E E E E 0 E E E 0 E E
161 I I I M I L I I I I I I

(2l 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 W169,, the only amino acid able interacting with the
orthosteric ligand nicotine via a hydrogen bond in the PDB structure of the a334-nAChR (PDB
ID: 6PV7 [175]). Allosteric effects are being transmitted via the B-sheets in both adjacent
subunits with the highest impact on B1, 2, and 6 (Figure 10B). W78s of B2 belongs to the
highly conserved aromatic residues encompassing the orthosteric ligand nicotine according to
the PDB structure of the human 364 nAChR (PDB ID: 6PV7 [175]). Furthermore, $7, B9, and
B10 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 W169, and W78; (green) are shown as sticks. B) Impact of MB327 located between the o- and -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 A 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 a 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 Y131 (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.

=
o
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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 o- and e-subunit. Highly
conserved amino acids C211q, C2124, and W169. are shown as sticks, as well as Y131 (green) interacting with MB327.
B) Minimum distance of aromatic heavy atoms of MB327 to aromatic heavy atoms of Y131 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 fert-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
PTMO0063, bearing polar amino groups instead of the fert-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 uM*!
(Figure 12D - F).
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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 a- and e-subunit. The fert-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] (sce 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:

e 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].

e 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].

e 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.

e 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 1IV) and novel chemotypes
reestablishing muscle force after OPC poisoning (PUBLICATION III).
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S. PUBLICATION II

MS Binding Assays with UNC0642 as reporter ligand for the MB327 binding site of the

nicotinic acetylcholine receptor

V. Nitsche, G. Hofner, 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
UNCO0646, 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 7orpedo 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??. Therefore, I docked UNCO0646 into all five potential binding sites located
between adjacent subunits. In two binding sites, located at the negative site of the a-subunits
[in between the y- and a-subunit (binding site A, Figure 13A), and between the - and a-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 E199, while the ligand was

placed deeper in binding site A, facilitating an interaction between this nitrogen and E65y.

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 A vs. 5.13£0.58 A, p = 0.004 according to a two-sided ¢-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 E65y is most important for ligand stabilization
(Figure 13B) (interactions with the piperidine nitrogen in 4-position of the quinazoline moiety
of UNCO0646 in 71.8 + 7.4 %). This amino acid was suggested to be important for MB327
stabilization in PUBLICATION I (E68: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
(E694, E199q, E2864, and E292y) 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 E754
and E64y (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].
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Figure 13: Proposed binding mode of UNC0646 within MB327-PAM-1. A) Docked binding mode of UNC0646 in between
the y- and a-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 UNCO0646 to the side-chain oxygens of E65,.
C) Minimal distance of the positively charged nitrogen of the quinazoline substituent in 7-position of UNC0646 to the side-
chain oxygens of E1994, E654, E2864, and E292y. D) Minimal distance of the positively charged nitrogen in the quinazoline
substituent in 2-position of UNC0646 to the side-chain oxygens of E75q and E65,. 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 A; mean + SEM are displayed, taken over 12 replicas each). The figure was taken and adapted from
PUBLICATION II [51] (see REPRINT PERMISSION).



PUBLICATION I 43

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®’.
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:

e A plausible binding mode of UNC0646 in MB327-PAM-1 was provided using a
combination of flexible docking experiments and MD simulations.
e Based on this binding mode, crucial amino acid interactions were proposed. E65y shows

the most highly conserved salt bridge interaction with the ligand, in line with interacting

residues observed for MB327 in PUBLICATION 1.

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. Hofner, 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 I, 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 UNCO0646, 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
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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
UNCO0646 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 UNCO0646 analog PTMDO01-0004 [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 uM and reporter ligand concentrations of 1 uM*,

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
UNCO0646 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 uM and 10 pM for reporter and test
compound, respectively (mean + standard deviation < 100%)**. The strongest displacement was
observed for PTMDO01-0019C (1a, Table 2, compound numbering analog to the original
publication, pages 128 - 184). Interestingly, in contrast to previously described analogs of
UNCO0646, 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 PTMDO01-0004 (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 PTMDO01-0050 (1k) inspired by UNC0646,
UNCO0642, and the novel identified binder UNCO0379 (1b), with increased reporter ligand displacement in MS Binding Assays
compared to UNC0646. B) Based on the three-dimensional proposed binding mode of PTMDO01-0004 (2a), an analog of
UNCO0646 lacking the substituent in 2-position of the quinazoline moiety, PTMDO01-0043 (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 1III [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 (1¢), C-021 (1d), MS012 (1e), PTMDO01-0020C (1f), PTMDO01-0021C (1g), PTMDO1-
0024C (1h), and PTMDO01-0025C (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, PTMDO01-0050, a chimera inspired
by UNC0379, UNC0642, and UNC0646, was designed, showing increased reporter ligand
displacement compared to UNC0646%. 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

UNCO0646 plays a secondary role, giving insights into structure-affinity relationships.

i3 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 UNCO0646 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).
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[ The pK; value has been reported in ref. [51].
] 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 uM and reporter ligand
concentrations of 1 pM, 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, 1
performed ligand-based screenings based on the proposed binding mode of PTMDO01-0004 (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
PTMDO01-0004 (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*®. All five
compounds showed remarkable reporter ligand displacement. However, varying the substituent
in the 4-position of the quinazoline building block [PTMDO01-0032 (2b), PTMDO01-0053 (2c¢),
PTMDO01-0027 (2d), and PTMDO01-0030 (2e)] only showed minor effects on binding affinity
and no increased reporter ligand displacement could be observed compared to PTMDO01-0004.
In contrast, substitution in 7-position in PTMDO01-0043 (2g) led to increased reporter ligand
displacement in comparison to PTMDO01-0005 (2f), an analog of UNC0646 bearing the same
substituents in 2- and 4-position compared to PTMDO01-0043 (2g), indicating that the
substituent of PTMDO01-0043 (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 UNCO0646 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 PTMDO01-0004 (2a). The table was taken and adjusted from PUBLICATION III [453] (sce
REPRINT PERMISSION).
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(2l 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 pM and reporter ligand concentrations of 1 uM if not stated otherwise.
The mean and standard deviation are shown.

I PTMDO01-0004 (2a) and PTMDO01-0005 (2f) [Bernauer ef al., unpublished] are shown as reference structures to compare to
PTMDO01-0043 (2g) and were not identified in this study

[cl. [4] Results are derived from twelve and six measurements, respectively, at test compound concentrations of 10 pM and
reporter ligand concentrations of 1 pM. 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 7Torpedo 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 UNCO0642*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 PTMDO01-0026C (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, PTMDO01-0001C (3, Figure 15A) and at least one of the ordered
analogs for each chemotype were able to displace the reporter ligand (Figure 15B-D)*’. 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 #-test; p [PTMD99-0001C (3)] =
0.064, p [PTMD99-0016C (4)] = 0.005, p [PTMD99-0026C (5)] = 0.079, p [cycloguanil (6)] =
0.006}.

T 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
E62y and E200y 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 a7-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?®. The compound showed a reestablishment of muscle force of
30.87 £ 19.23% (mean + SD) at 70 uM (Figure 15E). In comparison, for a similar degree of
muscle force reestablishment, concentrations of 300 uM 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 PTMDO01-0026C, 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 us 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 [E62y (dark red) and E200, (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 Y239,. 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 E62y and E200,. 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 A). The figure was taken and adjusted from
PUBLICATION III [453] (sce 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] (sce REPRINT
PERMISSION).

Compound #stars® | QPlogPo/w® | QPPCaco® | RuleOfFive? | RuleOfThree®
UNC0646 7 6.01 125.43 2 1
PTMDO01-0050 (1k) 1 5.61 428.53 2 0
PTMDO01-0043 (2¢g) 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

2 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).

¢ Caco-2 cell permeability [nm/s] as a model for gut-blood barrier permeation (values < 25 poor, > 500 great).
4Number of violations of Lipinski’s rule of five.

¢ 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] (sce REPRINT

PERMISSION).

Compound | QPiogiierge | ToNeclogiealalen | Bacteral
UNC0646 -8.22 4 EQUIVOCAL
PTMDO01-0050 (1k) -6.11 2 EQUIVOCAL
PTMDO01-0043 (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

3ICso value for blockage of HERG K* channels (recommended values: above -5).
> Number of alerts for toxicological predictions.
¢ 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
UNCO0646 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 I, I performed a two-step screening approach using ligand-based
methods considering the three-dimensional structure of PTMDO01-0004, an analog of
UNCO0646 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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e 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. Hofner, 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 pus 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 E65q, V664, and Q68a,
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 ps long MD simulations, PTMD90-0012 was designed,
potentially replacing an entropically unfavored water cluster in between 163¢, E65., and E204-
(Figure 17A, C, D). The two glutamates interacting with the PAM calcium in a7-nAChRs are
analogous to E65: and E204:[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®. 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 uM 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 #-test).

% 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 o- and -
subunits. During the first 5 out of 12 replicas, an entropically unfavored water cluster was observed between E65a, V660, and
Q680, 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 A of MB327 are colored cyan. C)MB327 (green) bound in between the a- and e-subunit. Water clusters are
shown as spheres, and water clusters within 5 A of MB327 are colored cyan. E204,, E65,, and 161, 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 1V [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:

e Based on 12 replicas of 1 us 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:

e Proposing an allosteric binding site for MB327, MB327-PAM-1, in line with
experimental results (PUBLICATION I).

e Providing an approach to explaining why MB327 acts as an inhibitor of nAChRs at
higher concentrations (PUBLICATION I).

e Developing a plausible binding mode of UNC0646 (PUBLICATION II).

e Based on the knowledge about the binding site, developing new analogs of MB327
(PUBLICATION I and IV) with increased potency / affinity compared to MB327.

e Suggesting varying substituents of the quinazoline moiety of UNCO0646 resulting in
analogs with a higher reporter ligand displacement compared to the native UNC0646
quinazoline substituents (PUBLICATION III).

e Identifying four new chemotypes binding to MB327-PAM-1, including cycloguanil
showing a higher muscle force reestablishment after soman poisoning compared to
UNCO0646 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
UNCO0646 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 uM and reporter ligand concentrations of 1 puM [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 #-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 ef al., unpublished, see
LIST OF PUBLICATIONS].



SUMMARY AND PERSPECTIVE 65

100
@ R?(Training set) = 0.785; RMSE = 8% ® R?%eqg({Validation set) = 0.850; RMSE = 9%
—_ Q2 (Test set) = 0.820; RMSE = 10%
°\°
= —_—
> 804 -.- | -
£ = °
°
s
@ - -o-
° °
J — 00—
S 60 ———
2 —a
:‘ o=
£ '
-
g_ 40 ——
3 .
° -
e
7] °
5 201 @
[
I
o
0 T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Experimental Reporter Ligand Binding [%] Experimental Reporter Ligand Binding [%]

Figure 19: QSAR model based on compounds tested in the UNC0642 MS Binding Assay (test compound concentrations =
10 puM; reporter ligand concentrations = 1 uM). 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 R%, Q?, R%red, 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 ef al., unpublished, see LIST OF PUBLICATIONS].

Table 6: Variables®l contributing to the QSAR model®. Table taken from [Bernauer et al., unpublished, see LIST OF
PUBLICATIONS].

Variable Coefficient

Intercept 3.34
CH3 count 3.16 * 10!
Sum of topological distances between N N -2.39 %1073
Sum of topological distances between O O 1.84 * 107
Neutral donor groups -4.49 * 107
ALOGP6!! 2.11 %102
Randic connectivity -2.04 * 107!
PEOE2L -6.51 * 107
PEOE7! -1.41 * 102

2l For further information and explanations of the variables, we refer to ref. [457].

] Variables and Coefficients were extracted from the AutoQSAR output, as implemented in Maestro [455, 456].

[l 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.

9] 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.



SUMMARY AND PERSPECTIVE 66

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 PAM:s.

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.



ACKNOWLEDGMENTS 67

9. ACKNOWLEDGMENTS

First and foremost, I would like to thank my supervisor Prof. Dr. Holger Gohlke for giving
me the opportunity to work on this interesting topic within his group. I am deeply grateful for
the precious guidance he provided throughout my work and his seemingly endless dedication
to fostering academic excellence. I am also thankful for the countless hours Prof. Dr. Holger
Gohlke spent on fruitful discussions, reviewing my results, and offering thoughtful suggestions

to improve my work.

Thanks to all my colleagues in the CPC and CBC lab for all the suggestions and discussions
during our group seminars, topic group meetings and whenever I had questions. Especially, I
would like to thank Dr. Christoph Gertzen for his constant help in planning and conducting
all the experiments. I would also like to thank Dr. Christopher Pfleger for providing a lot of
insights into rigidity analysis and Dr. Michele Bonus, Dr. Daniel Becker, and Dr. Stephan
Schott-Verdugo for offering their knowledge in all kinds of scientific questions. Additionally,
I would like to thank Dr. Michele Bonus, Dr. Christoph Gertzen, and Yu-Lin Ho for
proofreading my thesis. Also, I am deeply grateful to Prof. Dr. Matthias Kassack for being

my second supervisor.

Furthermore, I would like to thank all my collaboration partners from the Ludwig Maximilians
University and the Bundeswehr Institute of Pharmacology and Toxicology, Dr. Karin Niessen,
Dr. Thomas Seeger, Prof. Dr. Klaus T. Wanner, Prof. Dr. Franz F. Paintner, Tamara
Bernauer, Valentin Nitsche, Prof. Dr. Dirk Steinritz, Prof. Dr. Franz Worek, and Prof.
Dr. Horst Thiermann, for a very joyful and great scientific collaboration, including a lot of
fruitful discussions and suggestions during our meetings, and for conducting all the experiments

suggested based on computational experiments.

Also, I would like to thank Dr. David Bickel, Pegah Golchin, Dr. Daniel Becker, Yu Lin Ho,
Rocco Gentile, Lisa Kersten, Giirbiiz Onder, and Alena Endres for making the lab work

way more enjoyable.

Last, but not least, special thanks to my family, Andreas, Britta, and Dr. Luca Kaiser for
always being there and supporting me throughout my life, to Jelena Kaiser for her
unconditional love and support, and to Taavi Kaiser for always making me smile during the

last part of my PhD.



REPRINT PERMISSION 68

10. REPRINT PERMISSION

Reprint permission was granted on the 20" of June 2024 for the following articles:

PUBLICATION 1

This article was published in Toxicology Letters, Volume 373, Jesko Kaiser, Christoph G.W.
Gertzen, Tamara Bernauer, Georg Hofner, Karin V. Niessen, Thomas Seeger, Franz F. Paintner,
Klaus T. Wanner, Franz Worek, Horst Thiermann, Holger Gohlke, “A novel binding site in the
nicotinic acetylcholine receptor for MB327 can explain its allosteric modulation relevant for
organophosphorus-poisoning treatment”, p. 160-171, Copyright Elsevier (2023).

PUBLICATION II

This article was published in Toxicology Letters, Volume 392, Valentin Nitsche, Georg Hofner,
Jesko Kaiser, Christoph G.W. Gertzen, Thomas Seeger, Karin V. Niessen, Dirk Steinritz, Franz
Worek, Holger Gohlke, Franz F. Paintner, Klaus T. Wanner, “MS Binding Assays with
UNCO0642 as reporter ligand for the MB327 binding site of the nicotinic acetylcholine receptor”,
p. 94-106, Copyright Elsevier (2024).

PUBLICATION III

This article was published in Toxicology Letters, Jesko Kaiser, Christoph G.W. Gertzen,
Tamara Bernauer, Valentin Nitsche, Georg Hofner, Karin V. Niessen, Thomas Seeger, Franz
F. Paintner, Klaus T. Wanner, Dirk Steinritz, Franz Worek, Holger Gohlke, “Identification of
ligands binding to MB327-PAM-1, a binding pocket relevant for resensitization of nAChRs”,
in press, Copyright Elsevier (2024).

PUBLICATION IV

This article was published in Toxicology Letters, Volume 397, Tamara Bernauer, Valentin
Nitsche, Jesko Kaiser, Christoph G.W. Gertzen, Georg Hofner, Karin V. Niessen, Thomas
Seeger, Dirk Steinritz, Franz Worek, Holger Gohlke, Klaus T. Wanner, Franz F. Paintner ,
“Synthesis and biological evaluation of novel MB327 analogs as resensitizers for desensitized
nicotinic acetylcholine receptors after intoxication with nerve agents”, p. 151-162, Copyright
Elsevier (2024).



Publication I 69

11. PUBLICATIONS

11.1. Publication I

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

for organophosphorus-poisoning treatment

Jesko Kaiser, Christoph G.W. Gertzen, Tamara Bernauer, Georg Hofner, Karin V. Niessen,
Thomas Seeger, Franz F. Paintner, Klaus T. Wanner, Franz Worek, Horst Thiermann,

Holger Gohlke

Toxicology Letters, 2023. 373: p. 160-171. 8!

1 See REPRINT PERMISSION



Publication I 70

Toxicology Letters 373 (2023) 160-171

Contents lists available at ScienceDirect

Toxicology Letters

journal homepage: www.journals.elsevier.com/toxicology-letters

L)
7
Check for

A novel binding site in the nicotinic acetylcholine receptor for MB327 can | &&s
explain its allosteric modulation relevant for
organophosphorus-poisoning treatment

Jesko Kaiser ™', Christoph G.W. Gertzen %2 Tamara Bernauer *°, Georg Hofner b
Karin V. Niessen °, Thomas Seeger °, Franz F. Paintner b4 Klaus T. Wanner ™°, Franz Worek
Horst Thiermann ¢, Holger Gohlke % "®

& Institute for Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Diisseldorf, Diisseldorf, Germany

" Department of Pharmacy — Center for Drug Research, Ludwig-Maximilians-Universitit Minchen, Miinchen, Germany

€ Bundeswehr Institute of Pharmacology and Toxicology, Miinchen, Germany

4 John von Neumann Institute for Computing (NIC), Jiilich Supercomputing Centre (JSC), Institute of Biological Information Processing (IBI-7: Structural Biochemistry) &
Institute of Bio, and Geosciences (IBG-4: Bioinformatics), Forschungszentrum Jiilich, Jiilich, Germany

ARTICLE INFO ABSTRACT
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and thereby indirectly lead to an overstimulation of muscarinic and nicotinic acetylcholine receptors (nAChRs).

Keywords: The current treatment with atropine and AChE reactivators (oximes) is insufficient to prevent toxic effects, such

nAChR

as respiratory paralysis, after poisonings with various OPCs. Thus, alternative treatment options are required to
increase treatment efficacy. Novel therapeutics, such as the bispyridinium non-oxime MB327, have been found to
Blind docking reestablish neuromuscular transmission by interacting directly with nAChR, probably via allosteric mechanisms.
Molecular dynamics simulations To rationally design new, more potent drugs addressing nAChR, knowledge of the binding mode of MB327 is
Rigidity analysis fundamental. However, the binding pocket of MB327 has remained elusive. Here, we identify a new potential
allosteric binding pocket (MB327-PAM-1) of MB327 located at the transition of the extracellular to the trans-
membrane region using blind docking experiments and molecular dynamics simulations. MB327 forms striking
interactions with the receptor at this site. The interacting amino acids are highly conserved among different
subunits and different species. Correspondingly, MB327 can interact with several nAChR subtypes from different
species. We predict by rigidity analysis that MB327 exerts an allosteric effect on the orthosteric binding pocket
and the transmembrane domain after binding to MB327-PAM-1. Furthermore, free ligand diffusion MD simu-
lations reveal that MB327 also has an affinity to the orthosteric binding pocket, which agrees with recently
published results that related bispyridinium compounds show inhibitory effects via the orthosteric binding site.
The newly identified binding site allowed us to predict structural modifications of MB327, resulting in the more
potent resensitizers PTM0062 and PTM0063.
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acetylcholine at cholinergic synapses, followed by overstimulation of
muscarinic (mAChR) and nicotinic (nAChR) acetylcholine receptors.
This is associated with several serious toxic effects, such as respiratory
paralysis, which can lead to death (Wiener and Hoffman, 2004; Holm-
stedt, 1959).

So far, the treatment of OPC-poisonings mainly focuses on reestab-
lishing the function of AChE with oximes and competitive antagonism at
mAChR (Thiermann et al, 2013). Although oximes can have a
remarkable positive indirect effect on nAChR function by restoring
AChE functionality in poisonings with several OPCs, they lack efficacy
with others, e.g., tabun- and soman-inhibited AChE, which results in a
substantial therapeutic gap (Worek et al., 2004), Novel therapeutic ap-
proaches focus on ligands that interact directly with nAChR (Sheridan
et al., 2005; Turner et al., 2011). As such, the bispyridinium compound
MB327, which modulates several nAChR subtypes from different spe-
cies, has been reported to reestablish neuromuscular transmission in
vitro (Seeger et al., 2012; Niessen et al., 2016; Scheffel et al., 2018;
Sichler et al., 2018). Furthermore, it leads to increased protection
against soman-poisoning in guinea pigs in combination with hyoscine
and physostigmine (Turner et al., 2011). However, to improve the effi-
cacy of such compounds in a knowledge-driven molecular design
workflow, detailed information of the binding mode is of utmost
importance.

So far, three potential binding sites for bispyridinium compounds
have been reported in nAChR. Based on blind docking experiments,
Wein et al. suggested two potential binding sites of MB327, one in the
extracellular domain and one in the upper part of the transmembrane
domain (Wein et al., 2018). Recently, Epstein et al. proposed that bis-
pyridinium compounds can bind in the orthosteric binding pocket and
its neighboring region between the o- and e-subunits, exerting an
inhibitory effect, and confirmed their in silico findings using mutational
studies (Epstein et al., 2021). Although this data explains the inhibitory
effect of bispyridinium compounds, our previous studies indicated that
MB327 probably acts as an allosteric modulator to reestablish muscular
function (Niessen et al., 2018). Furthermore, the affinities of analogs of
the bispyridinium compound SAD-128 to the orthosteric binding pocket
do not correlate with the improvement of neuromuscular transmission,
suggesting that this effect is not mediated via binding to the orthosteric
binding site (Niessen et al., 2011). Additionally, the displacement of the
orthosteric ligand [*H]epibatidine by MB327 results in an ICsq > 100
pM, although the affinity of [*H]epibatidine to nAChR was already
increased at lower concentrations of MB327 (Niessen et al., 2013).
Finally, pharmacological effects have been recorded at low pM con-
centrations of MB327 in the presence of carbamoylcholine. In the
absence of carbamoylcholine, no effect has been detected. The latter
findings further indicate an allosteric effect (Niessen et al., 2016).

In this study, we describe a novel potential binding site for M327 in
nAChR, termed MB327-PAM-1, which was identified by a combination
of molecular docking experiments, molecular simulations, and rigidity
analyses. To explore the ligand-receptor dynamics, we performed mo-
lecular dynamics (MD) simulations and identified important in-
teractions of MB327 with the receptor. The interacting amino acids are
highly conserved among different subunits and different species, which
can explain the promiscuity of MB327 towards several nAChR subtypes
in different species. Furthermore, constraint network analysis (CNA)
reveals that MB327 can allosterically impact both the orthosterie bind-
ing pocket and the transmembrane domain after binding to MB327-
PAM-1. Free ligand diffusion MD simulations imply that MB327 is also
affine to the orthosteric binding site, which might contribute to the
inhibitory effect on nAChR at higher concentrations (Scheffel et al.,
2018; Niessen et al., 2018). Finally, based on the newly identified
binding mode of MB327, we predicted structural modifications of
MB327, resulting in the more potent resensitizers PTM0062 and
PTMO0063.
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2. Materials and methods
2.1. Homology modeling

The homology models of nAChR were created using MODELLER,
version 9.19 (Webb and Sali, 2016). For modeling the desensitized state
of nAChR, we only included receptor structures of nAChRs where the
transmembrane domain is resolved and that are described to be in a
desensitized state. All receptors that, to the best of our knowledge, were
available in the PDB at the point of model generation were included.
Receptors deposited by Unwin et al. (PDB-IDs 2BG9 (Unwin, 2005),
4AQ5, and 4AQ9 (Unwin and Fujiyoshi, 2012)} were not considered
because later structures and experiments showed that, due to low res-
olution, the structures were wrongly fitted in the transmembrane
domain (Mnatsakanyan and Jansen, 2013; Morales-Perez et al., 2016).
Furthermore, to neglect a bias of similar protein backbone conforma-
tions from one publication, we only included one structure from each
publication, However, because all of these receptors show a resolution
above 3.5 A and we expect MB327 to bind in the extracellular domain,
we also included the crystal structure of the acetylcholine-binding pro-
tein in complex with the partial agonist 4-OH-DMXBA (PDB-ID: 2WN9
(Hibbs et al, 2009)). Concluding, for the human desensitized
muscle-type nAChR, the PDB structures 6PV8 (Gharpure et al., 2019),
SKXI (Morales-Perez et al., 2016), 2WN9 (Hibbs et al., 2009), and 6CNK
(Walsh et al., 2018) were used as templates.

For the human o7-nAChR, the PDB structures 6PV8 (Gharpure et al.,
2019), 5KXI (Morales-Perez et al., 2016), 2WN9 (Hibbs et al., 2009),
6CNK (Walsh et al., 2018), and 6URS8 (Mukherjee et al., 2020} were used
as templates. While not stated explicitly in that publication, the cryoEM
structure of the #4p2 nAChR in complex with the partial agonist vare-
nicline (PDB-ID: 6UR8 (Mukherjee et al., 2020)) shows a trans-
membrane domain typical for the desensitized state (SI Fig. 1). Thus,
after analyzing the transmembrane pore of this receptor, we also
included the receptor in the later created alpha7 nAChR models.

For the human inactive muscle-type nAChR, the PDB structure 6UWZ
(Rahman et al., 2020) was used as a template. This was, to the best of our
knowledge, the only PDB structure of the inactive nAChR available in
the PDB at the time of model generation. To compare the binding site of
PNU-120596 in the human muscle-type nAChR with a7-nAChR, the
structure of the u7-nAChR in complex with PNU-120596 was used as a
template (PDB-ID: 7EKT (Zhao et al., 2021)).

The alignments were created using BLAST (Altschul et al., 1990) and
verified using PROMALS3D (Pei et al., 2008). Water molecules and
crystallization artifacts were removed. Amino acids at the N- and
C-termini and in the intracellular loop not resolved in the templates
were not included in the models. 50 models were generated for the
human muscle-type and a7-nAChR, respectively, and the final model
was selected based on the DOPE potential (Shen and Sali, 2006), Top-
Score (Mulnaes and Gohlke, 2018), and visual inspection. The selected
homology models were protonated using PROPKA (Olsson et al., 2011;
Sondergaard et al., 2011) as implemented in Maestro (Schrodinger,
2020) at a pH of 7.4, and the termini were capped with NME and ACE
using Maestro (Schrodinger, 2020).

2.2. Docking

For the docking, 3D structures of the ligands were generated using
Maestro (Schrodinger, 2020). MB327 was placed in the middle of the
extracellular part of the pore so that we could generate a docking box
including the extracellular part of the receptor (SI Fig. S2). The ligands
were subsequently docked into the receptor using AutoDock3 (Morris
et al., 1998) in combination with DrugScore?®*® (Dittrich et al., 2019) as
the scoring function. During the docking, default parameters were used,
with the exception that the margin of the box was set to 35 A and the grid
spacing to 1 A.

MB327, PTM0062, and PTM0063 were also docked into the newly
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identified binding pocket using FRED (OpenEye Scientific Software,
2020) with default parameters. Therefore, conformers of MB327 were
generated using OMEGA (OpenEye Scientific Software, 2020) with
default parameters. The receptor was prepared using MakeReceptor
(OpenEye Scientific Software, 2020) with the highest-ranked pose of
MB327 after the initial docking for each pocket, and the ligands were
subsequently docked into the receptor. To avoid a bias of the placement
of MB327 based on the initial dockings, no constraints for protein-ligand
interactions were selected, resulting in an independent placement of the
ligands in the newly identified pocket. The best poses were selected
based on their docking scores and visual inspection. For MD simulations,
nicotine was docked to the orthosteric binding pocket using the same
two-step procedure. For the simulations with MB327 bound to all five
subunits, nicotine was added to nAChR by aligning the PDB structure of
the a3p4-nAChR (PDB ID 6PV7 (Gharpure et al., 2019)) to the models
and subsequently minimized in the orthosteric binding site using
SZYBKI (OpenEye Scientific Software, 2020),

2.3. Molecular dynamics simulations

The structures were embedded in a membrane consisting of 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC) lipids and sol-
vated in a rectangular box of OPC water (Izadi et al., 2014) using
Packmol-Memgen (Schott-Verdugo and Gohlke, 2019), with the edge of
the box at least 12 A away from the solute atoms. For the MD simulations
with MB327 bound to all five subunits, sodium was placed in the pore by
aligning the sodium ion from the human «3p4-nAChR (PDB ID 6PV7
(Gharpure et al., 2019)). For the free ligand diffusion MD simulations,
ten independent simulation systems were generated by placing MB327
at random positions within the rectangular box.

The AMBER package of molecular simulation software (Case et al.,
2005) and the ff19SB force field (Tian et al., 2020) in combination with
the Lipid17 force field (Gould et al., unpublished) was used to perform
MD simulations. Ligand charges were calculated using Gaussianl6é
(Frisch et al. 2016). The “Particle Mesh Ewald” method was used to
consider long-range interactions; for all bonds involving hydrogens, the
SHAKE algorithm was applied (Darden et al., 1993; Ryckaert et al.,
1977). During the thermalization period, the time step was set to 2 fs
with a direct-space, nonbonded cutoff of ¢ A. During the production
runs, hydrogen mass repartitioning was used, and the time step was set
to 4 fs with a direct-space, nonbonded cutoff of 8 A (Hopkins et al.,
2015).

Initially, a combination of steepest descent and conjugate gradient
minimization was performed; positional harmonic restraints were
applied to protein and bound ligand atoms and gradually reduced from 5
(25 for the simulation with MB327 bound to all subunits) to 0 kcal mol !
A2 Next, the system was heated to 100 K during 50 ps (5 ps for the
simulations of the docked structure) of NVT-MD (constant number of
particles, volume, and temperature). Subsequently, 50 ps (115 ps for the
simulations of the docked structure) of NPT-MD (constant number of
particles, pressure, and temperature) were conducted to heat the system
to 300 K. During these steps, harmonic restraints with a force constant of
1 keal mol™! A2 (25 keal mol™! A2 for the simulations with MB327
bound to all subunits) were applied to receptor and ligand atoms. The
harmonic restraints were then gradually reduced to 0 kcal mol™! A~2
during NPT-MD simulations.

Thereafter, the production runs of 900 ns length for the free ligand
diffusion MD simulations (100 ns for the simulations of the docked
structure) were performed. Subsequently, the distances of the ligand to
the receptor were analyzed using the nativecontacts mindist function as
implemented in CPPTRAJ (Roe and Cheatham, 2013). Representative
binding poses were created by clustering the frames using the k-means
clustering algorithm as implemented in CPPPTRAJ (Roe and Cheatham,
2013). The RMSD of the heavy atoms of the protein and the ligands have
been used as a cluster criterion. The backbone RMSD and electron
density values of the system during MD simulations were computed

162

To.xfcolagy Letters 373 (2023) 160-171

using CPPTRAJ (Roe and Cheatham, 2013). We computed the effective
binding energy of MB327 in each binding pocket using the MM-GBSA
method in combination with the OBC implicit water model, as imple-
mented in AMBER (Case et al., 2005; Onufriev et al., 2004; Miller et al.,
2012). We calculated the mean over all replicas x in which MB327 stays
stable in MB327-PAM-1 and the standard error of the mean (SEM) using
the following equation as done previously (Twizerimana et al., 2020):

VI

: 1
SEMap =~
X

2.4. Constraint network analysis (CNA)

Frames were extracted from the MD simulations of nAChR with
MB327 bound to all five subunits and nicotine bound to both orthosteric
binding sites every 1 ns using CPPTRAJ (Roe and Cheatham, 2013). To
investigate a potential functional coupling between the ligand binding
sites as well as with the transmembrane domain, we performed pertur-
bation runs as implemented in CNA (Pfleger et al., 2013a). The pertur-
bation approach performs two runs of constraint dilution simulations of
the protein in the presence and absence of the ligands and, thereby,
calculates a per-residue decomposition AGjcna that indicates the li-
gands’ effect on the structural stability of residue i. We performed three
calculations, one where only MB327 was extracted from the system (s1),
one where only nicotine was extracted (s2), and one where both ligands
where extracted (s1/s2) to investigate the respective impact of the li-
gands. To investigate the statistical independence of the frames, we
computed the autocorrelation function (ACF(1)) of the first replica for
AGgnas (Case et al., 2005). As ACF(r = 0.5 ns) = 0.2 < 1/e, the frames
are statistically independent. To predict cooperative effects in the sys-
tem, AGena,{s1/52, 51, s2) Was computed as the sum over all AG; o for the
respective state. Then, the cooperative free energy AAGgnan was
computed according to Eq. 1 as done previously (Pfleger et al., 2021),

AAGenan = AGenasiis — (AGewas +AGewa ) (1)

where positive values indicate a negative cooperativity while negative
values indicate a positive cooperativity.

To analyze the impact of calcium on the system, we removed the
ligands from nAChR and performed two CNA runs, one where we
manually added additional restraints in the form of covalent bonds be-
tween the two glutamates involved in calcium binding in three subunits,
and one without additional restraints. The former mimics the local
rigidifying effect of a bound calcium ion. Then, we calculated the dif-
ference in AGjcwa between the CNA analyses for the systems with and
without additional restraints for each residue i to compute the impact of
calcium on the structural stability of nAChR.

2.5. Similarity analysis of the binding pocket

For the similarity analysis of the binding pocket, the PDB structure
1UW6 (Celie et al.,, 2004) of the acetylcholine binding protein of Lym-
naea stagnalis was aligned to the human muscle-type nAChR model using
UCSF Chimera (Pettersen et al., 2004), and amino acids within 5 A of
nicotine were compared to the respective region in the 8-p-subunit using
BLAST (Altschul et al., 1990).

2.6. Electrostatic analysis

The electrostatics was analyzed by solving the linear Poisson-Boltz-
man equation as implemented in APBS (Jurrus et al., 2018) using the
APBS Pymol Plugin in the presence of positively (charge +1, ion radius
1.8 ‘3.) and negatively (charge —1, ionradius 2.0 .3\) charged counter ions
in a concentration of 0.15 M. The dielectric constant of the solvent and
the protein were set to 78.0 and 2.0, respectively.



Publication I

73

J. Kaiser et al.
2.7. Image generation

Images of nAChR were generated using PyMol (Schrodinger, 2015),
version 2.3.0.

2.8. Analysis of the transmembrane pore radius

The transmembrane pore radius of proteins was analyzed using the
CAVER PyMol Plugin (Pavelka et al., 2016).

2.9. Synthesis of PTM0062 (3a) and PTM0063 (3b)

Microwave reactions were carried out on a Discover SP microwave
system by CEM GmbH. All chemicals were used as purchased from
commercial sources. Solvents used for purification were distilled before
use. 'H and *C NMR spectra were recorded on a Bruker BioSpin Avance
IIT HD 400. MestReNova (Version 14.1.0) from Mestrelab Research S.L.
2019 was used for data processing, and for calibration, the solvent signal
was used. The purity of the test compounds was > 99 %, determined by
means of quantitative NMR using TraceCERT® ethyl 4-(dimethylamino)
benzoate from Sigma Aldrich as an internal calibrant (Cushman et al.,
2014; Pauli et al., 2014). High-resolution mass spectrometry was per-
formed on a Finnigan LTQ FT (ESI). Melting points were determined
with a Biichi 510 melting point instrument and are uncorrected. For IR
spectroscopy, an FT-IR Spectrometer 1600 from PerkinElmer was used.

2.9.1. 4-Amino-1-{3-[4-(tert-butyDpyridin-1-ium-1-yl[propyl}pyridin-1-
ium diiodide (3a)

A solution of 4-(tert-butyl)— 1-(3-iodopropyD)pyridin-1-ium iodide
(1) (Rappengliick, 2018) (216 mg, 0.500 mmol, 1.0eq.) and
pyridin-4-amine (2a) (51.8 mg, 0.550 mmol, 1.1 eq.) in acetonitrile
(1 mL) was stirred under microwave irradiation (150 W) for 1 h at
90 °C. The reaction mixture was concentrated in vacuo and the residue
purified by recrystallization from EtOAc/EtOH (2:3) yielding 3a
(215 mg, 82 %) as yellow solid. mp.: 205 °C; IR (KBr): v"'= 3184, 1652,
1194, 839 Cm'l; HNMR (400 MHz, CD50D): 8 = 1.45 (s, 9 H, C(CH3)3),
2.58-2.70 (m, 2H, NCH2CH>), 4.38 (t, J 7.7Hz, 2H,
CH,NCHCHCNH,), 475 (t J = 7.8 Hz, 2 H, CH,NCHCHCC(CH,)5),
6.82-6.90 (m, 2H, CHCNH,), 8.12-8.20 (m, 2H, CHCC(CHjs)s),
8.18-8.26 (m, 2 H, CHCHCNHS3), 8.93-9.00 (m, 2 H, CHCHCC(CH3)3);
3¢ NMR (101 MHz, CD;0D): & = 30.22 [C(CH3)3], 33.11 (NCH,CH.),
37.66 (C(CHs)3), 55.54 (CHsNCHCHCNH), 58.55 [CHNCHCHCC
(CHs)s], 111.04 (CHCNHj), 126.87 [CHCC(CHs)s], 144.08
(CHCHCNH_), 145.39 [CHCHCC(CHj)3], 160.91 (CNHy), 173.18 [CC
(CH3)3]; HRMS-ESI m/z [M-I-]" caled for Cy7HasN3l: 398.1093, found:
398.1082.

2.9.2, 4-(tert-ButyD — 1-[3-(4-(methylamino)pyridin-1-ium-1-ylJpropyl)
pyridin-1-ium diiodide (3b)

Synthesis according to the procedure described above for the prep-
aration of 3a from 4-(tert-butyl)—1-(3-iodopropyl)pyridin-1-ium iodide
(1) (Rappengliick, 2018) (216 mg, 0.500 mmol, 1.0 eq.) and N-meth-
ylpyridin-4-amine (2b) (56.8 mg, 0.525 mmol, 1.05 eq.). Recrystalliza-
tion from EtOAc/EtOH (2:1). 3b (210 mg, 78 %). Yellow solid. mp.:
180 °C; IR (KBr): v"= 3013, 1654, 1194, 843 cm™’; 'H NMR (400 MHz,
CD50D): 6 = 1.45 [s, 9 H, C(CH3)3], 2.60-2.72 (m, 2 H, NCH2CH>), 2.99
(s, 3 H, NCH3), 4.41 (t, J = 7.7 Hz, 2 H, CH,NCHCHCNHCH3), 4.78 [t, J
=7.8Hz, 2H, CH,;NCHCHCC(CH3)3;)l, 6.84-6.94 (m, 2H,
CHCNHCHg), 8.13-8.22 [m, 3 H, CHCHCNHCHjs, CHCC(CHj)sl,
8.33-8.40 (m, 1H, CHCHCNHCHj;), 8.96-9.03 [m, 2H, CHCHCC
(CHa)sl; 3¢ NMR (101 MHz, CD30D): 8 = 29.80 (NCHa), 30.23 [C
(CHa)zl, 33.19 (NCH3CHy), 37.65 [C(CH3)3], 55.39
(CH,NCHCHCNHCH;), 5850 [CH,NCHCHCC(CHs)s], 106.66
(CHCNHCH3), 112.03 (CHCNHCHj3), 126.87 [CHCC(CH3)3], 142.39
(CHCHCNHCH3), 144.92 (CHCHCNHCHj3), 145.40 [CHCHCC(CHj3)3],
159.57 (CNHCH3), 173.09 [CC(CH3)3]; HRMS-ESI m/z [M-1-]" caled for
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C1gHa7N3L: 412.1250, found: 412.1230.
2.10. Rat diaphragm myography

All procedures using animals followed animal care regulations and
were approved by the responsible ethics committee. Preparation of rat
diaphragm hemispheres and experimental protocol of myography was
performed as described before with slight modifications (Seeger et al.,
2012, 2007). In short, for all procedures (including wash-out steps,
preparation of soman and bispyridinium compound solutions) aerated
Tyrode solution (125 mM NaCl, 24 mM NaHCOs, 5.4 mM KCI, 1 mM
MgCly, 1.8 mM CaCly, 10 mM glucose, 95 % 02, 5 % COg; pH 7.4; 25
+ 0.5 “C) was used. After the recording of control muscle force, the
muscle preparations were incubated in the Tyrode solution, containing
3 pM soman. Following a 20 min wash-out period, the test compounds
PTM0062 or PTM0063 were added in ascending concentrations (1 pM,
10 uM, 100 pM, 300 pM). The incubation time was 20 min for each
concentration. The electric field stimulation was performed with 10 ps
pulse width and 0.2 A amplitudes. The titanic trains of 20 Hz, 50 Hz,
100 Hz were applied for 1 s and in 10 min intervals. Muscle force was
calculated as a time-force integral (area under the curve, AUC) and
constrained to values obtained for maximal force generation (muscle
force in the presence of Tyrode solution without any additives; 100 %).

3. Results
3.1. Identifying a new potential binding site via blind docking

To identify a possible binding site of MB327 without bias towards
any previously known binding site, we have used blind docking exper-
iments. Here, binding to the complete extracellular domain and half of
the transmembrane domain of the human adult muscle-type and the o7-
nAChR was allowed (SI Fig. 52), as the permanently charged MB327
likely does not cross the plasma membrane in a notable quantity and,
thus, likely does not interact with the intracellular parts of the receptor.
Using AutoDock (Morris et al., 1998) and DrugScore2018 (Dittrich et al.,
2019), we docked MB327 100 times to each subtype. This allows us to
judge whether MB327 prefers the orthosteric binding site or alternative
ones. The largest cluster, which was also the cluster with the best-ranked
docking pose, placed MB327 in both receptors in a newly identified
binding pocket, MB327-PAM-1, which is located in between two adja-
cent subunits at the transition from the extracellular to the trans-
membrane domain (Fig. 1, Fig. 2A, SI Table S1, SI Table §2). Since the
a7-nAChR is a homopentamer, there are five potential, identical binding
sites for MB327. The human muscle type nAChR is a heteropentamer
containing 2 wy, 1 1, 1 & and 1 e subunit. In 8 out of the 10 highest
ranked clusters, MB327 binds to MB327-PAM-1 but in different subunits
(SI Table S1) suggesting that MB327 can bind in the newly identified
binding pocket between different subunits. By contrast, MB327 binds to
the orthosteric binding site in the 28th and 34th highest ranked cluster
only (SI Table S1). In comparison, in 58 out of 100 docking runs,
including 30 poses in the highest ranked cluster, the orthosteric agonist
acetylcholine was placed in the orthosteric binding pocket, confirming
the quality of our predictions (SI Table 53).

3.2. MD simulations strengthen the suggestion of the new binding site

To consider receptor plasticity and assess the stability of the binding
pose in the receptor, we performed 32 times 100 ns long MD simulations
starting from the docked structure of MB327 in all five subunits of the
human muscle-type nAChR embedded in an explicit bilayer membrane
(SI Fig. 53). The initial blind docking procedure failed to place MB327
between the p- and o-subunit in the best 100 docked poses, however.
Still, we expect that MB327 can bind in between all five subunits of the
receptor because of the high sequence similarity of amino acids avail-
able for electrostatic interactions (Table 1). Hence, to enable simulations
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A

Fig. 1. Location of MB327-PAM-1 in the human adult muscle-type nAChR, (A)
MB327 with restrained electrostatic potential (RESP) partial charges (Frisch
etal., 2016; Bayly et al., 1993) of the nitrogen and carbons in the aromatic ring.
nAChR is viewed from (B) the extracellular space and (C) the side. MB327 is
displayed in orange spheres The orange box indicates the location of the newly
identified allosteric binding site MB327-PAM-1. The orthosteric binding pocket
is marked with a black box. The membrane is indicated with red (extracellular
border) and blue (intracellular border) spheres. The membrane position was
extracted from the a7-nAChR in a desensitized state (PDB ID 7KOQ (Novicllo
et al., 2021)) from the Orientations of Proteins in Membranes (OPM) database
(Lomize et al., 2012),

with MB327 bound to all five subunits, we docked MB327 into MB327-
PAM-1 between each subunit using FRED (OpenEye Scientific Software,
2020) (SI Fig. S4). Throughout the MD simulations, the receptor and the
membrane remained structurally virtually invariant (SI Figs. S5, S6). To
evaluate whether MB327 stays bound during the 100 ns long MD sim-
ulations, we evaluated the minimal distance of MB327 to the highly
conserved isoleucine of f1 (I61,), located centrally in each respective
subunit (Fig. 2A, SI Fig. 57). Since the largest distance among the docked
structures in all five subunits of this isoleucine to MB327 is 4.2 A (SI
Table 54), we considered an unbinding of MB327 at distances above 5 A.
In 122 of 160 cases (32 replicas * 5 possible binding sites), MB327 stays
bound in MB327-PAM-1. The unbinding events were mainly observed in
between the f}- and a-subunit (in 19/32 replicas) and in between the a-
and e-subunit (in 16/32 replicas), while we observed a rare unbinding in
between the - and p-subunit (in 3/32 replicas) and no unbinding in
between the - and 8- as well as the e- and a-subunit. This is in line with
effective binding energy computations of MB327 in each subunit,
revealing that MB327 binds most stably in between the «- and &-
(~23.01 £ 0.04 keal mol %)  and and a-subunit (—24.43
+ 0.05 keal mol™!) and shows decreased free binding energies in be-
tween the &- and p-subunit (—19.2 & 0.05 kcal mol™), the o and
e-subunit (—18.99 £ 0.07), and the p- and o-subunit (—14.30
=+ 0.08 kcal mol 1).

‘We next analyzed striking interactions with the receptor in the three
binding pockets where MB327 remained predominantly bound. To do
so, we computed the minimal distance of acidic side chains of the re-
ceptor to the partially positively charged atoms in MB327 when MB327
was bound. Because the nitrogen is part of an aromatic ring, its positive
charge can be delocalized among the ring members. In fact, restrained
electrostatic potential (RESP) partial charges (Frisch et al., 2016; Bayly

£-
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et al., 1993) revealed that the positive charge is mainly located on the
nitrogen and the carbon atom in para position (Fig. 1 A). Thus, we
analyzed the minimal distance of these two atoms in each ring to the
oxygen atoms of acidic side chains located in the binding pocket in each
subunit where MB327 stays stable during the simulations (Fig. 2B, C, D).
In between the a- and 8-subunit, MB327 mainly shows interactions with
E210; located in loop F (Fig. 2B). This amino acid is highly conserved
among different subunits of the heteropentamer. However, in between
the &- and p-subunit, this residue is mutated to glutamine (Table 1).
There, MB327 shows almost no interactions with the side chain oxygen
of this residue (SI Fig. S8C). However, in this subunit, MB327 forms
good interactions with E71; located in the p1-p2-loop (Fig. 2C). In be-
tween the e- and o-subunit, glutamates are present at both positions
(E220, and E68,, Fig. 2A). However, MB327 shows preferred in-
teractions with E68, located in the p1-p2-loop (Fig. 2D, SI Fig. S8D).

These results suggest the two acidic glutamates as major interaction
partners for MB327. Both acidic amino acids are highly conserved
among similar binding pockets in different subunits and different species
(Table 1). In each subunit, at least one of the two acidic amino acids is
present to stabilize MB327 in the binding pocket, strengthening the
assumption that MB327 can bind in all subunits. This is in line with
reports that MB327 can bind to nAChR of different species, e.g.,
T. californica, and to nAChRs containing different subunits, e.g., human
a7-nAChR (Turner et al., 2011; Seeger et al., 2012; Niessen et al., 2016;
Scheffel et al., 2018; Sichler et al., 2018). However, in our MD simula-
tions, MB327 did not stay stable in the proposed binding pocket in two
out of five subunits. There, MB327 might not have been placed correctly
during the initial docking. In fact, in the two binding sites where MB327
unbound faster, the partially positively charged atoms of MB327 were
more than 5 A away from the carboxyl oxygens of the described amino
acids, whereas in the other subunits, the distance to at least one oxygen
is 4.5 A or less (SI Table S4). Unsurprisingly, the effective binding en-
ergy is worst in between the p- and o-subunit where the ligand was
placed farthest from the two glutamates in the binding site (SI Table 54).
This further stresses the importance of these two amino acids. Thus,
mutating one of these amino acids should lead to a significant decrease
in binding affinity.

3.3. Allosteric impacts originating from the newly proposed binding pocket

To probe if the newly identified binding pocket MB327-PAM-1
couples functionally with other parts of nAChR, we applied a model of
dynamic allostery introduced by us (Pfleger et al., 2013a, 2021) that
describes allosteric effects due to ligand binding in terms of a free energy
measure AG;cna computed from changes in biomolecular statics via
CNA. To generate conformational ensembles for the analyses, we used
the 32 times 100 ns long MD simulations with MB327 bound to all five
subunits and nicotine bound to both orthosteric binding sites of the
human muscle-type nAChR. However, due to the instability of MB327 in
two subunits, we only considered the three subunits where MB327
remained stable in MB327-PAM-1. In 29 simulations, all three MB327
molecules were still bound after 100 ns; these replica were used to
analyze the allosteric effect of MB327 binding on nAChR. For the
perturbation run in CNA, all three MB327 molecules were removed to
investigate the allosteric impact due to the ligand. Furthermore, to study
the cooperative behavior of both ligands, two additional perturbation
runs were performed: first, both nicotine molecules were removed;
second, all stably bound ligands (three MB327 ligands and two nicotine
molecules) were removed (SI Fig. 59).

CNA reveals that MB327 binding structurally stabilizes the extra-
cellular domain, including amino acids in the orthosteric binding pocket
(Fig. 3A, SIFig. 510.). Interestingly, MB327 shows the largest impact in
the orthosteric binding site on W169,, the only residue forming a
hydrogen bond to the orthosteric ligand nicotine in the PDB structure of
the human «3p4-nAChR (PDB-ID 6PV7) (Gharpure et al., 2019). MB327
transmits its allosteric information to the extracellular domain via both
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Fig. 2. Interactions of MB327 with nAChR in MB327-PAM-1. (A) Proposed binding mode of MB327 in MB327-PAM-1 between the &- and «-subunits. The color of
amino acids E220, and E68, relates to the figures in panels B-D. Minimum distance of the nitrogens and carbon atoms located in 4-position of MB327 to the carboxyl
oxygens of (B) E210; of loop F in the a-8-subunit (located at the same position as E220,, SI Fig. 54 B), (C) E71; of the p1-f2-loop in the §-f-subunit (located at the
same position as E68,, SI Fig. 54 C), and (D) E68; of the p1-p2-loop in the a-g-subunit.

;z;ii;ce similarity of nAChR subunits in various species at specific positions in the MB327-PAM1 binding pockets.®.
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# Amino acids shown in Fig. 2A are represented with green shadings. Amino acids with deviating properties in other subunits are shown in italics.

adjacent subunits through the extracellular p-sheets (Fig. 3B). p-sheets
have been demonstrated to be sensitive to changes in structural stability
(Whiteley, 2005), and transition pathways along f-sheets have been
reported previously (Pfleger et al., 2021, 2017). Especially, the stability
of the three p-strands B1, p2, and p6 are affected by MB327 binding. p1
and the p1-p2-loop are both part of MB327-PAM-1. W78; in p2 is part of
the highly conserved aromatic residues in which nicotine is enveloped
according to the cryo-EM structure of the human «3p4-nAChR (PDB ID
6PV7 (Gharpure et al., 2019)). Additionally, via these three p-sheets,
MB327 also impacts 7, p9, and pl0. The loops of these three p-sheets
form the orthosteric binding site. Because MB327 impacts both adjacent
subunits, a binding of MB327 to each of the five possible binding pockets
likely affects the binding of the orthosteric ligand since each binding site
for MB327 features at least one subunit to which the orthosteric ligand
binds. This qualitative observation suggests that MB327 addition can
modulate cholinergic signals. Hence, we quantified cooperative effects
between MB327 and nicotine binding according to Eq. 1 (Pfleger et al_,
2021). Our results reveal a positive cooperative effect (AAGenan =
—3.97 £ 0.71 kecal mol’l), in line with experimental findings that
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addition of MB327 leads to an enhancement of the cholinergic effect
(Niessen et al., 2016). Therefore, binding of MB327 in MB327-PAM-1 is
suggested to enhance cholinergic signals by increasing orthosteric
ligand affinity.

Notably, a recently published PDB structure of the «7-nAChR (PDB
ID 7KOX) shows calcium ions bound in the MB327-PAM-1 pocket
(Noviello et al., 2021). Calcium binds in between E44 and E172. E172 is
located in loop F, at the same position as E220, (SI Fig. S11). A high
concentration of calcium jons increases the cholinergic response in
a7-nAChR, and our previous results suggest that the presence of divalent
cations enhances the affinity of agonists in Torpedo nAChRs (Niessen
et al., 2013; Galzi et al., 1996). Hence, we probed the effect of calcium
binding in MB327-PAM-1 on the structural stability of the orthosteric
site with CNA. To mimic the presence of the calcium ion which bridges
two glutamates, we placed a constraint between the two carboxyl groups
of E44 and E172. Similar to MB327, calcium leads to allosteric effects on
the orthosteric binding site transmitted via the extracellular {-strands
(SI Fig. 512). These findings strengthen the suggestion that positive
allosteric modulation of the orthosteric ligand binding can originate
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Fig. 3. Allosteric effect of MB327 (orange) on nAChR. Effect on the extracellular domain of (A) the three stable MB327 molecules and (B) MB327 located between
the alpha- and e-subunit. The receptor is colored according to the stabilizing impact of MB327 on the respective amino acid (bluish colors); darker colors indicate a
higher impact. The pathway of the allosteric stabilization of the orthosteric binding pocket is indicated by red arrows. Nicotine (purple) is shown in the orthosteric
binding pocket. W169,, and W78; are shown in green. (C) Allosteric effects of MB327 on the transmembrane domain of the human muscle type nAChR. For claritiy,
only three subunits are shown. Amino acids at position — 1" are shown in green. (D) Pore radii of the desensitized (yellow) and inactive (purple) nAChR. The
desensitization gate at position — 1’ and the inactive gates at positions 9 and 16’ are projected on the structure by red bars. The distance along the pore axis has been

set to 0 A at position 9.

from binding to MB327-PAM-1.

MB327 binding to MB327-PAM-1 also modulates the structural sta-
bility of the transmembrane region, including the amino acids at posi-
tion — 1’ in helices 2 (Fig. 3C, D). X-ray and cryo-EM structures of
nAChRs reveal that this position acts as a desensitization gate (Moral-
es-Perez et al., 2016; Gharpure et al., 2019; Walsh et al., 2018; Noviello
et al., 2021). The effects on the position — 1" (AGgzgen,cna = 0.075
+ 0.005 keal mol *, AGeayss, cna = 0.076 =+ 0.004 keal mol !, AGgari,
cna = 0.041 £ 0.003 keal mol 1) are significant. The effect on W169,,
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located at a central position in the orthosteric binding pocket, is even
larger (AGwigon,cna = 0.224 + 0.017 keal rnol’]), which may be due to
helices being more stable, and, hence, less receptive to stability changes,
in general (Whiteley, 2005). Furthermore, we used the rigidity index to
compute AGgya; this index was described to show minor effects on he-
lices (Pfleger et al., 2013b). Overall, the impact on the N-terminal region
of helices 2 suggests a mechanism for how MB327 binding reestablishes
the muscle function after desensitization, a second effect exerted by
MB327 on nAChR (Seeger et al., 2012).
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3.4. MB327 shows affinity to the orthosteric binding site

Previous results indicate that related bispyridinium compounds
transmit their inhibitory effect on nAChR via the orthosteric binding site
(Epstein et al., 2021). An inhibitory effect of MB327 has been reported at
concentrations above 70 pM (Scheffel et al., 2018). To further investi-
gate a possible binding of MB327 to the orthosteric binding site, we
performed ten additional replicas of 900 ns long unbiased free ligand
diffusion MD simulations with one MB327 molecule (0.57 mM) placed
at a random position within the simulation box around the human
muscle-type nAChR. The inhibitory effect of bispyridinium compounds
was described to occur via the orthosteric binding site between the a-
and e-subunits (Epstein et al., 2021). Thus, in order to observe a po-
tential binding to this binding site, the orthosteric ligand nicotine was
only placed in the orthosteric binding site between the a- and 8-subunits.

Toxicology Letters 373 (2023) 160-171

In three out of ten replicas, MB327 entered the orthosteric binding
pocket. In two replicas, MB327 stayed within the binding pocket until
the end of the simulation (after its entrance at 54 and 760 ns). In both
replicas, MB327 can interact with Y131, after binding (Fig. 4A, B),
which is important for the stabilization of bispyridinium compounds
(Epstein et al., 2021). In the third replica, MB327 bound to the binding
pocket after 211 ns and left it after additional 130 ns. However, in this
replica, MB327 showed a slightly different binding mode not interacting
with Y131, (SI Fig. 513).

We also analyzed the electrostatics surrounding the orthosteric
binding pocket by solving the linear Poisson-Boltzmann equation for the
human muscle-type nAChR. Since the minimum distance of W169,, a
central amino acid in the orthosteric binding site, to the membrane is
27 A, the membrane was neglected in calculating the electrostatic
properties around the orthosteric binding site. A strong electric field

DENSITY [%]
5

o N B o o

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
DISTANCE [A]

Fig. 4. Affinity of MB327 to the orthosteric binding site of nAChR. (A) Representative structure of MB327 (orange) bound to the orthosteric binding pocket and its
adjacent region in between the o and ¢-subunit where no nicotine molecule was present during free ligand diffusion MD simulations. (B) Minimum distance of the
heavy atoms of the aromatic ring of Y131, as shown in (A) to the heavy atoms of the aromatic systems of MB327 while MB327 is bound. Electrostatics surrounding
the orthosteric binding pocket between the - (green) and e- (salmon) subunits shown as (C) electric flux lines and (D) isocontour surfaces of the electrostatic
potential. The location of the orthesteric binding pocket is marked with a black box. Notably, a strong electric field (red field lines) attractive to positively charged
compounds such as MB327 surrounds the pocket entrance and leads towards the orthosteric binding pocket of the human nAChR.
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attractive to positively charged compounds such as MB327 surrounds
the pocket entrance and leads towards the orthosteric binding pocket.
This may explain why bispyridinium compounds get dragged into this
binding pocket (Fig. 4C,D).

3.5. Identification of MB327-PAM-1 allows rational design of more
potent analogs

We used the knowledge gained from the binding mode of MB327 in
MB327-PAM-1 to predict structural modifications of the ligand that
should lead to more potent resensitizers. The tert-butyl group of MB327

A |
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facing toward the transmembrane domain is located in a polar part of
the binding site (Fig. 5A). Thus, substituting the apolar with a polar
substituent should increase the binding affinity (Fig. 5B). We, therefore,
docked PTM0062 and PTM0063, which carry amino and methylamino
groups, (Fig. 5C) in the binding site of all subunits. Both ligands were
ranked better than MB327 in all but one subunit, respectively (Fig. 5B, SI
Table S5). PTM0062 (3a) and PTMO0063 (3b) were synthesized ac-
cording to Rappengliick et al. by reacting 1 (Rappengliick, 2018) with
pyridin-4-amine (2a) and N-methylpyridin-4-amine (2b), respectively,
in acetonitrile under stirring and microwave irradiation for 1 h at 90 °C
(Scheme 1) (Rappengliick, 2018). The bispyridinium salts were obtained

C D,
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NH, T % PTMO0062 =50 Hz
| 8 i | 2w =100 Hz
2 N*\/\VN*\ T.; "
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-‘."J' 50
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Fig. 5. Structure-based ligand design leads to novel compounds with increased resensitizing effects on nAChR. (A) Binding mode of MB327 in between the «- and &-
subunit. The tert-butyl substituent facing towards the transmembrane region is located in a polar part of the binding site. (B) Proposed binding mode of PTM0063.
Polar substituents can enhance the interactions with the receptor. (C) Structure of the two newly identified positive allosteric modulators PTM0062 and PTM0063.
Restoration of the muscle force of soman-poisoned muscles after treatment with (D) PTM0062, (E) PTM0063, and (F) MB327. The error bars indicate the stan-

dard deviation.
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Scheme 1. Synthesis of PTM0062 (3a) and PTMO0063 (3b): (a) 2a (1.1 equiv.)
or 2b (1.05 equiv.), CH3CN, microwave: 150 W, 90 °C, 1 h; 3a: 82 %; 3b: 78 %.

in good yields (3a: 82 %; 3b: 78 %) and high purities (> 99 %) by
recrystallization of the residues resulting after the removal of the reac-
tion solvent (Scheme 1). The compounds were subsequently evaluated
in the rat diaphragm myography assay. PTM0062 (25.68 % + 7.91 %
(mean + standard deviation) at 100 pM, 60.46 % + 13.94 % at 300 pM)
and PTM0063 (37.65 % =+ 11.73 % at 100 pM, 44.43 % + 14.88 % at
300 puM) both show increased resensitizing effects on muscles after OPC
poisoning at a stimulation frequency of 20 Hz compared to MB327
(17.77% =+ 7.5 % at 100 pM, 26.29 % + 18.43 % at 300 pM) (Fig. 5D-F).

4. Discussion

‘We have identified a new potential binding site of MB327 in nAChR,
MB327-PAM-1, using blind docking, MD simulations, and rigidity ana-
lyses. Previously, two allosteric and one orthosteric binding pocket were
proposed for bispyridinium compounds using in silico methods (Wein
et al., 2018; Epstein et al., 2021). MB327-PAM-1 is different from these
three binding sites. Wein et al. suggested that MB327 might bind in
between two adjacent subunits in the extracellular domain (MB327-1)
or at the transition from the extracellular to the transmembrane domain
(MB327-2) (Wein et al., 2018). In our blind dockings, we could also see
a binding in the pocket MB327-1 but with worse docking scores
compared to our newly identified binding pocket (SI Table 51). In the
screening conducted to identify MB327-2, the structure of the Torpedo
marmorata nAChR (PDB ID 2BG9 (Unwin, 2005)) was used (Wein et al.,
2018). However, recently published structures and disulfide trapping
experiments revealed that due to the structure’s low resolution, the
amino acids in the transmembrane domain were wrongly fitted, result-
ing in an amino acid shift (SI Fig. S14, SI Table S6) (Mnatsakanyan and
Jansen, 2013; Morales-Perez et al., 2016). Without this shift, there is no
MB327-2 pocket in nAChR (Wein et al., 2018).

During the MD simulations, MB327 is mainly stabilized via electro-
static interactions with glutamates located in the i1-p2 loop and loop F
(E220, and E68, in Fig. 2A). These two amino acids are highly conserved
among different subunits of the nAChR and different species. This cor-
responds to MB327 showing functional recovery of different types of
nAChRs after overstimulation with agonists (Seeger et al., 2012; Niessen
etal., 2016). Our newly identified binding pocket also occupies a region
in which structural changes during desensitization occur (SI Fig. 515),
which suggests that this binding site can be involved in allosteric
modulation. Furthermore, CNA calculations show that MB327 might
impact both the orthosteric binding site and the transmembrane domain
after binding to MB327-PAM-1.

Several published structures of nAChRs and related Cys-loop re-
ceptors include allosteric modulators (Zhao et al., 2021; Noviello et al.,
2021; Masiulis et al., 2019; Kim et al., 2020; Delbart et al., 2018; Spurny
et al., 2013, 2015). A recent structure revealed that the binding site of a
calcium ion overlaps with MB327-PAM-1 (Noviello et al., 2021). Cal-
cium can act as a positive allosteric modulator of the «7-nAChR (Galzi
et al., 1996). Additionally, mutating E172 of loop F to lysine in the
o7-nAChR, which is located at the same position as E220,, leads to a loss
of sensitivity to the orthosteric ligand acetylcholine (Zhang et al., 2015).
A mutation of this amino acid in the a7-nAChR to glutamine also abol-
ishes the enhancement of the physiclogical response to acetylcholine
mediated through calcium ions (Galzi et al., 1996). These data underline
the potential importance of this binding pocket in allosteric modulation.
Mimicking the calcium ion in this binding pocket by including its
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interactions into the constraint network representation results in similar
effects on the receptor as MB327 as shown with CNA computations.
Notably, the calcium ion also exerts a similar effect on the trans-
membrane region, indicating that calcium might have a resensitizing
effect on nAChR, too (SI Fig. 512).

Notably, the binding site of PNU-120596 has been revealed in an
electron microscopy structure (PDB-ID: 7EKT (Zhao et al., 2021))
recently. This binding site overlaps with the newly identified allosteric
binding site of diazepam in the GABA, receptor (PDB-IDs: 6X3X (Kim
et al., 2020), 6HUP (Masiulis et al., 2019)). Because PNU-120596 also
acts as a positive allosteric modulator (Hurst et al., 2005), we investi-
gated whether MB327 may bind to this binding site. However, in the
published PDB structure, no negatively charged amino acids are located
within 5 A of PNU-120596, which would lead to an insufficient stabi-
lization of the double positively charged compound MB327 (SI
Fig. S16A). Furthermore, PNU-120596 is a selective 7 modulator
(Hurst et al., 2005). A reason for that may be that A298 is mutated to
sterically larger amino acids in different subtypes of the receptor, which
leads to a clash with PNU-120596. Thus, the binding site is critically
smaller in other subtypes, including the human muscle-type nAChR
(Fig. S16B). However, MB327 is known to bind to several subtypes of
nAChHR, including the muscle-type nAChR (Turner et al., 2011; Seeger
et al., 2012; Niessen et al., 2016; Scheffel et al., 2018; Sichler et al.,
2018). Therefore, binding of MB327 to the binding site of PNU-120596
is highly unlikely.

Furthermore, the multitude of binding sites and possible interactions
within one binding site in the human muscle-type nAChR could lead to
MB327 binding at lower concentrations to MB327-PAM-1 than to the
orthosteric binding site. The binding of MB327 to the orthosteric bind-
ing pocket results in a binding pose where MB327 protrudes in part out
of the pocket, but it completely fits into MB327-PAM-1. After poisoning
with OPCs resulting in elevated levels of acetylcholine, MB327 would
additionally need to displace acetylcholine in the orthosteric binding
pocket because the binding pose of MB327 in the orthosteric pocket
overlaps with the binding pose of the orthosteric ligand. Thus, binding to
the orthosteric site would be expected at higher concentrations, where it
can lead to an inhibitory effect. This inhibitory effect was shown by us in
that an increase of MB327 concentration leads to a decrease of muscle
force restoration after soman poisoning (Niessen et al., 2018). Further-
more, recent mutational studies showed that related bispyridinium
compounds transfer their inhibitory effect via binding to the orthosteric
pocket (Epstein et al., 2021).

Epstein et al. proposed that the therapeutic effect of bispyridinium
compounds could be conducted via binding to the orthosteric binding
site and its adjacent region (Epstein et al., 2021). We also see an affinity
of MB327 to this binding site in our free ligand diffusion MD simula-
tions. Epstein et al. performed docking experiments considering the
orthosteric binding pocket and did not investigate binding to allosteric
binding pockets. However, previous experimental results indicate that
the bispyridinium compounds probably act as allosteric modulators of
nAChR and, additionally, improvement of neuromuscular function is not
correlated to their affinity to the orthosteric binding site (Niessen et al.,
2016, 2018, 2011). Thus, although an inhibitory effect, detrimental to
the therapeutic treatment, of the bispyridinium compounds might be
conducted through binding to the orthosteric binding site at higher
concentrations (Epstein et al., 2021; Niessen et al., 2018), our results
suggest that for the allosteric modulation, relevant for treatment,
MB327 binds to the newly identified binding pocket. This
concentration-dependent binding to the allosteric and orthosteric
binding site can also explain the therapeutic effect seen at lower con-
centrations of MB327 and the inhibition of the nAChR and loss of
therapeutic effect at higher concentrations (Niessen et al., 2018). Thus,
our results suggest that new drugs should show a high affinity to the
newly identified binding pocket while showing a low affinity to the
orthosteric binding site.

The knowledge of the binding mode is most important to predict
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structure-based ligand modifications resulting in more potent resensit-
zers. Following this strategy, we predicted and validated PTM0062 and
PTMO0063, which are about two-fold more potent resensitizers than
MB327. These findings further support that MB327 binds to MB327-
PAM-1. Another way to enhance the affinity to the newly identified
binding site might be to add chemical moieties that can form in-
teractions via hydrogen bonds or salt bridges to the two glutamates
E220, and E68¢, while maintaining the apolar part of the compounds.

Taken together, our newly identified binding pocket can explain the
allosteric effect mediated by MB327 and, together with a binding to the
orthosteric site, the concentration dependence of the observed thera-
peutic effect.
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Figure §2: Model of the «7 nAChR. The displayed box indicates the part of the receptor that has been used to perform the
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Table S1: Highest-ranked clusters of the blind docking experiments of MB327 in the human muscle-type nAChR.[

Cluster Lowest docking | Number of poses | Binding pocket Subunits
energy [kcal/mol] in the cluster

1 -10.69 21 MB327-PAM-1 5-p

2 -10.39 13 ,.orthosteric*™®’ 3-B

3 -9.83 5 MB327-PAM-1 g-a

4 -9.70 1 MB327-PAM-1 o-€

5 -9.56 10 MB327-PAM-1 o-0

6 -9.48 2 MB327-PAM-1 6-p

7 -9.39 8 MB327-PAM-1 o-0

8 -8.8 1 MB327-PAM-1 o€

9 -8.73 1 MB327-PAM-1 o-0

10 -8.60 1 ,orthosteric " 3-p

11 -8.29 5 MB327-1 a-0
| 28 | -7.43 ‘ 1 | orthosteric | o-€ ‘
| 34 | -7.09 ‘ 1 | orthosteric | o-€ ‘

[?l The ten highest-ranked clusters are shown. Additionally, the highest-ranked clusters where MB327 was placed in the
orthosteric binding site (clusters 28 and 34) and MB327-1 as identified by Wein et al. [2] (cluster 11) are displayed.

b1 The orthosteric binding pocket is marked in quotes because the location of the binding pocket is identical between two
neighboring subunits but acetylcholine only binds in between the a and its respective adjacent subunit. The sequence similarity
of the “orthosteric” binding pocket between the §- and B- subunits to the actual orthosteric binding pocket where nicotine binds
(between the a- and 6-/e- subunit)is 18%. MB327-PAM-1 refers to the newly identified pocket.

Table S2: Ten highest-ranked clusters of the blind docking of MB327 in the human a7-nAChR

Cluster Lowest docking | Number of poses | Binding pocket
energy [keal/mol] in the cluster

| -11.41 26 MB327-PAM-1
2 -10.91 1 MB327-PAM-1
3 -10.56 7 orthosteric
4 -9.69 11 MB327-PAM-1
5 -9.51 4 MB327-PAM-1
6 -9.32 5 orthosteric
7 9.27 1 orthosteric
8 -9.27 15 MB327-1
9 -9.20 1 MB327-1
10 9.11 1 MB327-1
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Table S3: Four highest-ranked clusters of the blind docking experiments of acetylcholine in the human muscle-type nAChR.

Cluster Lowest docking | Number of poses | Binding pocket Subunits
energy [kcal/mol] in the cluster
1 -6.51 30 orthosteric o-&
2 -6.44 10 ,,orthosteric ™ 3-B
3 -6.43 22 orthosteric -0
4 -6.31 6 orthosteric o-0

[4l The orthosteric binding pocket is marked in quotes because the location of the binding pocket is identical between two
neighboring subunits but acetylcholine only binds in between the a and its respective adjacent subunit. . The sequence similarity
of the “orthosteric” binding pocket between the 8- and - subunits to the actual orthosteric binding pocket where nicotine binds
(between the a- and 6-/e- subunit)is 18%. MB327-PAM-1 refers to the newly identified pocket.
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Figure 83: Starting structure for the MD simulations with MB327 bound te all five subunits. The membrane bilayer is shown

as spheres. For clarity, water, potassium, and chloride molecules are not shown.
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Figure S4: Docked binding mode of MB327 in MB327-PAM-1 in A) the B-8-, B) 8-¢-, C) a-p-, E) &-a-, and F) a-g-subunit.
D) Extracellular view on MB327-PAM-1.
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Figure S5: Backbone (C, CA, N) RMSD values of nAChR during 32 replicas of MD simulations with MB327 bound to all

subunits.
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Figure S6: Electron density plot of membrane components and water based on all 32 replicas of the MD simulations with
MB327 bound to nAChR. The electron density is plotted against the z-coordinate with the membrane centered at 0 A for PC:

phosphatidylcholine, OL: oleic acid, PA: palmitoylic acid, and WAT: water.
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Figure S$7: Distances of MB327 to the respective isoleucine in the binding site. A) The distance of MB327 of all 32 replicas
during the simulations and the respective distance distributions B) in between the o- and §-subunit to 1645 is shown in dark
blue, C) in between the 8- and p-subunit to 164y in orange, D) in between the B- and a-subunit to [61. in purple, E) in between
the o- and e-subunit to 161 in yellow, F) and in between the ¢- and ¢-subunit to 161s in grey. The distance cutoff of 5 A is

indicated by a black line in the distances plotted over the time during simulations. Values over 15 A in the distance distributions
are summarized in the last bin.
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Table S4: Distances of docked MB327 to important amino acids in the binding site.[?]

Subunit Distance to Distance to Distance to isoleucine
glutamate/glutamine in | glutamate/glutamine in in 1
loop F B1-2 loop™
a-o 4.5 3.3 2.4
5-p 6.1 3.9 1.1
B-a 7.4 10.6 1.5
o-g 5.1 o 4.2
£-0 4.9 3.2 3.0

[2 The distances to acidic sidechains represent the minimum distance of the partially positive charged atoms of the aromatic
ring of MB327 (nitrogen and carbon in para position) to the oxygens of the respective sidechain. The distance to threonine
represents the minimum distance to MB327.

bl A,

0
\ 0 1 2 3 4 5 6 7 8 9 10 11
Distance [A] to Q68,

0 1 2 3 4 5 6 7 8 95 10 11
Distance [A] to Q207

.

[ 1 2 3 4 5 6 7 8 9 10 11
Distance [A] to E220,

Figure S8: Distances of the nitrogens and carbon atoms in para position to the second acidic/polar residue in MB327-PAM-1.
A) Proposed binding mode of MB327 in MB327-PAM-1 between the &- and a-subunits. The color of amino acids E220 and
E68 relates to the figures in panels B-D. Minimum distance of the nitrogens and carbon atoms located in the para position of
MB327 to the side chain oxygens of B) Q68., C) Q207s, and D) E220,. Distances above |1 A are summarized in the last bin,
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ground state

Figure S9: Performed perturbation runs in CNA to investigate the allosteric impact of MB327 and the cooperativity of binding
of nicotine and MB327. The pentagon represents nAChR with its five subunits. During the MD simulations, MB327 is bound
in all five possible binding sites, and nicotine is bound to both possible binding sites (left). The two MB327 molecules that did
not stay stable in the binding site during MD simulations are shown in light orange. Three perturbation runs were performed:
1) s1/s2: all stable ligands were removed (top right); 2) s1: MB327 was removed in all stable binding sites (middle right); 3)
s2: nicotine was removed in both binding sites (bottom right).
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A

Figure S10: Allosteric effect of MB327 on the extracellular domain. A) Residues with significant changes of structural rigidity
after removal of MB327 are shown as spheres. Residues located within 5 A of MB327 are shown in red and those within 5 A
of the orthosteric ligand nicotine are shown in green. A cutoff of 0.15 kcal mol! was used to display residues. Thus, only an
effect on the extracellular domain is shown. B) The information from (A) shown as a graph. The nodes represent residues, and
edges the flow between these residues. Twisted squares represent residues from the e-, squares residues from the a-, circles
residues from the 8-, and octagons residues from the B-subunit.
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Figure S11: Location of calcium in MB327-PAM-1. A) Cryo-EM structure of ¢7-nAChR (PDB-ID: 7KOQ[3]) with calcium
(green) located in between E44 and E172. B) Comparison of the calcium binding site to the docked binding mode of MB327
in the human muscle-type nAChR in MB327-PAM-1 between the a- and 6-subunit (orange) in a7-nAChR (PDB-ID: 7KOX
[3]) after aligning the human muscle-type nAChR model to the cryo-EM structure of a7-nAChR.

AN
B ]
» 0 kcal mol™* 0.3 kecal mol?
2N .

NSl 9 N F.

Figure S12: Allosteric effects of calcium on the A) the extracellular and B) the transmembrane domain of nAChR. The calcium
ion was mimicked by setting constraints between the carboxy groups of the glutamates involved in calcium binding (shown in
red). Blue colors indicate a stabilizing impact of calcium on the receptor. W169., a central amino acid in the orthosteric binding
site, is shown in green.
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Figure S13: Representative binding mode of MB327 in the orthosteric binding pocket in the replica where MB327 stays only

130 ns within this pocket.

W
)
'

Table 85: Docking scores of MB327, PTM0062, and PTM0063 in all subunits of the muscle-type nAChR.

Subunit Docking score of Docking score of Docking score of
MB327 PTM0062 PTMO0063
ad -8.62 -9.20 -8.51
5B -4.88 -5.76 -5.62
Ba -4.36 -6.17 -5.24
ae -8.65 -8.13 -8.95
€a -5.44 -6.01 -7.42
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Figure S14: A) Amino acids that are part of the binding site MB327-2 in the PDB-structure 2BG9[4]. B) Amino acids that are
part of M327-2 in our new models of the human muscle-type nAChR. The alignment of the amino acids is shown in Table S4.

t l ’ B

Table S6: Alignment of the amino acids that are part of MB327-2 in the Tospedo marmorata and human muscle-type nAChR.

2BG9 human 2BG9 human
F159 F158 L294 L293
Q209 Q207 Q297 5296
P241 P245 P300 P300
1242 1246 E301 A301
F243 F247 L304 M304
Y244 Y248

1245 L.249

V246 V250

Y247 N251

T248 V252

1290 1294

K293 K297

V294 V298

E296 E300

T297 T301

V301 V305
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Figure S15: Aligned models of the human nAChR in the desensitized (green) and inactive (blue) state viewed from A) the side
and B) the extracellular space. Structural changes that occur during desensitization in the region of the binding site of MB327
(orange spheres) are colored in yellow in the desensitized model. These regions are in line with the regions of structural changes
in the glycine receptor, another pentameric ligand-gated ion channel, during desensitization[S]. For clarity, only two adjacent
subunits (o and &) are shown. Similar structural changes can be observed in all subunits of the receptor.

Figure S16: Comparison of the PNU-120596 binding site in the a7- and the human muscle-type nAChR. A) Amino acids
located within 5 A of PNU-120596 (purple) are shown as sticks. No charged amino acids are located in the binding site. B) A
mutation of A298 in the 7-nAChR to L.299 in the human muscle-type nAChR leads to a clash with the a7-selective modulator
PNU-120596. The closest distance between heavy atoms of the ligand and heavy atoms of L299 is 0.9 A.
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ARTICLE INFO ABSTRACT

Editor : Dr. Angela Mally Intoxications with organophosphorus compounds (OPCs) based chemical warfare agents and insecticides may
result in a detrimental overstimulation of muscarinic and nicotinic acetylcholine receptors evolving into a

Keywords: cholinergic crisis leading to death due to respiratory failure. In the case of the nicotinic acetylcholine receptor

Nicotinic acetylcholine receptor (nAChR), overstimulation leads to a desensitization of the receptor, which cannot be pharmacologically treated

UNC0642 MS Binding Assays

.- il so far. Still, compounds interacting with the MB327 binding site of the nAChR like the bispyridinium salt MB327
MB327-PAM-1 binding site

have been found to re-establish the functional activity of the desensitized receptor. Only recently, a series of

LC-MS

Resensitizer quinazoline derivatives with UNC0642 as one of the most prominent representatives has been identified to
In silico studies address the MB327 binding site of the nAChR, as well. In this study, UNC0642 has been utilized as a reporter
Myographic studies ligand to establish new Binding Assays for this target. These assays follow the concept of MS Binding Assays for

which by assessing the amount of bound reporter ligand by mass spectrometry no radiolabeled material is
required. According to the results of the performed MS Binding Assays comprising saturation and competition
experiments it can be concluded, that UNC0642 used as a reporter ligand addresses the MB327 binding site of the
Torpedo-nAChR. This is further supported by the outcome of ex vivo studies carried out with poisoned rat dia-
phragm muscles as well as by in silico studies predicting the binding mode of UNC0646, an analog of UNC0642
with the highest binding affinity, in the recently proposed binding site of MB327 (MB327-PAM-1). With
UNCO0642 addressing the MB327 binding site of the Torpedo-nAChR, this and related quinazoline derivatives
represent a promising starting point for the development of novel ligands of the nAChR as antidotes for the
treatment of intoxications with organophosphorus compounds. Further, the new MS Binding Assays are a potent
alternative to established assays and of particular value, as they do not require the use of radiolabeled material
and are based on a commercially available compound as reporter ligand, UNC0642, exhibiting one of the highest
binding affinities for the MB327 binding site known so far.
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1. Introduction

The poisoning with organophosphorus compounds (OPCs) as a result
of exposure to respective insecticides or nerve agents represents a severe
health problem (Buckley et al., 2004; Costanzi et al., 2018; Eddleston
and Phillips, 2004; John et al., 2018). If not treated properly, an
intoxication with OPCs can culminate in a cholinergic erisis, which can
finally lead to death because of respiratory failure (Holmstedt, 1959;
Newmark, 2004). As the principal mode of action, all OPCs have in
common to inactivate acetylcholinesterase (AChE), an enzyme that is in
charge of the breakdown of the neurotransmitter acetylcholine in the
synaptic cleft of cholinergic neurons. This results in the accumulation of
this neurotransmitter in the synaptic cleft whereupon the corresponding
receptors, the muscarinic acetylcholine receptor (mAChR) and the
nicotinic acetylcholine receptor (nAChR), become overstimulated.
Being the main cause for the OPC-induced adverse health effects, med-
ical measures aim, in general, at the elimination of this overstimulation.
Thus, the standard treatment of OPC intoxication includes the applica-
tion of the mAChR antagonist atropine to reduce neuronal signaling
mediated by this receptor and the use of oximes, such as obidoxime, to
reactivate the AChE and, thus, to lower the acetylcholine level by
enzymatic breakdown (Shih et al.,, 2007; Thiermann and Worek, 2022;
Worek et al., 2005). The use of oximes has, however, often been found to
be insufficiently effective, which strongly depends on the type of OPC
causing the intoxication (Thiermann et al., 2016). Hence, there is a
strong need for pharmacological agents that may counteract over-
stimulation and resulting desensitization of the nAChRs receptors by
direct intervention at this target.

Though antagonists for the acetylcholine binding site of the nAChR
are known, their application to reduce nAChR overstimulation — in
analogy to that of atropine for mAChR - is not feasible, as the thera-
peutic window of these compounds is too small (Sheridan, 2005). Yet, as
an alternative, pharmacological agents that interact with nAChRs via an
allosteric binding site and restore the functional activity of desensitized
receptors may be applied. Among non-oxime bispyridinium salts, a se-
ries of compounds has been identified that act this way, of which MB327
(Fig. 1) can be considered the most prototypic representative. Interest-
ingly, in electrophysiological measurements, MB327 has been demon-
strated to restore the functional activity of nAChRs, which had been
desensitized by overstimulation with orthosteric ligands (Niessen et al.,
2016; Niessen et al., 2018). Furthermore, in silico studies led to the
identification of a potential allosteric binding pocket for MB327 at
nAChRs, termed MB327-PAM-1 binding site, where MB327 is thought to
act as an allosteric modulator reestablishing receptor function (Kaiser
et al., 2023). In addition, pharmacological effects for MB327 and some
analogs have been recorded that demonstrate that these compounds can
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restore the muscle force of rat diaphragm muscles defunctionalized by
soman treatment in ex vivo experiments (Niessen et al., 2018; Seeger
et al., 2012). The ability of MB327 to reactivate soman-poisoned inter-
costal muscles has also been shown for tissue from humans (Seeger et al.,
2012). Moreover, MB327 (respectively the corresponding methanesul-
fonate salt) was found to increase the survival rate of nerve
agent-poisoned guinea pigs in in vivo studies when applied as a drug
agent (Timperley et al., 2012; Turner et al., 2011). Unfortunately, with
its low potency and small therapeutic window, MB327 is far from ful-
filling the requirements for a drug candidate (Kassa et al., 2022). Hence,
great efforts have been undertaken to identify more potent allosteric
modulators of the MB327 binding site.

Sichler et al. have developed an MS Binding Assay addressing the
MB327 binding site using [2Hg]MB327 as a reporter ligand (Sichler
et al., 2018). This has been extensively used for the characterization of
the binding affinities of a plethora of bispyridinium salts related to
MB327 that had been synthesized to gain insight into the
structure-activity relationship of this compound class and to finally
unveil representatives with distinctly higher affinities than MB327.
Although binding affinities of most compounds were in the range of that
of MB327 (pK; = 4.73 +0.03), one bispyridinium salt, PTM0022,
delineated from MB327 by two additional phenyl residues, was found to
surpass the binding affinity of MB327 to a small but statistically sig-
nificant extent (pK; = 5.16 & 0.07) (Rappengliick et al., 2018a, b).
Significant progress was finally achieved when Sichler et al. used their
[*Hg]MB327-based MS Binding Assays addressing the MB327 binding
site of the nAChR for the screening of a commercial compound library
(Sichler et al., 2024). That way, a group of quinazoline derivatives with
high affinities for the MB327 binding site was identified, with the
highest affinities displayed by UNC0638 (pK; = 6.01 + 0.10), UNC0642
(pK; = 5.97 + 0.05), and UNC0646 (pK; = 6.23 + 0.02) (Fig. 1).

The present study aimed to develop new MS Binding Assays for the
MB327 binding site of the nAChR utilizing one of these quinazoline
derivatives as reporter ligand. Such Binding Assays were expected to be
more robust and specific due to the distinctly increased affinity of the
employed reporter ligand as compared to that of MB327 in the [ZHG]
MB327-based MS Binding Assays. Moreover, such Binding Assays should
provide additional solid information on the interaction of the afore-
mentioned quinazoline derivatives with the MB327 binding site of the
nAChR, which so far had only been studied in competitive [2H5] MB327
MS binding experiments. For the new Binding Assays, the concept of MS
Binding Assays was followed due to simple reasons: As often discussed in
the literature, this type of Binding Assays benefits from not requiring
radiolabeled substances, which makes them highly flexible with regard
to the compounds used as reporter ligands. Besides, MS Binding Assays
do not suffer from drawbacks that commonly arise when radioactivity is
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Fig. 1. Ligands of the MB327 binding site of the nAChR: MB327, PTM0022, UNC0638, UNC0642, and UNC0646.
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involved in an experimental setting (Hofner and Wanner, 2015; Wanner
et al., 2007).

To gain knowledge on the intrinsic activity of the newly identified
quinazoline derivatives addressing the MB327 binding site, their capa-
bility to restore muscle force in ex vivo experiments with soman-
poisoned diaphragm muscle tissues were studied, too. In addition,
using docking approaches and molecular dynamics (MD) simulations,
the binding mode and key interaction partners of the analog with the
highest binding affinity, UNC0646, in MB327-PAM-1 were studied.

2. Materials and methods
2.1. Materials

UNC0638 and UNC0642 (purity for both > 95%) were purchased
from MedChemExpress (Sollentuna, Sweden). UNC0646 (purity > 99%)
was received from Axon Medchem (Groningen, Netherlands) and
carbachol (carbamoylcholine chloride, purity > 98%) from Sigma
Aldrich. MB327 and PTM0022 were synthesized in-house by Rappen-
gliick et al., purities > 95% (Rappengliiclk et al., 2018b). Frozen tissue of
Torpedo californica electroplaque was purchased from Aquatic Research
Consultants (San Pedro, CA, USA). Water was obtained from a Sartorius
arium pro ultrapure water system (Sartorius, Gottingen, Germany) for
all purposes. Organic solvents for LC-MS were received from VWR
Prolabo (Darmstadt, Germany) in LS-MS grade. Ammonium formate as
additive for LC-MS (purity > 99%) was purchased from Sigma Aldrich
(Taufkirchen, Germany). All other chemicals were purchased in
analytical grade. Polypropylene reaction tubes and 96-deep well plates
as well as pipette tips were received from Sarstedt (Niimbrecht,
Germany).

2.2, Preparation of nAChR-enriched membrane fragments

The nAChR-enriched membrane fragments were prepared from
frozen electroplaque of Torpedo californica as described by Sichler et al.
(2018).

2.3. UNCO0642 centrifugation-based MS Binding Assays

In general, for MS binding experiments with UNC0642 at Torpedo-
nAChR, the reporter ligand was incubated with aliquots of the mem-
brane preparation from Torpedo californica electroplaque (approx. 75 pg
protein per sample) in incubation buffer (120 mM NaCl, 5 mM KCl,
8.05 mM NayHPO, and 1.95 mM NaH»PO4, pH 7.4). With a total volume
of 1.25 mL, each binding sample was generated in a 1.5 mL reaction
tube. Incubation took place in a shaking water bath (2 h, 25 °C). After
that, the reaction tubes were centrifuged for 5min at 4°C and
23000 rpm (approx. 49000 x g, Heraeus Biofuge Stratos, rotor 3331,
Thermo Scientific, Waltham, USA). In the next step, the formed pellets
were freed from the supernatant using a Pasteur pipette, which was
connected to a vacuum pump via a vacuum filter flask. Thereafter,
pellets were washed two times by the addition of 1.5 mL ice-cold incu-
bation buffer and instant removal of the latter by a vacuum-coupled
Pasteur pipette. To liberate the bound reporter ligand, 500 uL acetoni-
trile (containing 500 nM UNC0638 as internal standard) were given to
the pellets. The mixtures were subsequently subjected to ultrasound in
an ultrasonic bath (SONOREX RK100, Bandelin electronic, Berlin, Ger-
many) for 1 h. Next, the samples were vortexed intensively before they
were centrifuged again under the same conditions as described before.
Of the resulting supernatants 10 uL were transferred into a 96-deep well
plate and diluted by the addition of 490 pL acetonitrile to each well. The
96-deep well plate was sealed with aluminum foil before the samples
were finally analyzed via LC-ESI-MS/MS. For saturation experiments,
total binding was determined for fifteen reporter ligand concentrations,
reaching from 200 nM to 100 uM. For the evaluation of non-specific
binding, binding samples with the five lowest reporter ligand
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concentrations (200 nM - 1 uM) were, in addition, provided with an
excess of competitor UNC0646 (100 pM). Regarding the amount of
DMSO introduced by the stock solutions of the used compounds (10 mM
in DMSQ), all binding samples were adjusted to the same amount of 1%
DMSO (v/v). Competition experiments were performed in analogy to
saturation experiments, except that the reporter ligand concentration in
the binding samples was set to a fixed concentration of 1 uM. Further-
more, binding samples contained test compounds in general in six but at
least in five different concentrations (100 nM - 10 mM). Total binding in
the absence of any test compound was determined by means of control
samples with only 1 uM of the reporter ligand UNC0642 present in
addition to the Torpedo membrane preparation. For the determination of
non-specific binding of the reporter ligand, binding samples containing
1 pM UNC0642 and Torpedo membrane preparation were additionally
provided with 100 uM of UNCO0646 as a competitor.

2.4. Data analysis

The concentration of the reporter ligand, UNC0642, in each sample
was calculated by the Analyst software v. 1.6.1 (AB Sciex, Darmstadt,
Germany) based on an underlying calibration curve. To ensure a reliable
quantification, calibration standards, and a corresponding calibration
function were generated for each binding experiment (see “2.7 Valida-
tion of the LC-ESI-MS/MS method” for details). Further analysis (e.g.,
linear regression, non-linear regression, and normalization) of the data
to evaluate the binding experiments was done with the Prism software v.
6.07 (GraphPad software, La Jolla, CA, USA). For saturation experi-
ments, non-specific binding was determined only for the lowest five
concentration levels (200 nM - 1 uM). By analyzing this data via linear
regression forced through zero a linear regression function was estab-
lished. This was subsequently used for the calculation of non-specific
binding values for all reporter ligand concentrations applied in the
assay. Subtracting non-specific binding from total binding yielded spe-
cific binding, which was further analyzed by the “One site binding
(hyperbola)” regression tool to obtain the values for Bmay and Ky. For
competition experiments, the data received was firstly normalized with
the total binding of the reporter ligand in the absence of a test compound
being set to 100% and non-specific binding to 0%. The data was then
analyzed with the “One site — fit Ki” regression tool, fixing top and
bottom levels to 100% and 0% respectively, yielding competition
curves. The derived ICsp values were automatically transformed into K;
values according to the Cheng-Prusoff equation by the additional input
of the K4 value for the reporter ligand, UNC0642 (Kg4 = 6.7 uM), which
was determined in saturation experiments as described above. If not
stated otherwise, the results of binding experiments (Bmayx, Kq, Kj) are
given as means from three experiments + SEM.

2.5. LC-MS instrumentation

For preliminary experiments and method development, an API3200
triple quadrupole mass spectrometer with a TurboV-ESI source (Sciex,
Darmstadt, Germany) was used in positive mode. After UNC0642 had
been selected as a reporter ligand, all subsequent experiments were
performed on an API5000. The two mass selectors, Q1 and Q3, were
operated under unit resolution. For LC-ESI-MS/MS measurements the
MS instrument was provided with an Agilent 1200 Series HPLC system
(vacuum degasser G1379B, binary pump G1312B, oven G1316B, Agi-
lent, Waldbronn, Germany). The stationary phase consisted of a YMC-
Triart Diol-HILIC (50 mm x 2.0 mm, 3 um; YMC Europe GmbH, Din-
slaken, Germany) protected by two in-line filters (0.5 um and 0.2 pym,
IDEX, Wertheim-Mondfeld, Germany). The mobile phase consisted of a
mixture of acetonitrile and an ammonium formate buffer (20 mM, pH
3.0) in a ratio of 80:20 (v/v). The flow rate amounted to 800 pL/min and
the temperature of the column oven was set to 20 °C. For sample in-
jection (injection volume: 10 uL), a HTS-PAL autosampler (CTC-Ana-
lytics, Zwingen, Switzerland) equipped with a 50 pL syringe was used.
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For the direct infusion of compound solutions into the ESI source, the
HPLC system of the LC-ESI-MS/MS unit was exchanged by a syringe
pump (Harvard Apparatus, Holliston, MA, USA).

2.6. Establishing compound- and source-specific parameters

Mass transitions and compound-specific parameters for UNC0638,
UNC0642, and UNC0646 were determined automatically by the “Com-
pound optimization” tool of the Analyst software according to the
manual of the respective mass spectrometer. For these experiments, the
analytes were dissolved in a mixture of methanol and 0.1% aqueous
formic acid [50:50 (v/v)]. This solution was then directly introduced
into the ESI source using a syringe pump. The optimized compound-
dependent parameters for the determined mass transitions that were
used for the detection of the analytes via MS/MS are listed in Table 1.
Source-specific parameters were optimized for the reporter ligand
UNCO0642 using the “Flow Injection Analysis” tool of the Analyst soft-
ware, to which end a solution of acetonitrile containing 5 nM UNC0642
and 1:50 (v/v) matrix blank was repeatedly injected. The obtained pa-
rameters are as follows: collision gas (N2) = 6 psi, curtain gas (N2)
= 20 psi, nebulizing gas (N2) = 30 psi, auxiliary gas (N») = 50 psi, ion-
spray voltage = 1500 V and temperature = 600 °C.

2.7. Validation of the LC-ESI-MS/MS method

Matrix zero calibrator samples, which were necessary for the gen-
eration of calibration standards and quality control samples, were pre-
pared in the same way as binding samples (see above: "2.3 UNC0642
centrifugation-based MS Binding Assays") with the exception that the
incubation was carried out in the absence of any compounds. Instead,
matrix zero calibrator samples were later spiked with a defined amount
of the reporter ligand, UNC0642, in order to generate the corresponding
calibration standards and quality control samples. Thus, the dilution
step prior to LC-ESI-MS/MS measurement was adapted (compared to
binding samples) and 10 uL supernatant (containing no UNC0642, but
like binding samples 500 nM of the internal standard, UNC0638) were
diluted with 440 pl. acetonitrile and another 50 uL of acetonitrile, which
then contained an according amount of the reporter ligand, UNC0642.
Following this procedure, quality control samples investigated the
subsequently given concentration levels for the reporter ligand,
UNCO0642, with each prepared in six replicates: 50 pM (LLOQ), 500 pM,
5nM, 50 nM. Calibration standards were studied in eight different re-
porter ligand concentration levels, each generated in three replicates (50
pM, 150 pM, 400 pM, 1.2 nM, 3.5 nM, 10 nM, 30 nM, 75 nM). The data
for calibration standards was plotted in a coordinate system with peak
area ratios of analyte vs. internal standard on the y-axis and the con-
centration ratios of analyte vs. internal standard on the x-axis. Calibra-
tion curves were then obtained by linear regression with a weighting
factor of 1/x° Matrix blanks were prepared analogously to binding
samples (see above: "2.3 UNC0642 centrifugation-based MS Binding
Assays") except that there were no compounds present during the in-
cubation and with the difference, that acetonitrile without internal
standard was added to the pellet after the washing process of the
samples.

Table 1

Compound-specific parameters and corresponding mass transitions used for the
detection of UNC0638, UNC0642, and UNC0646. DP = declustering potential,
EP = entrance potential, CE = collision energy, CXP = cell exit potential.

analyte parent ion fragment ion DP EP CE CXP
[M+H]" m/z m/z vl vl vl vl
UNC0638 510.3 112.2 86 10 37 18
UNC0642 547.3 112.1 80 10 43 18
UNCD646 622.5 126.1 91 10 55 4

97

Toxicology Letters 392 (2024) 94-106
2.8. Docking of UNC0646

The structure of the Torpedo-nAChR [PDB-ID: 6UWZ (Rahman et al.,
2020)] was used for docking. The a-neurotoxin and molecules from the
crystallization buffer were removed, and the receptor was protonated
using Protonate3D, as implemented in MOE v2020.09 (Chemical
Computing Group, 2020) at pH 7. The termini were capped with
N-methyl amide (NME) and acetyl (ACE) groups, respectively, using
Maestro (Release 2022-3) (Schrodinger, 2021). The 3D conformation of
the ligand was retrieved from the SMILES code and subsequently docked
using MOE v2020.09 with default parameters for flexible docking
(Chemical Computing Group, 2020).

2.9. Molecular dynamics simulations

The nAChR in complex with two UNC0646 ligands, both at the
negative (i.e., between the f§- and a-subunit and the y- and a-subunit) site
of the a-subunit, was embedded in a membrane consisting of 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids and solvated in
a rectangular box of “optimal point charge” (OPC) water using Packmol-
Memgen (Schott-Verdugo and Gohlke, 2019) from AmberTools22 (Case
etal., 2023; Case et al., 2022). The edge of the box was set to be at least
12 A away from the receptor atoms. KCl was added at a concentration of
150 mM and Cl ions were used to neutralize the system. The AMBER22
package of molecular simulations software (Case et al., 2005) was used
to perform MD simulations in combination with the ff19SB force field
(Tian et al., 2020) for the protein and the Lipid21 force field (Dickson
et al., 2022) for lipids. Ligand charges were calculated according to the
RESP procedure (Bayly et al., 1993) with default parameters as imple-
mented in antechamber (Wang et al., 2006) using electrostatic poten-
tials generated with Gaussian16 (M. J. Frisch et al., 2016) at the HF
6-31 G* level of theory; force field parameters for the ligand were taken
from the gaff force field (Wang et al., 2004). Simulations were subse-
quently performed as described earlier (Kaiser et al., 2023). In short,
first, a combination of steepest descent and conjugate gradient mini-
mization was performed while lowering the positional harmonic re-
straints on receptor and ligand atoms from a force constant of
25 keal mol ' A2 to one of zero. Then, the system was stepwise heated to
300 K and, subsequently, positional harmonic restraints were decreased
from a force constant of 25 keal mol™?! A2 to one of zero.

Thereafter, 12 replicas of 500 ns length each of unbiased MD simu-
lations were performed, using Langevin dynamics with a collision fre-
quency of 2 ps? for temperature control and the Berendsen barostat
with semi-isotropic pressure adaption. The trajectories were analyzed
with CPPTRAJ (Roe and Cheatham, 2013). The per-residue effective
binding energy was computed using the MM-PBSA method, as imple-
mented in AMBER21 (Miller et al., 2012), in the presence of a
heterogenous-dielectric implicit membrane model with spline fitting
(Greene et al., 2019), an ionic strength of 0.15M, and an internal
dielectric constant of 4.

2.10. Binding mode of UNC0642

Based on the MD simulations with UNC0646 bound to nAChR, we
clustered the binding of UNC0646 to obtain a representative binding
mode using the k-means algorithm, as implemented in CPPTRAJ (Roe
and Cheatham, 2013). Based on the biggest cluster (containing 37% of
all frames), we replaced the substituents of the quinazoline ring of
UNCO0646 according to the substitution pattern of UNC0642 and sub-
sequently minimized the ligand in the presence of the receptor with all
receptor atoms constrained using MOE v.2022.02 (Chemical Computing
Group, 2023).

2.11. Image generation

Images of nAChR were generated using PyMol v2.4.0 (Schrodinger,
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2015).
2.12. Alignment of subunits

Sequences of subunits were retrieved from the UniProt database
(accessed on the 30th of January, 2023) (The UniProt, 2023) and
aligned using Jalview v2.11.2.6 (Waterhouse et al., 2009).

2.13. Rat diaphragm myography

All procedures using animals followed animal care regulations.
Preparation of rat diaphragm hemispheres from male Wistar rats (300
+ 50 g) and experimental protocol of myography was performed as
described before with slight modifications (Seeger et al., 2012; Seeger
etal., 2007). The stimulation was shortened from 25 Hz to 20 Hz and the
pulsewidth from 50 to 10 ps. In short, for all procedures (including
wash-out steps, preparation of soman and test compound solutions)
aerated Tyrode solution (125 mM NaCl, 24 mM NaHCO3, 5.4 mM KCl,
1 mM MgCly, 1.8 mM CaCly, 10 mM glucose, 95% Oy, 5% COqy; pH 7.4;
25 + 0.5 °C) was used. After the recording of control muscle force one
hour after preparation, the muscles were incubated in the Tyrode solu-
tion, containing 3 pM soman for 20 min. Following a 20 min wash-out
period, the test compounds were added in ascending concentrations
(0.1 pM to 100 pM). The incubation time was 20 min for each concen-
tration. The electric field stimulation was performed with 10 ps pulse
width and 2 A amplitudes. The tetanic stimulation of 20 Hz, 50 Hz,
100 Hz were applied for 1 s and in 10 min intervals. Muscle force was
calculated as a time-force integral (area under the curve, AUC) and
constrained to values obtained for maximal force generation (muscle
force in the presence of Tyrode solution without any additives; 100%).

All results were expressed in means + SD (n = 6 - 12). For all data
analysis, Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used.

3. Results and discussion

3.1. MS Binding Assays addressing the Torpedo-nAChR with quinazoline
derivatives

3.1.1. LC-ESI-MS/MS method development

For performing the MS Binding Assays with one of the newly iden-
tified ligands of the MB327 binding site with a quinazoline scaffold, i.e.,
UNCO0638, UNC0642, and UNC0646, first, a reliable LC-MS/MS method
for quantification was needed. To this end, a triple quadrupole mass
spectrometer in the multiple reaction monitoring (MRM) mode, in
combination with a pneumatically assisted electrospray ionization
source (ESI) and an HPLC system, should be used. This setup has
repeatedly been demonstrated to achieve the selectivity and sensitivity
required for marker quantification in MS Binding Assays and, thus, to be
well suited for this purpose (Ackermann et al., 2021; Ackermann et al.,
2019; Grimm et al., 2015; Hess et al., 2011; Neiens et al., 2018; Neiens
et al., 2015). In the literature, for the three compounds UNCO0638,
UNCO0642, and UNC0646, only MS studies reporting their parent ions
but no mass fragmentations are known (Liu et al., 2011; Liv et al., 2013;
Vedadi et al, 2011). Accordingly, first, the mass transitions of
UNC0638, UNC0642, and UNC0646 were analyzed in direct infusion
experiments. The most intense mass transitions found, all of which
originated from the parent ion [M+H] ", were (see Fig. S1 for product
ion spectra): UNC0638 m/z 510.3/112.2, UNC0642 m/z 547.3/112.1,
and UNC0646 m/z 622.5/126.1. Next, a suitable LC-ESI-MS/MS method
for the quantification of these compounds had to be developed. To
enable a reasonably high sample throughput of the MS Binding Assays,
such a method should have a short run time while still separating the
analyte from contents in the sample matrix interfering with the MS
analysis, which, according to our experience, can commonly be reached
when the retention factors of the analytes are > 1. In their recent work,
Sichler et al. described LC-ESI-MS/MS quantification methods for MS
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Binding Assays that were all based on the same LC conditions, though
the analytes, all polar ligands, varied (e.g., MB327 and phencyclidine)
(Sichler et al., 2018). This method is based on a YMC-Triart Diol-HILIC
column operated under classical HILIC conditions [mobile phase ace-
tonitrile/ammonium formate buffer (20 mM, pH 3.0) = 80:20; flow rate
800 uL/min]. The quinazoline derivatives UNC0638, UNC0642, and
UNC0646 are to be expected to be protonated and, consequently, to
possess a high polarity under these chromatographic conditions. Hence,
we reasoned that these conditions might also be suitable for their
analysis. Indeed, the chromatograms for UNC0638 and UNC0642 ob-
tained with these LC-parameters were satisfying, with the retention
factor k amounting to 1.7 and 2.1 for UNC0642 and UNC0638, respec-
tively, and the run time to < 3 min (for a chromatogram, see Fig. 2).
Under the same chromatographic conditions, UNC0646, however,
yielded a peak with a retention factor of > 10, which was far too high for
the intended purpose and the peak shape was poor. This issue could be
overcome by raising the amount of buffer in the mobile phase from 20%
to 35%, whereas the flow rate had to be reduced from 800 to 600 pL/min
to not exceed the limits for back pressure. This led to a retention factor
k = 1.2 for UNC0646 (for a chromatogram, see Fig. 52), which was in
the desired range. Finally, preliminary binding experiments should be
performed to explore, which of the three compounds might be best
suited as a reporter ligand for the planned MS Binding Assays.

3.1.2. Preliminary binding experiments and determination of final assay
conditions

When developing a binding assay, irrespective of whether this is, e.
g., a radioligand or MS Binding Assay, a decision regarding the tech-
nique has to be made that is used for the separation of the target protein
with the bound reporter ligand from the rest of the incubation mixture
containing the non-bound ligand. In general, filtration is preferred for
separation, as it offers an efficient way of handling binding samples and
a high sample throughput. Unfortunately, for a filtration-based binding
assay, a ligand with a high binding affinity is required. According to the
literature, the K4 value should be in the range of 107 to 10" M or lower
(Hulme and Trevethick, 2010; McKinney and Raddatz, 2006), as
otherwise the kg rate (indirectly reflected by the Ky value) is too high
and the loss of specifically bound reporter ligand during washing steps
will exceed the 10% limit, which will affect the results to a non-tolerable
extent. As an alternative to the separation process, centrifugation may
be used for ligands with affinities that are too low for filtration. This
approach suffers, however, from the fact that the separation step is
laborious and the throughput rather low. From the pK; values deter-
mined in the [2Hg]MB327 MS Binding Assay for UNC0638 (pK; = 6.01
+ 0.10), UNC0642 (pK; = 5.97 + 0.05), and UNC0646 (pK; = 6.23
=+ 0.02), it is obvious that with these compounds as reporter ligands only
centrifugation can be used for the separation step. As UNC0646 has the
highest affinity for the MB327 binding site compared to UNC0638 and
UNC0642, it was first chosen as a reporter ligand. When following the
general assay procedure Sichler et al. had developed for the
centrifugation-based MS Binding Assay with [*Hg]MB327 as reporter
ligand addressing Torpedo-nAChR, we were indeed able to observe
specific binding for UNC0646 in preliminary binding experiments
(Rappengliick et al., 2018b; Sichler et al., 2018). For the sake of
completeness, also filtration was tested as a separation technique with
UNCO0646 as the reporter ligand. The experiments, however, led to re-
sults suggesting that most of the target-bound ligand had been lost
during this assay based on the filtration approach. Hence, centrifugation
should be used for the separation step for all further experiments. Much
to our surprise, when attempting to finalize the conditions for the MS
Binding Assay with UNC0646 as the reporter ligand, we encountered
repeatedly difficulties regarding the reproducibility of the compound
quantification. Hence, we decided to test UNC0642 as a reporter ligand
in MS Binding Assays, although its binding affinity is lower than that of
UNCO0646. Again, for the MS Binding Assays with UNC0642 as a reporter
ligand, we kept close to the conditions that Sichler et al. had established
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Fig. 2. LC-ESI-MS/MS-MRM chromatogram of a matrix standard containing the
reporter ligand UNC0642 (solid line) at a concentration of 5nM and the in-
ternal standard UNC0638 (dashed line) at 10 nM. For quantification, the mass
transitions m/z 547.3/112.1 and m/z 510.3/112.2 for UNC0642 and UNC0638,
respectively, were used. A YMC-Triart Diol-HILIC (50 mm x 2.0 mm, 3 pym)
column was used as a stationary phase in combination with an 80:20 (v/v)
mixture of acetonitrile and ammonium formate buffer (20 mM, pH 3.0) as
mobile phase, The injection volume amounted to 10 pL and the flow rate to
800 uL/min.

for their centrifugation-based [?Hs]MB327 MS Binding Assay addressing
the Torpedo-nAChR (see Materials and methods for details). However, in
the case of the new binding assay, non-specific binding was determined
by the competitor approach, whereas Sichler et al. had applied the heat
shock method, by which the target material is denatured to lose specific
binding (Sichler et al., 2018). For the new Binding Assays, highly affine
ligands of the MB327 binding site were available that appeared well
suited for the determination of non-specific binding by the competitor
approach with competitors not yet identified when Sichler et al. devel-
oped their [*Hs]MB327 MS Binding Assay. Hence, we opted for this
approach, as this is the most common one (Hulme and Trevethick, 2010;
Motulsky and Neubig, 2002). As a competitor for the determination of
non-specific binding, UNC0646 was selected as one of the two quina-
zoline derivatives with high affinities for the MB327 binding site,
UNC0638 and UNC0646. This decision was made, as the reporter ligand
should be quantified using an internal standard to improve the robust-
ness of the quantification method. Hence, one of the two aforemen-
tioned quinazoline derivatives was needed to this end. As only UNC0638
exhibits a chromatographic behavior similar to that of the reporter
ligand UNC0642 but not UNC0646 (see Section 3.1.1), which is essential
for a compound to be used as an internal standard, UNC0638 could serve
this function. Accordingly, for determining non-specific binding in the
binding assay, quinazoline derivative UNC0646 had to be used.

3.1.3. LC-ESI-MS/MS method and method validation

With the conditions of the MS Binding Assays and, thus, also the
matrix of the analytical samples being defined, the preconditions for the
validation of the LC-ESI-MS/MS method for the quantification of the
reporter ligand UNC0642 with UNC0638 as internal standard were
given, As indicated above, the LC method was largely the same as the
one developed by Sichler et al. (Sichler et al., 2018). In Fig. 2, a chro-
matogram of the ligand UNC0642 and the internal standard UNC0638
obtained applying these LC conditions is given with the most important
parameters of the LC-ESI-MS/MS method being listed in the caption (for
further details see Materials and methods). For the validation of the
analytical method, the recommendations of the FDA guidance for bio-
analytical method validation were followed regarding the criteria line-
arity, accuracy, precision, sensitivity, and selectivity (FDA, 2018). The
results of the validation process are briefly discussed in the following.
Detailed validation data of the corresponding three validation series can
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be found in the SI (see Fig. S3 and Table S1). For the validation exper-
iments, matrix blank and matrix zero calibrator samples were prepared
in analogy to the samples of the MS binding experiments. Matrix zero
calibrator samples were used to create calibration standards and quality
control samples (see Materials and methods for details). Calibration
standards were prepared for eight different concentrations in the range
from 50 pM (lower limit of quantification, LLOQ) to 75 nM and quality
control samples for the four concentrations 50 pM (LLOQ), 500 pM,
5 nM, and 50 nM. In calibration standards and quality control samples,
the internal standard UNC0638 was present at 10 nM. To evaluate the
linearity of the quantification method in the investigated concentration
range (50 pM to 75 nM), the calibration standards were analyzed via
linear regression to obtain a calibration curve (see Materials and
methods for details). The criteria of the FDA guideline for linearity de-
mand calibration standard deviations from the nominal concentrations
to be within a limit of + 15% ( + 20% at LLOQ). As we determined
calibration standard deviations from the nominal concentrations in the
range from 93% to 112%, the criteria of the FDA guideline for linearity
were fulfilled. Deviations of the measured concentrations from nominal
concentrations within + 15% ( + 20% at LLOQ) are required for accu-
racy by the FDA guidelines for quality control samples. For intra-run
samples, accuracies from 91 - 103% and for inter-run samples accu-
racies from 94 - 101% were found, thus fulfilling the acceptance criteria
of the FDA guideline for these criteria. The quality control samples were
also examined regarding precision (expressed by the relative standard
deviation), which amounted to 2.5 - 6.5% and 4.0 - 6.3% for intra-run
and inter-run precisions, respectively, being in line with the accep-
tance criteria of = 15% ( £+ 20% at LLOQ) of the FDA guidelines. Also,
the sensitivity of the LC-ESI-MS/MS method was guaranteed as the in-
tensity of the peak corresponding to the LLOQ of 50 pM as compared to
the noise signals was in line with the required signal-to-noise ratio of at
least five. When a matrix blank sample was measured, no interference
was found, demonstrating the selectivity of the established
LC-ESI-MS/MS method. Overall, all studied validation criteria of the
analytical method comply with the standards defined by the FDA
guidelines.

3.1.4. UNC0642 MS Binding Assays

3.1.4.1. Saturation experiments. Next, with the validated quantification
method for UNC0642 at hand, the binding of this compound to Torpedo-
nAChR should be characterized in saturation experiments. For satura-
tion experiments, the target is in general incubated with the reporter
ligand in a concentration range from 0.1 K4 to 10 Kq for the determi-
nation of total binding. As the K4 of UNC0642 was expected to be in the
very low micromolar range, we investigated fifteen different reporter
ligand concentrations ranging from 200 nM to 100 uM for total binding.
For the determination of non-specific binding, a further set of binding
samples containing UNC0646 as competitor was prepared. Because of its
low solubility, UNC0646 could only be used in an assay concentration of
up to 100 pM. Since the affinity of UNC0646 (pK; = 6.23 + 0.02)
determined in [*Hg]MB327 MS Binding Assays is similar to that of the
reporter ligand UNC0642 (pK; = 5.97 + 0.05), according to common
rules, at least a hundredfold excess of the competitor UNC0646 over the
reporter ligand UNC0642 had to be applied. Hence, because of the
limited solubility of UNCO0646, non-specific binding could only be
measured for the five lowest reporter ligand concentrations (200 nM -
1 pM). Based on these data, a linear regression function, which was
forced through zero, was established and finally used for the calculation
of non-specific binding values for all reporter ligand concentrations
employed in the assay (Davenport and Russell, 1996).

Specific binding as the difference between total and non-specific
binding was finally analyzed by non-linear regression, generating satu-
ration isotherms that revealed a binding affinity for UNC0642 of 6.7
+ 0.4 pM (Kq) and a maximum density of binding sites Bmax = 2980
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+ 130 pmol/mg protein. The results of a representative saturation
experiment are depicted in Fig. 3. The obtained K4 value of 6.7
=+ 0.4 uM, corresponding to a pKg of 5.17 £ 0.03, is in reasonable
accordance with the pK; value of 5.97 + 0.05 previously determined by
Sichler et al. (Sichler et al., 2024). The Bpax value found in our experi-
ments appears to be rather high, which may be explained by recent in
silico experiments suggesting that there are multiple MB327 binding
sites in the nAChR (Kaiser et al., 2023). Overall, the results of these
saturation experiments indicate that UNC0642 binds to nAChR in a
specific and saturable manner, which in combination with the data
found by Sichler et al. in competition experiments with [2Hs]MB327 as
reporter ligand (Sichler et al., 2024), further supports the assumption
that both address the same binding site, the MB327 binding pocket of
Torpedo-nAChR.

3.1.4.2. Competition experiments. Finally, with the methodology for
performing saturation experiments with UNC0642 as a reporter ligand
at hand, competitive MS Binding Assays addressing the MB327 binding
site of Torpedo-nAChR should be established. These should be used to
characterize the binding affinities of a representative set of ligands of the
MB327 binding pocket known from [?Hs]MB327 MS Binding Assays. As
the binding affinity of MB327 towards the MB327 binding site of Tor-
pedo-nAChR is rather low, the results from MS Binding Assays based on
[2Hg]MB327 as a reporter ligand might deviate from the real value. Yet,
these results should still be a reasonable basis for a comparison with the
data obtained from the new MS Binding Assay with UNC0642 as a re-
porter ligand. The comparison might allow us to validate the results of
the UNC0642 MS Binding Assay and, in addition, further support the
assumption that UNC0642 and MB327 address the same binding pocket
of Torpedo-nAChR. The set of competitors to be studied in the UNC0642
MS Binding Assays contains MB327, as the reporter ligand from the
[?Hg]MB327 MS Binding Assay and most prototypic representative of
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bispyridinium salts addressing nAChR, and PTM0022, as this compound
shows the highest affinity so far found within the class of bispyridinium
salts (Rappengliick et al., 2018b). Furthermore, the quinazoline deriv-
ative UNC0646 should be included in this set of test compounds, as it
represents the compound with the highest affinity for the MB327
binding site so far known (Sichler et al., 2024). For control purposes,
finally, also the effect of carbachol, which is a well-known ligand of the
orthosteric binding site of nAChR, in the new competitive MS Binding
Assays with UNC0642 as the reporter ligand should be studied. The
competition experiments were performed in analogy to the saturation
experiments with the following adaption. The concentration of the re-
porter ligand UNC0642 was kept constant at 1 uM. Binding samples
were provided with increasing concentrations of the respective test
compounds, usually covering a range of three orders of magnitude
around the expected ICso. After quantification of the reporter ligand via
LC-ESI-MS/MS, the obtained data was normalized. For this, binding
samples had been prepared, which contained no competitor (equivalent
to 100% specific binding) or 100 yM UNC0646 as competitor (i.e.,
non-specific binding, 0% specific binding). Competition curves were
created by non-linear regression yielding the respective IC5q values of
the test compounds from which K; values were calculated according to
the Cheng-Prusoff equation (see Materials and methods for details). The
competition curves that resulted when the above-mentioned test com-
pounds were characterized in the new competitive MS Binding Assays
with UNCO0642 as reporter ligand - in three independent experiments in
every case — are given in Figs. 4a and 4b.

Except for carbachol, for all other test compounds, the shape of the
competition curves was well in line with theoretical models. The anal-
ysis of the curves revealed ICsq values from which pK; values of 3.40
+ 0.04, 4.80 4+ 0.03, and 5.83 + 0.05 for MB327, PTM0022, and
UNCO0646, respectively, were calculated. Overall, pK; values found in the
new MS Binding Assay utilizing UNC0642 as reporter ligand were lower
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Fig. 3. Representative saturation experiment for UNC0642 binding to Torpedo-nAChR. Total binding (black circles) and non-specific binding (orange triangles).
Linear regression of non-specific binding is shown as an orange dashed line. Total binding (black circles) was not further analyzed and only used to calculate specific
binding. Accordingly, no black line is given in the figure. Specific binding (pink circles) was calculated as the difference between total binding and non-specific
binding and analyzed by non-linear regression (solid pink line). Experimental values are means -+ SD, n = 3.
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than those determined in the [ZH(,]MB327 MS Binding Assay, but most
importantly the rank order of affinities remained the same (MB327 <
PTMO0022 < UNC0646, see Table 2). Interestingly, also carbachol
affected the binding of UNC0642. Up to a concentration of 1 puM
carbachol, the UNC0642 binding remained largely unchanged, whereas
it decreased for higher carbachol concentrations to reach a plateau of 75
- 80% at about 10 uM, which persists up to the highest concentration
applied (1 mM). Notably, the change of UNC0642 binding occurs in the
same range of carbachol concentration — 1 pM to 10 uM - that is known
from functional studies to affect the transition of Torpedo-nAChR from
its resting into its active state (Niessen et al., 2016). If the concentration
of an orthosteric ligand present at the nAChR is far above the amount
required for activation, the receptor switches into a desensitized state
(Papke, 2014). This has to be taken into account for the analysis of the
above-described data, as the transition of Torpedo-nAChR into the
desensitized state likely occurs at a carbachol concentration covered in
the experiments, i.e., > 100 uM (Wahra et al., 2023), Thus, the decrease
of UNC0642 binding to the MB327 binding site upon increasing the
carbachol concentration is likely the result of a conformational change
due to the orthosteric ligand binding, which exerts an allosteric effect
between the orthosteric and the MB327 binding site (Kaiser et al., 2023).
However, for a better understanding of the interaction between the
MB327 binding site and the orthosteric binding site, further studies are
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Fig. 4. a) Competition curves obtained for MB327 (green), PTM0022 (blue),
and UNC0646 (orange). b) Influence of carbachol on UNC0642 binding. Data
points (mean -+ SD, n = 3) represent the specific binding of UNC0642.
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needed.

Overall, according to the results of the UNC0642 MS Binding Assays,
it is reasonable to conclude that UNC0642 alike MB327 addresses the
MB327 binding site of the nAChR. In particular, the binding of UNC0642
can completely be inhibited by MB327, and both the MS Binding Assay
based on UNC0642 and on [Hg]MB327 vield pK; values that are in
reasonable to good agreement and lead to the same rank order of po-
tencies in competitive experiments for the set of ligands studied (see
Table 2). Hence, the UNC0642 MS Binding Assays represent a valuable
new tool for the characterization of the affinity of ligands of the MB327
binding site of the nAChR. With the binding affinity of UNC0642 being
distinctly higher than that of [He]MB327, the reporter ligands of the
UNC0642 and [ZHﬁ]MB327 MS Binding Assays, the former can be
considered more robust with regard to its performance and results than
the latter. In addition, the former MS Binding Assay has the advantage
that its reporter ligand, UNC0642, is commercially available, which
eases its setup.

3.2, In silico investigation of the UNC0646 binding mode in MB327-
PAM-1

Recently, we proposed a novel binding site, MB327-PAM-1, in
nAChR for binding of MB327 that can explain the allosteric modulation
relevant for treating poisoning with OPC (Kaiser et al., 2023).
MB327-PAM-1 is located in between two adjacent subunits at the tran-
sition of the extracellular to the transmembrane region and is different
from two allosteric and one orthosteric binding pocket that had been
proposed before for bispyridinium compounds using in silico methods
(Epstein et al., 2021; Wein et al., 2018). To investigate the binding site of
the ligand with the highest binding affinity in this study, UNC0646, first,
we performed flexible docking experiments to place the ligand in
MB327-PAM-1. To do so, we selected all residues within 9 A of the
centrally located E199¢ (respectively, Q209p, E2108, E200y in the other
subunits) as a potential binding site. UNC0646 was placed similarly at
the negative side of the two o subunits, whereas in the other three
subunits, the ligand was either placed in the middle between two
possible binding sites or more towards the pore, which would result in a
high solvent exposure (SI Fig. S4). In between the y- and o-subunit
(binding site A), the best-scored conformation contains a twist confor-
mation of the cyclohexane ring and a boat conformation of the piperi-
dine ring of the side chain in the 4-position of the quinazoline ring (SI
Fig. 55). As these ring conformations are energetically unfavorable, we
chose the second best-scored conformation. The orientation of UNC0646
in the binding pocket is similar there but the rings have chair confor-
mations. Overall, in both binding sites at the negative side of the
a-subunits, the orientation of UNC0646 is comparable. However, while
in between the p- and a-subunit (binding site B) the nitrogen of the
piperidine ring in the 4-position of the quinazoline ring is interacting
with E199a, the ligand is placed more deeply in the binding site A,
which facilitates interaction between this nitrogen and E65y (Fig. 5A, ST
Fig. S6).

To further scrutinize interactions with surrounding amino acids, we
performed 12 replicas of 500 ns long unbiased MD simulations starting
from the docked conformations of UNC0646 in binding sites A and B

Table 2

pK; values abtained from ICsq values determined in UNC0642 MS Binding Assays
and [*Hg]MB327 MS Binding Assays, respectively (Rappengliick et al., 2018b;
Sichler et al., Unpublished resuits).

compound UNC0642 [2Hg]MB327
MS Binding Assay MS Binding Assay
PKi
MB327 3.40 = 0.04 4.73 £ 0.03
PTM0022 4.80 = 0.03 5.16 + 0.07
UNC0646 5.83 = 0.05 6.23 £ 0.02
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resulting in 6 ps (12 x 500 ns) of cumulative simulation time. During MD
simulations, the receptor and membrane remained structurally virtually
invariant (SI Fig. S7, $8). Throughout the MD simulations, UNC0646
showed smaller movements in binding site A (RMSD = 3.02 + 0.30 A)
than binding site B (RMSD = 5.13 + 0.58 A, p = 0.004 according to a
two-sided t-test). Furthermore, UNC0646 leaves the binding site B in six
out of 12 replicas [distance to I165¢ < 5 A in the last frame, as done
previously (Kaiser et al., 2023)], whereas this does not occur in any of
the 12 replicas in binding site A. Together, this suggests that the
orientation of UNC0646 in binding site A is preferred.

Thus, we used this orientation to further predict important residues

Toxicology Letters 392 (2024) 94-106

for interactions, in particular, salt bridge interactions of the three ter-
tiary amines in the substituents of the quinazoline ring with the gluta-
mates in the binding site; glutamates were ranked as the most important
residues for ligand binding in per-residue decompositions of the effec-
tive binding energy computed with MMPBSA (SI Fig. 59). E65y, previ-
ously described to be important for interactions with MB327 (Kaiser
et al., 2023), shows the most conserved interactions with the piperidyl
moiety in position 4 of the quinazoline ring (71.8 £ 7.4% of all frames,
Fig. 5). Second, the positively charged nitrogen of the substituent in the
7-position interacts primarily with E69u (28.2 + 10.5%). As this nitro-
gen is located in an area surrounded by four glutamates (E69a, E199q,
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Fig. 5. UNC0646 and interacting residues in Torpedo-nAChR. a) Docked binding mode of UNC0646 as starting point for MD simulations. b) Minimal distance of the
positively charged piperidyl nitrogen in the sidechain at position 4 to the carboxylate oxygens of E65y. ¢) Minimal distance of the positively charged piperidyl
nitrogen in the side chain at position 7 to the carboxylate oxygens of E65c, E199u, E286, and E292y, d) Minimal distance of the positively charged nitrogen in the
diazepane ring to the carboxylate oxygens of E75x and E64y. Amino acids in panel A are colored according to the plot colors in panels b) - d). The values in panels B-D
indicate the mean + SEM (taken over 12 replicas each) of the frequency of hydrogen bonds (distance of nitrogen to carboxylate oxygen < 4 A).



Publication II

116

V. Nitsche et al.

Table 3
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Sequence similarity of Torpedo and human adult muscle-type nAChR subunits. Amino acids shown in Fig. 5 are represented with green shadings. Amino acids at
structurally homalogous positions in other subunits are shown on a white background; amino acids with deviating physicochemical properties are shown in italics.

Human muscle-type nAChR Torpedo nAChR
a B (4] € o B 4] Y
E E E E E69 E E E
T S T T E75 T T T
E Q E E E199 Q E E
E D K Q E286 D Q Q
N D E E N / D E64
Q E E E Q E E E65
S E A E 5 E E E292

E286a, and E292y), additional salt bridge interactions can form.
Considering all four glutamates, the nitrogen is interacting with
carboxylate oxygens in 40.3 + 9.7% of all frames. In contrast, the ter-
tiary amine nitrogen in the diazepane ring at position 2 shows only
minor interactions with the two surrounding glutamates (E75a, and
E64y; in 19.4 + 5.0% of all frames). These results indicate that the side
chain in the 4-position of the quinazoline ring is most important for
forming salt bridge interactions whereas the diazepane ring is least
important. These findings are in line with a structure-affinity relation-
ship deduced from compounds UNC0646, UNC0642, and UNC0638,
where removing the positive charge in the 2-position of the quinazoline
ring has only minor effects on ligand affinity. Furthermore, the findings
are supported by residue conservation analysis according to which E65y,
E69a, E199¢, and E286a are highly conserved among different subunits
of the Torpede and human muscle-type nAChR such that acidic side
chains at each position are available in at least three of the five subunits
and hydrogen bond acceptors are available in all subunits but one
(Table 3). By contrast, E292y, E75¢, and E64y are less conserved
(Table 3).

Based on a representative binding mode of UNC0646 during MD
simulations in binding site A, we replaced the substituents of the qui-
nazoline ring of UNC0646 to match those of UNC0642 using MOE and
subsequently minimized the ligand in the binding site (SI Fig. S10). The
substituents in 4- and 7-position of the quinazoline ring of UNC0642
interact similarly as those of UNC0646, whereas due to a lack of pro-
tonation sites interactions with the ring system in 2-position are missing.

3.3. Evaluation of the muscle force recovery of quinazoline-based
compounds

To gain more knowledge on the intrinsic effects of UNC0638,
UNC0642 and UNC0646 we performed myographic experiments with
soman-poisoned and also un-poisoned rat diaphragms. The corre-
sponding results of these experiments are summarized in Fig. 6. Inter-
estingly, the compound with the highest known affinity to the MB327
binding site, UNC0646, was the only compound in this series of exper-
iments that did not seem to have a beneficial effect on the restoration of
muscle force after soman poisoning. UNC0638 and UNC0642 instead
induced the regeneration of muscle force at a maximum of 30 uM and
10 pM, respectively. The highest extent of recovery was observed for a
stimulation frequency of 20 Hz and amounted to 18.4 +16.1% for
UNCO0638 at 30 pM and 16.2 + 12.8% for UNC0642 at 10 uM (mean
=+ 8D, n = 5). The maximum amplitudes of UNC0638 and UNC0642 are
thus lower than the maximum amplitude observed for MB327
[approximately 30% at 20 Hz (Niessen et al., 2018; Seeger et al., 2012)],
but favorably the concentration needed to generate the described effect
was distinctly lower for UNC0638 and UNC0642 than for MB327, which
showed its maximum effect at a concentration of 300 uM. To obtain a
recovery comparable to that exhibited by UNC0638 and UNC0642 at a
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concentration of 30 uM and 10 pM, respectively, MB327 had to be used
at 100 uM (Niessen et al., 2018; Seeger et al., 2012). Noteworthy, the
muscle force restoration effected by UNC0638 and UNC0642 declined at
higher concentrations after the maximum had been reached at 30 uM
and 10 uM, respectively. This phenomenon has been observed for
MB327 and some MB327 analogs before (Niessen et al., 2018). It has
been speculated, that counteracting effects, mediated by different
binding sites may be responsible for the observed course of muscle force
as a function of the compound concentration. In the present case, i.e. for
UNC0638, UNC0642, and UNC0646, this theory is supported by results,
that have been obtained in myographic experiments performed in
analogy to those above except for using native, functionally active
instead of soman-poisoned rat-diaphragms.

Here, the muscle force of the functionally active muscle decreased
when UNC0638 and UNC0642 were applied at high concentrations (i.e.
> 10 pM). This effect was even more pronounced for UNC0646, as it
started at distinctly lower concentrations and led to a nearly complete
inhibition of the muscle force at 1 pM (see Fig. 6). Hence, the “bell-
shape” of the curve of muscle-force recovery in soman-poisoned rat di-
aphragms upon treatment with UNC0638 and UNC0642 may be
attributed to the above-described counteracting effect, which is, how-
ever, moderate, so that at lower concentration a positive effect still
prevails. In contrast, in the case of UNC0646 no positive effect on muscle
force recovery remains, as here the counteracting effect starts at
distinctly lower concentrations and is more pronounced.

Finally, it should be mentioned, that the muscle force decreasing
potential of the studied compounds appears to be reversible, as the
muscle force partly recovers when the respective samples are subjected
to a washing step (see Fig. 6).

Overall, the quinazoline derivatives UNC0638, UNC0642 and
UNCO0646 identified as binders of the MB327-PAM-1 binding site of the
nAChR are in principle also able to restore muscle function of soman-
poisoned muscle tissue. Though the maximum amplitudes for muscle
force recovery of UNC0638 and UNC0642 are lower than those found for
MB327, the maximum values are, remarkably, reached for the two
quinazoline derivatives at distinctly lower concentrations than for
MB327, which is likely to result from their higher binding affinities.
Future studies will have to aim on a better understanding of the factors
responsible for the counteracting effects regarding the recovery of
muscle force in soman-poisoned rat diaphragms that might finally lead
to more potent compounds.

4. Conclusion

The quinazoline-based compounds UNC0638, UNC0642, and
UNCO0646 had been identified as hits in a recent library screening
campaign using competitive [2H6]MB327 MS Binding Assays in the
search for new ligands addressing the MB327-PAM-1 binding site of the
nAChR. In the present study, these compounds, which exhibit the
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Fig. 6. Muscle force of soman-poisoned (left) and un-poisoned (right) rat diaphragms after treatment with a) UNC0638, b) UNC0642, and c) UNC0646. Left: Muscle
force of diaphragm muscle was blocked by 3 uM soman. Right: Muscle force generation of un-poisoned muscle. Muscle force generation was measured as the area
under the curve normalized to muscle force under control conditions at the start of the measurement (n = 6 - 12).

highest affinities known so far for the MB327-PAM-1 binding site, have
been used for the development of new MS Binding Assays for the
aforementioned binding site of the nAChR with UNC0642 serving as
reporter ligand, UNC0638 as internal standard and UNC0646 as
competitor for the determination of non-specific binding. The new
UNC0642 MS Binding Assays comprised the characterization of the
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binding of UNC0642 to the MB327-PAM-1 binding site of Torpedo-
nAChHR in saturation experiments and the determination of the binding
affinity of a set of ligands of the aforementioned binding site in
competition experiments. The results were in good accord with those
obtained from the [2H5]MB327 MS Binding Assays, that had been used
so far for the determination of binding affinities for the MB327 binding
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site. Carbachol used as a control had only a very small effect on reporter
ligand binding in respective competition experiments. As this com-
pound, carbachol, represents a ligand of the orthosteric binding site of
the nAChR the observed effect on reporter ligand binding is likely to be
attributed to an allosteric interaction between both binding sites. Based
on the results obtained with the new UNC0642 MS Binding Assay it is
reasonable to conclude, that this binding assay addresses the same
binding site as the [?Hg]MB327 MS Binding Assay, i.e. the MB327-PAM-
1 binding site of the nAChR. Hence, the UNC0642 MS Binding Assays
represent a valuable alternative to the [*Hg]MB327 MS Binding Assays
and profit from the high affinity of the reporter ligand, which will
contribute to the robustness of the Binding Assays, and from the com-
mercial availability of said compound.

By using docking approaches and molecular dynamics simulations,
the binding mode and key interactions of UNC0646 in the recently
proposed allosteric binding site of the nAChR, the MB327-PAM-1
binding site, could be successfully unveiled.

Ex vive studies revealed a beneficial effect of UNC0638 and UNC0642
on muscle force recovery of soman-poisoned rat diaphragms. In exper-
iments with un-poisoned muscle tissues, a muscle force-reducing effect
was uncovered for all three test compounds, which in the case of
UNCO0646 is likely to be so strong that it overcompensates the positive
effect, that might originate from this compound on soman-poisoned
muscle tissue, as well. This may explain the observed lack of such an
effect for this compound. Though the maximum effect in muscle force
recovery mediated by UNC0638 and UNC0642 was lower than that
observed for MB327 and some analogs, this effect was reached at
distinctly lower concentrations for UNC0638 and UNC0642 than that
needed in the case of MB327. This might reflect the distinctly higher
binding affinities of UNC0638 and UNC0642 for the MB327-PAM-1
binding site as compared to MB327 and analogs.

Overall, UNC0638, UNC0642, and UNC0646 have been found to
address the MB327-PAM-1 binding site of the nAChR with high affinity,
which renders quinazoline derivatives a promising class of compounds
for further studies aiming at the development of drugs for the treatment
of the nAChR-mediated pathological effects of organophosphorus
poisoning.
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Supporting Information

Figure S1. Product ion spectra of UNC0638 (a), UNC0642 (b), and UNC0646 (c).
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Figure S2. Representative LC-ESI-MS/MS-MRM chromatogram of UNC0646 (m/z 622.5/126.1,
10 nM in acetonitrile) recorded at an API3200, using the following chromatographic
parameters. Stationary phase: YMC-Triart Diol-HILIC (50 mm x 2.0 mm, 3 um). Mobile
Phase: 65:35 (v/v) acetonitrile and ammaonium formate buffer (20 mM, pH 3.0), 20 °C. Flow
rate: 600 pL/min. Injection volume: 10 pL.
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Table S1. Validation results of the LC-ESI-MS/MS method for the guantification of UNC0642
Intra-Series )
" " " Inter-Series
Sample (n) Series 1 Series 2 Series 3
M A P M A P M A P M A P
50 pM Cal (3) 0.0502 100 114 0.0514 103 11.1 0.0507 101 9.51 0.0508 102 9.31
150 pM Cal (3) 0.148 98.7 0.676 0.141 93.8 7.67 0.144 96.0 5.24 0.144 96.1 5.08
400 pM Cal (3) 0.399 99.7 4.40 0.375 93.8 3.53 0.386 96.4 4.31 0.386 96.6 4.45
1.2 nM Cal (3) 1.22 102 2.96 1.23 102 0.471 1.28 106 0.452 1.24 103 2.62
3.5 nM Cal (3) 3.41 97.3 4.78 3.54 101 5.67 3.33 95.2 1.25 3.43 97.9 4.65
10 nM Cal (3) 11.1 111 2.38 10.9 109 1.92 11.2 112 3.73 11.0 110 2.72
30 nM Cal (3) 279 929 2.10 28.5 95.1 1.42 27.8 92.6 1.62 28.1 93.5 1.98
75 nM Cal (3) 736 98.1 1.13 77.1 103 1.40 74.7 100 2,70 75.1 100 2.63
Equation of the y=1.57 * x+0.00292 y=1.74*x+0.00217 y=1.86* x+ 0.00182 :
calibration curve @ (r=0.9973) (r=0.9971) (r=0.9914)
50 pM QC (6) 0.0471 94.2 5.45 0.0467 93.5 6.51 0.0502 100 5.15 0.0480 96.0 6.31
500 pM QC (6) 0.484 96.8 3.84 0.467 93.5 5.80 0.460 91.1 4.89 0.470 94.1 5.089
5nM QC (6) 4.93 98.6 2.60 5.16 103 5.28 5.03 101 2.46 5.04 101 4.01
50 nM QC (6) 47.5 95.0 2.69 49.1 98.0 5.68 46.0 921 2.66 47.6 95.1 4.66

M = mean concentration [nM], A = accuracy [%)], P = precision [%], * weighting factor: 1/x?
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Figure S3. Representative LC-ESI-MS/MS-MRM chromatograms of UNC0642 (m/z
547.3/112.1) recorded as part of the validation process of the applied LC-ESI-MS/MS
quantification method. Chromatographic conditions: stationary phase, YMC-Triart Diol-HILIC
(50 mm x 2.0 mm, 3 pm); mobile phase, 80:20 (v/v) acetonitrile and ammonium formate
buffer (20 mM, pH 3.0), 20 °C; flow rate: 800 puL/min; injection volume: 10 pL. (a) LLOQ of
50 pM, (b) Matrix blank.
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Figure S4. Conformations of UNC0646 in MB327-PAM-1 in each subunit after blind docking
experiments. a) Extracellular view of the receptor. The two a-subunits are colored yellow and
green, the &-subunit pink, the B-subunit cyan, and the y-subunit salmon. Binding mode of
UNCO0646 in between the b) y- and a-subunit, ¢) a- and 8-subunit, d) - and B-subunit, e) B-
and a-subunit, and f) a- and y-subunit. The receptor is shown as ribbon, the surface as a grey
contour, and the ligand as sticks.
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Figure S5. Docked orientation of UNC0646 between the y- and a-(yellow) subunit. The y-
subunit has been omitted for clarity. The substituent in position 4 of the quinazoline ring is
oriented in a) in a boat-twist conformation in the best-ranked pose and b) in a chair-chair
conformation in the second-best-ranked conformaticn.

Figure S6. Docked binding mode of UNC0646 in between the B- and a-subunit. The ligand is
shown in cyan and side chains similar to those in Figure 1 are shown in forest green.
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Figure S7. Backbone (C, CA, N) RMSD of nAChR during 12 replicas of 500 ns long MD
simulations compared to the first frame of the production runs.
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Figure S8. Electron density of water and membrane components over all 12 replicas of 500 ns
long MD simulations. The electron density is plotted against the z-coordinate with the
membrane centered at 0 A for phosphatidylcholine (PC), oleic acid (OL), palmitoyl acid (PA),
and water (WAT).
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Figure S9. MMPBSA per-residue decomposition of the binding effective energy of UNC0646 in

the subunits composing binding site A (y- and a-subunit). Glutamates are shown in red.
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Figure $10. Binding mode of UNC0642 in MB327-PAM-1. The binding mode was obtained from
a representative binding mode of UNCO646 in binding site A (between the y- and a-subunit)

and subsequent minimization of the ligand in the binding site.
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Abstract

Desensitization of nicotinic acetylcholine receptors (nAChRs) can be induced by overstimulation with
acetylcholine (ACh) caused by an insufficient degradation of ACh after poisoning with
organophosphorus compounds (OPCs). Currently, there is no generally applicable treatment for OPC
poisoning that directly targets the desensitized nAChR. The bispyridinium compcound MB327, an
allosteric modulator of nAChR, has been shown to act as a resensitizer of nAChRs, indicating that drugs
binding directly to nAChRs can have beneficial effects after OPC poisoning. However, MB327 also acts
as an inhibitor of nAChRs at higher concentrations and can thus not be used for OPC poisoning
treatment. Consequently, novel, more potent resensitizers are required. To successfully design novel
ligands, the knowledge of the binding site is of utmost importance. Recently, we performed in silico
studies to identify a new potential binding site of MB327, MB327-PAM-1, for which a more affine
ligand, UNC0646, has been described. In this work, we performed ligand-based screening approaches
to identify novel analogs of UNC0646 to help further understand the structure-affinity relationship of
this compound class. Furthermore, we used structure-based screenings and identified compounds
representing four new chemotypes binding to MB327-PAM-1. One of these compounds, cycloguanil,
is the active metabolite of the antimalaria drug proguanil and shows a higher affinity towards MB327-
PAM-1 than MB327. Furthermore, cycloguanil can reestablish the muscle force in soman-inhibited rat
muscles. These results can act as a starting point to develop more potent resensitizers of nAChR and
to close the gap in the treatment after OPC poisoning.

Introduction

Chemical warfare agents remain a serious threat to the military and civilian population.
Organophosphorus compounds (OPCs) are one class of chemical warfare agents and block
acetylcholinesterase (AChE) covalently [1]. This inhibits the decomposition of acetylcholine causing
inflated acetylcholine (ACh) concentrations in the synaptic gap and, thereby, an overstimulation of
muscarinic (mAChR) and nicotinic (nAChR) acetylcholine receptors. The overstimulation leads to
structural rearrangements of nAChR, resulting in a non-functional, desensitized state [1-3].

While the overstimulation of mAChRs can be treated with atropine, only antidotes (oximes) with
insufficient efficiency are available to treat the overstimulation of nAChRs indirectly by reactivating
AChE. However, these oximes are ineffective against several OPCs, in particular, when aging leads to
altered OPC-enzyme complexes that are less susceptible to reactivation [4, 5]. Thus, novel antidotes
are required to treat OPC poisonings.

The compound MB327 can reestablish the muscle force of OPC-poisoned muscles by interacting
directly with nAChRs from several species via an allosteric modulation [6-10]. Furthermore,
administration of MB327 can prolong the survival rates of guinea pigs after tabun poisoning compared
to the oxime HI-6, both in combination with physostigmine and hyoscine [11]. While these results are
promising, MB327 cannot be used in the treatment of OPC poisoning so far because the therapeutic
range is too narrow. Restoration of the muscle force in a rat diaphragm myography assay by MB327
increases up to concentrations of 300 uM but decreases at higher concentrations [9, 10]. Similarly,
MB327 initially shows positive allosteric effects on nicotine binding, which decrease at micromolar
concentrations. Likewise, MB327 increases the binding of the orthosteric ligand epibatidine up to
micromolar concentrations but at higher concentrations decreases it [7, 9]. These results indicate that
MB327 transmits inhibitory effects on nAChR via binding to the orthosteric binding site, which has
recently been experimentally validated for related bispyridinium compounds [12]. Additionally, we
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observed the binding of MB327 to the orthosteric binding site using free ligand diffusion molecular
dynamics (MD) simulations [13]. Hence, novel compounds that are more affine and more selective to
the allosteric binding site than MB327 need to be identified. A first step in this direction was recently
done by us by identifying UNC0646 as an allosteric nAChR ligand with a higher affinity than MB327
[14].

One way to identify novel binders and improve the affinity of known ligands is by using computer-
aided drug design methods [15]. In ligand-based screening, one can search for analogs based on two-
(topological) or three- (structural) dimensional ligand representations. In two-dimensional similarity
screening, the importance of the three-dimensional conformation in the binding site is not taken into
account. This can lead to unsatisfactory results, especially for highly flexible ligands. Thus, three-
dimensional ligand screening approaches can be more effective in identifying binders that can fit into
the binding site and have been used for identifying novel binders successfully in the past [16-21].
However, ligand-based screening approaches neglect explicit knowledge of the receptor structure.
Additionally, ligand-based screening may only identify hits with more similar chemical scaffolds
compared to the query. Thus, structure-based screening is a popular approach to identifying novel
ligands for biological targets and can help to identify novel chemical scaffolds [22-29]. Recently, we
identified a novel allosteric binding site of MB327 (MB327-PAM-1) and described a potential binding
mode of UNC0646 in MB327-PAM-1 [13, 30], providing necessary input for three-dimensional ligand-
based screening and structure-based screening.

Here, we used this information to perform all three described screening approaches to increase the
chance of success and validated hits by a mass spectrometry-based affinity determination (MS Binding
Assay). We identified novel substituents (1a-k, 2b-e, 2g) at the UNC0646 quinazoline scaffold that lead
to higher affinity and ligands with novel chemotypes [PTMD99-0001C (3), PTMD99-0016C (4),
PTMD99-0026C (5), and cycloguanil (6)] binding to MB327-PAM-1.
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Materials and Methods

Two-dimensional similarity search

The MolPort database was searched for compounds similar to UNCO646 using a two-dimensional
search as implemented on the MolPort website (https://molport.com, accessed on October 21%,
2020). All compounds identified by the similarity search using default parameters were selected. From
22 compounds identified, twelve compounds were ordered for testing in this study.

Homology modeling of nAChR

The homology modeling of the human and Torpedo (recently reclassified as Tetronarce) nAChR was
performed as previously described [13]. In short, homology models were generated using MODELLER
version 9.19 [31] with the PDB structures 6PV8 [32], 5KXI [33], 2WN9 [34], and 6CNK [35] as templates.
Water molecules and molecules from the crystallization buffer were removed. Amino acids not
resolved in the templates were not included in the models; these amino acids are located within the
intracellular loop, the N- and C-terminal region and, hence, not in the region that forms the MB327-
PAM-1 pocket. The final models were selected based on the DOPE potential [36], TopScore [37], and
visual inspection and subsequently protonated using PROPKA, v3.4.0 [38, 39] as implemented in
Schrédinger Maestro, v2021-1 [40] at pH 7.4. The termini were capped with N-methyl amide (NME)
and acetyl (ACE) groups, respectively.

Ligand-based screening with subsequent template-based docking

Based on our proposed bhinding mode of UNC0646 [30], we used the binding mode of PTMD01-0004
(2a) [Bernauer et al., in preparation], a structurally reduced analog of UNC0646 that lacks the
quinazoline substituent in 2-position, as input for ligand-based screening. We created a database from
feasible organic reactions of building blocks of PTMD01-0004 (2a) with MolPort (https://molport.com)
building blocks as implemented in the PINGUI webserver (https://scubidoo.pharmazie.uni-
marburg.de/pingui/, accessed on May 19™, 2021) (SI Figure S1) [41], resulting in 69,223 in principle
synthesizable compounds. We protonated the constituents of the database using OpenEye FixpKa,
v2.1.1.0 [42] and filtered the database to only use compounds that are at least double positively
charged as PTMDO01-0004 (2a), resulting in 14,396 compounds and generated conformers using
OpenEye OMEGA, v4.1.1.0 [43, 44] with default parameters except setting the strictstereo parameter
to false. Initially, we used OpenEye vROCS, v3.4.1.0 [45, 46] (S| Figure S2) to filter the database by
applying default parameters and the TanimotoCombo score. The best 1000 hits from the vROCS
screening were further investigated using CCG MOE, v2020 [47] using a template-based docking with
an upstream pharmacophore filter (SI Figure $3). The hits were analyzed based on visual inspection,
and four compounds were selected for synthesizing.

Synthesis

All target compounds synthesized in the context of this study were cataloged with a PTMD number
(Pharmacy and Toxicology Munich and Disseldorf). All chemicals were used as purchased from
commercial sources. Solvents used for purification were distilled before use. 5-Pyrrolidin-1-ylpentan-
1-amine, which could only be purchased as the respective hydrochloride salt was converted into the
free base before use [48]. Anhydrous reactions were carried out under an argon atmosphere in
vacuum-dried glassware. For microwave reactions, a Discover SP microwave system by CEM GmbH
was used. TLC-Analysis was performed on plates purchased from Merck (silica gel 60F2s4 on aluminum
sheet). Flash chromatography was carried out using silica gel 60 (40-63 mm mesh size) as stationary
phase, purchased from Merck. All synthesized compounds were dried under a high vacuum. *H and 13C
NMR spectra were recorded with a Bruker BioSpin Avance Ill HD 400 and 500 MHz at 25 °C. For data
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processing, MestReNova (Version 14.1.0) from Mestrelab Research S.L. 2019, and for calibration, the
solvent signal (CD,Cl;, CD;0OD or DMSO-ds) was used. The purity of the test compounds was = 95%,
determined by means of quantitative NMR using TraceCERT® ethyl 4-(dimethylamino)benzoate from
Merck as an internal calibrant [49, 50]. High-resolution mass spectra were recorded on a Finnigan MAT
95 (El) or a Finnigan LTQ FT (ESI}). Melting points were determined with a Bichi 510 melting point
instrument and are uncorrected. For IR spectroscopy, an FT-IR Spectrometer 1600 from PerkinElmer
was used. The analytical data of the synthesized compounds described below, obtained using the
described methods, can be found in the Supporting Information.

Synthesis of 2,4-dichloro-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline (7) recently reported by
Vital et al. [51] and of N-(1-cyclohexylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-yl)propoxy]-
quinazolin-4-amine (2a) was accomplished according to Bernauer et al. [Bernauer et al., in
preparation].

General Procedure: Synthesis of quinazolin-4-amines (GP): A solution of the respective 4-
chloroquinazoline (8) or (9) (1.0 equiv), the corresponding amine (2.0 equiv - 10 equiv) and N,N-
diisopropylethylamine (DIEA) (3.0 equiv) in j-PrOH (5 mL/mmol) was stirred at 160 °C for 15 to 60 min
under microwave irradiation (200 W). The reaction mixture was concentrated in vacuo and the crude
product was purified by flash chromatography [5% to 15% 3 M NHs (in MeOH) in CH2Cl; or 10% MeOH
in CH2Cl, + 0.5% DMEA].

6-Methoxy-2-(piperidin-1-yl)-7-[3-(piperidin-1-yl)propoxy]-N-[5-(pyrrolidin-1-yl}pentyl]quinazolin-
4-amine (1k): According to GP with 8 {126 mg, 0.300 mmol, 1.0 equiv), 5-(pyrrolidin-1-yl)pentan-1-
amine (93.8 mg, 0.600 mmol, 2.0 equiv) and DIEA (160 pL, 119 mg, 0.900 mmol, 3.0 equiv) in i-PrOH
(1.5 mL) for 15 min. 1k (117 mg, 72% vield, 96% purity) was isolated by flash chromatography [7% to
15% 3 M NHs (in MeOH) in CH.Cl;] as a colorless solid.

N-Cyclohexyl-N?-{6-methoxy-7-[3-(piperidin-1-yl)propoxylquinazolin-4-y|}-N'-methylethane-1,2-
diamine (2b): According to GP with 9 (101 mg, 0.300 mmol, 1.0 equiv), N-cyclohexyl-N'-
methylethane-1,2-diamine (104 pL, 93.8 mg, 0.600 mmol, 2.0 equiv) and DIEA (160 pL, 119 mg,
0.900 mmol, 3.0 equiv) in i-PrOH (1.5mL) for 1 h. 2b (127 mg, 93%) was isolated by flash
chromatography [10% 3 M NHs (in MeOH) in CH,Cl;] as a yellow oil (96% purity).

6-Methoxy-N-[3-(4-methylpiperazin-1-yl)butyl]-7-[3-(piperidin-1-yl)propoxylquinazolin-4-amine
(2¢): According to GP with 9 (101 mg, 0.300 mmol, 1.0 equiv), 3-(4-methylpiperazin-1-yl}butan-1-
amine (114 pL, 108 mg, 0.600 mmol, 2.0 equiv) and DIEA (160 pL, 119 mg, 0.900 mmol, 3.0 equiv) ini-
PrOH (1.5 mL) for 1 h. 2¢ (110 mg, 78% yield, 97% purity) was isolated by flash chromatography [10%
3 M NHs (in MeOH) in CHCl,] as a pale yellow solid.

6-Methoxy-7-[3-(piperidin-1-yl)propoxy]-4-[4-(pyrrolidin-1-yl)piperidin-1-yl]quinazoline (2d):
According to GP with 9 (101 mg, 0.300 mmol, 1.0 equiv), 4-(pyrrolidin-1-yl)piperidine (97.4 mg,
0.600 mmol, 2.0 equiv) and DIEA (160 pL, 119 mg, 0.900 mmol, 3.0 equiv) in i-PrOH (1.5 mL) for 1 h.
2d (122 mg, 89%) was isolated by flash chromatography [10% 3 M NH; (in MeOH) in CH.Cl.] as a yellow
oil (97% purity).

N-[1-(Azepan-1-yl)-2-methylpropan-2-yl]-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-
amine (2e): According to GP with 9 (134 mg, 0.400 mmol, 1.0 equiv), 1-(azepan-1-yl)-2-methylpropan-
2-amine (717 mg, 4.00 mmol, 10 equiv) and DIEA (213 pL, 158 mg, 1.20 mmol, 3.0 equiv) in i-PrOH
(2.0 mL) for 1 h. 2e (46.4 mg, 25% yield, 97% purity) was isolated by flash chromatography [1. 10% 7 M
NH; (in MeOH) in CH:Cl,, 2. 10% MeOH in CH,Cl; + 0.5% DMEA] as a yellow oil. In addition, a further
product fraction of lower purity was obtained (21% vyield, 72% purity).
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N-(1-Propan-2-ylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-amine

(2f): According to GP with 9 (33.6 mg, 0.100 mmol, 1.0 equiv), 1-propan-2-ylpiperidin-4-amine
(31.6 pL, 28.4 mg, 0.200 mmol, 2.0 equiv) and DIEA (53.3 pL, 39.6 mg, 0.300 mmol, 3.0 equiv) in i-PrOH
(0.5 mL) for 15 min. 2g (41.2 mg, 93%) was isolated by flash chromatography [5% to 10% 3 M NH; (in
MeOH) in CH;Cl;] as a colorless solid (86% purity).

N-(1-Propan-2-ylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-ylmethyl)pyrrolidin-1-yl]quinazolin-4-
amine (2g): A mixture of 10 (111 mg, 0.350 mmol, 1.0 equiv), 1-(pyrrolidin-3-yImethyl)piperidine
(310 mg, 1.75 mmol, 5.0 equiv) and potassium carbonate {53.2 mg, 0.385 mmol, 1.1 equiv) in N-
methyl-2-pyrrolidone (NMP) (455 L) was stirred at 135 °C for 20 h. The reaction mixture was
concentrated and purified by flash chromatography [5% to 20% 3 M NHjs (in MeOH) in CH;Cl;] to afford
2f (147 mg, 90%) as a pale yellow solid (99% purity).

4-Chloro-6-methoxy-2-(piperidin-1-yl)-7-[3-(piperidin-1-yl)propoxylquinazoline (8): A solution of 7
(370 mg, 1.00 mmol, 1.0 equiv) and 1-methylpiperidine (244 uL, 200 mg, 2.00 mmol, 2.0 equiv) in 1,4-
dioxane (2.5 mL) was stirred at 150 °C for 1 h under microwave irradiation (300 W). 8 was isolated by
flash chromatography (10% to 20% MeOH in CH,Cls) as a yellow solid (327 mg, 78% yield, 95% purity).

4-Chloro-6-methoxy-7-[3-(piperidin-1-yl}propoxy]quinazoline (9) [52, 53]: To a slurry of 11 (22.2 mg,
0.100 mmol, 1.0 equiv), 3-piperidin-1-ylpropan-1-ol {19.9 pL, 18.8 mg, 0.125 mmol, 1.25 equiv), PPhs
(34.4 mg, 0.130 mmol, 1.3 equiv) and dry THF (1.0 mL) was added di-tert-butyl azodicarboxylate
(DBAD) (30.5 mg, 0.130 mmol, 1.3 equiv) in portions at 0°C. The resulting solution was stirred
overnight at rt and concentrated under reduced pressure. Purification by flash chromatography [5%
3 M NHs (in MeOH) in CH,Cl,] afforded 9 as a pale yellow solid (34.5 mg, > 99% yield, 96% purity).

7-Fluoro-N-(1-propan-2-ylpiperidin-4-yl)-6-methoxyquinazolin-4-amine (10): A mixture of 12
(20.2 mg, 0.100 mmol, 1.0 equiv), PyBOP {69.0 mg, 0.130 mmol, 1.5 equiv), diazabicycloundecene
(DBU) (22.9 pL, 23.3mg, 0.150 mmol, 1.5equiv) and 1-propan-2-ylpiperidin-4-amine (23.7 uL,
21.3 mg, 0.150 mmol, 1.5 equiv) in acetonitrile (0.5 mL) was stirred at rt for 1 h. The mixture was
concentrated in vacuo. 10 (29.3 mg, 92%) was isolated after flash chromatography [5% 3 M NHs (in
MeOH) in CH;Cl;] as a colorless solid (87% purity).

Structure-based screening

The SMILES codes of in-stock compounds in the lead-like (3,434,621 compounds) and the double-
protonated (129,606 compounds) subsets were downloaded from the ZINC20 database [54]. All
compounds were protonated using OpenEye FixpKa, v2.1.1.0, and conformers were generated using
OpenEye OMEGA, v4.1.0.0 [43] with default parameters except setting the strictstereo parameter to
false [43, 44]. The human and Torpedo homology models of nAChR were prepared for docking using
OpenEye MakeReceptor, v4.0.0.0, and all compounds were docked using OpenEye FRED, v4.0.0.0 [55-
57], writing out a maximum of one pose per compound. The best 1000 hits in each binding pocket
were visually inspected, and 30 compounds were ordered for testing.

Commercially obtained compounds

The 42 commercially obtainable compounds were purchased from several suppliers with purities of at
least 85%. A corresponding, detailed list can be found in the Supporting Information (SI Table S1). For
affinity testing in MS Binding Assays, the compounds were applied as described in Sl Table S1.
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Molecular dynamics simulations of cycloguanil bound to nAChR

The receptor with the docked ligand was embedded in a membrane of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) lipids and solvated using Packmol-Memgen [58] in a rectangular box of TIP3P
water [59]. KCl was added at a concentration of 150 mM and the system was neutralized using CI" ions.
The edge of the box was set to be at least 12 A away from receptor atoms. The AMBER22 package of
molecular simulations software [60, 61] was used in combination with the ff145B force field for the
protein [62], the Lipid21 force field for the lipids [63], and the Joung and Cheatham parameters for
monovalent ions [64]. Ligand charges were calculated according to the RESP procedure [65] with
default parameters as implemented in antechamber [66] using electrostatic potentials generated by
Gaussian16 [67] at the HF-6-31G* level of theory; ligand force field parameters were derived from the
gaff2 force field. Since cycloguanil (6) should carry one positive charge (pK; = 11.4 [68]) on the nitrogen
atoms in the 1,6-dihydro-1,3,5-triazine-2,4-diamine ring system, N-3 was protonated.

Molecular dynamics (MD) simulations were performed as described earlier [13] using AMBER22. In
short, a combination of steepest descent and conjugate gradient minimization was performed while
lowering positional restraints with force constants from 25 kcal mol A2 to zero. Stepwise heating to
300 K and a subsequent reduction of harmonic restraints from 25 kcal mol™ A2 to zero followed.

Subsequently, 10 replicas of 1 ps length each of unbiased MD simulations were performed; for
temperature control, the Langevin dynamics were applied with a collision frequency of 2 ps?, and the
Berendsen barostat with semi-isotropic pressure adaption was used.

Based on the four replicas in which cycloguanil (6) remained within the binding site, we computed
representative binding structures of cycloguanil (6) using the k-means clustering algorithm, as
implemented in CPPTRAJ [69]. We then restarted simulations from the representative binding mode.
Because the hydrogen bonds to E62, and E200, were highly conserved among all clusters except the
largest one (containing 18.3% of all frames), we decided to restart simulations from the second largest
cluster (containing 14.1% of all frames) (S| Figure S4). Therefore, we started directly with the
preduction run with similar settings as for the docked structure. The first 10 ns of each replica were
removed for further analysis.

All simulations were analyzed using CPPTRAJ [69].
Prediction of physicochemical and toxicological properties

Using OpenEye OMEGA, version 4.1.1.1 [44, 70], three-dimensional conformations of the compounds
based on the SMILES code were generated using the default setting with the exception that only one
conformation was generated for each compound. Pharmacokinetic properties and hERG inhibition
were predicted using Schrédinger QikProp, version 2022-2 [71].

For PAINS filtering, the PAINS-remover webserver, v0.99 (https://www.cbligand.org/PAINS/) [72], was
used. For the prediction of further toxicological properties, we used NEXUS Derek, v6.0.1 [73].

Image generation
Images of nAChR were created using UCSF Chimera [74].
Rat diaphragm myography

All procedures using animals followed animal care regulations and were approved by the responsible
ethics committee. Preparation of rat diaphragm hemispheres and experimental protocol of myography
were performed as described before [9]. In short, for all procedures (including wash-out steps,
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preparation of soman and bispyridinium compound solutions) aerated Tyrode solution {125 mM Nacl,
24 mM NaHCOs;, 5.4 mM KCl, 1 mM MgCl;, 1.8 mM CaCl,, 10 mM glucose, 95 % 0», 5% CO;; pH 7.4; 25
+0.5°C) was used. After the recording of control muscle force, the muscle preparations were incubated
in the Tyrode solution, containing 3 UM soman. Following a 20 min wash-out period, the test
compound cycloguanil (Merck KGaA) was added in ascending concentrations (1 uM, 10 uM, 30 uM, 70
UM, 100 pM, 150 uM, 200 M, 300 uM, 500 M, 1000 uM). In each preparation, four concentrations
were measured to avoid the fatigue effects of muscle force generation. The incubation time was 20
min for each concentration. The electric field stimulation was performed with 10 ps pulse width and
0.2 A amplitudes. The titanic trains of 20 Hz, 50 Hz, 100 Hz were applied for 1 s and in 10 min intervals.
Measurements on non-poisoned muscles were carried out according to the same scheme. Instead of
soman, pure Tyrode was incubated. Muscle force was calculated as a time-force integral (area under
the curve, AUC) and constrained to values obtained for maximal force generation (muscle force in the
presence of Tyrode solution without any additives; 100 %).

UNC0642 MS Binding Assays

Competitive MS Binding Assays were performed as described previously [30]. In short, the reporter
ligand (UNC0642, 1 pM) and the corresponding test compound (varying concentrations) were
incubated with aliquots of a membrane preparation from Torpedo californica electroplaque (approx.
75 ug protein per sample) in incubation buffer (120 mM NaCl, 5 mM KCl, 8.05 mM Na;HPO, and 1.95
mM NaH;PO,, pH 7.4). Samples were generated in triplicates. After separating the protein-bound from
the non-bound reporter ligand in the incubation mixture by centrifugation, the protein-bound portion
of UNC0642 was liberated and finally quantified via LC-ESI-MS/MS. Total binding of UNC0642 was
normalized to 100% (i.e. reporter ligand binding in the absence of test compound) and 0% (i.e. non-
specific reporter ligand binding, determined by the presence of 100 uM UNC0646 instead of test
compound). Applying the non-linear regression function “One site — fit Ki” yielded competition curves,
which then revealed ICso and K values, respectively (Prism software v. 6.07, GraphPad software, La
Jolla, CA, USA). Top and bottom levels were fixed at 100% and 0%, respectively, for that purpose. K;
values are given as mean pKk; values from three experiments * SEM, if not stated otherwise. Next to
the full-scale competition experiments, also competition experiments with only a single concentration
of test compound (i.e. 10 pM) have been performed in this study. Compared to full-scale competition
experiments, the obtained data was not analyzed via non-linear regression in this case and only
normalized as described above to reveal the remaining reporter ligand binding as an indicator for the
affinity of the respective test compound. If not stated otherwise, the remaining reporter ligand binding
is given as the mean of triplicates  SD.
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Results and Discussion
Screening strategy

We used different strategies to identify novel binders of MB327-PAM-1. First, we performed ligand-
based screening to identify analogs of UNC0646 using a two-dimensional similarity search as
implemented on the MolPort website (https://molport.com) to identify compounds with high
similarity to UNC0646 (Figure 1, blue scheme). Furthermore, we used PTMD01-0004 (2a), an analog
with no substituent in the 2-position of the quinazoline ring, to perform ligand-based screening using
its three-dimensional binding mode as a query using OpenEye vROCS [45, 46], followed by a
pharmacophore-based docking of the best hits using CCG MOE [47] (Figure 1, yellow scheme). Second,
to reveal new binders with novel chemical scaffolds, we performed structure-based virtual screenings
(Figure 1, green scheme). There, we first docked a ZINC20 [54] lead-like library (3,434,621 compounds)
into the human muscle-type nAChR using OpenEye FRED [55-57]. The lead-like library only includes
compounds of a molecular weight between 250-350 g mol™. However, because a higher affinity of
known ligands binding to MB327-PAM-1 generally correlates with a larger size of the ligands and most
previously described binders feature at least two positive charges [14, 30, 75, 76], we performed an
additional screening using a ZINC20 library [54] of in-stock compounds bearing at least two positive
charges (129,606 compounds). To exploit that the amino acids interacting with MB327 and UNC0646
are highly conserved among the human muscle-type and Torpedo nAChR [13, 30] but that the
conformations of the sidechains nevertheless vary, we now used the Torpedo nAChR for docking to
increase the search space. Also, the Torpedo nAChR is used in our MS Binding Assays.
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Figure 1: Screening strategies to identify novel binders of MB327-PAM-1. A} A two-dimensional similarity search using
UNCO0646 as a template was performed using MolPort (https://www.molport.com/). Based on the hits, one novel chimera
compound was designed. B) Based on PTMD01-0004 (2a), a UNC0646-analog lacking the side chain in the 2-position, a
database was generated based on feasible arganic reactions (Sl Figure S1). After applying a charge filter and a pharmacophore
filter, docking experiments led to five novel analogs of UNCO646. C) Based on structure-based screening experiments in the
human muscle type and Torpedo nAChR, 5 respectively 7 compounds with novel chemotypes were ordered for affinity
characterization in MS Binding Assays. After the first experimental results, 18 additional compounds based on three chemical
scaffolds were selected from the initial screening and ordered. This resulted in the identification of cycloguanil (6) and
PTMD99-0016C (4). For each screening strategy, the best hits are shown. Percentage values indicate the remaining reporter
ligand binding in the presence of test compounds (at 10 uM concentration) as compared to 100% reporter ligand binding in
the absence of a competitor using the reporter ligand UNC0642 in MS Binding Assays {1 pM UNC0642) (mean + SD, n = 3).

Two-dimensional similarity search yields affine UNC0646 analogs with small substituents in
4-position

Based on a two-dimensional screening of the MolPort library using UNC0646 as a template (Figure 1,
blue scheme), 12 compounds were tested in our MS Binding Assay for MB327-PAM-1 [30]. Of these,
10 compounds displaced the reporter ligand UNC0642 from the binding site at 10 uM (1a-1j; remaining
reporter ligand binding at most 90 £ 7%, n = 3; Table 1, Sl Table $2). The best result was obtained for
PTMDO01-0019C (1a). In contrast to previously described UNC0646 analogs [14, 30], this is the only
compound that does not have a side chain in 7-position with an aliphatic amino group, although mainly
acidic amino acid side chains are available for ligand binding in MB327-PAM-1 [13, 30]. However, a
study with related 4-amino-2-(N,N-diethylamino)quinazoline derivatives revealed that the two amino
substituents impact the pK; values of quinazolines resulting in pK. values of up to 8.31 [77] compared
to 3.51 of the unsubstituted quinazoline [78]. Thus, PTMD01-0019C (1a) can still be protonated under
experimental and physiological conditions, similar to all previously described binders in MB327-PAM-
1[13, 30, 75, 76). Furthermore, 4-aminopyridine has a pK; of 9.17, indicating that even the residue in
the 2-position of PTMD01-0019C (1a) may be protonated [79]. These results are in line with
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suggestions that a positive charge is crucial for binding in MB327-PAM-1 but also indicate that the
location of the positive charge is less important, which can be explained by the many acidic amino
acids in MB327-PAM-1 (Sl Figure S6, Sl Table S3) [13, 30]. To verify the results obtained from the
competition experiments by applying a single concentration, we performed full-scale competition
studies for the best-binding compound PTMDO01-0019C (1a), resulting in a pK; of 5.19 + 0.05 (SI Figure
S5).

The second strongest reduction of reporter ligand binding was observed for UNC0379 (1b), a ligand
with a substituent with increased flexibility at the 4-position compared to UNC0646. Along these lines,
the results for ZT-12-037-01 (1c), C-021 (1d), MS012 (1e), PTMD01-0020C (1f), PTMDO01-0021C (1g),
PTMDO01-0024C (1h), and PTMDO01-0025C (1i) indicate that for affinity towards MB327-PAM-1, the
positively charged amino side chain can be present at either position 2 or position 4 of the quinazoline
building block. Furthermore, bunazosin (1j) has no basic side chains at the quinazoline ring but only
the two electron donating groups in 2- and 4-positions, further indicating that the positive charge of
the ligand might also be located within the heteroaromatic ring. This confirms the above observation
that the location of the positive charge is not crucial for the binding of UNC0646 analogs. Based on
these results, we synthesized PTMD01-0050 (1k), a chimera inspired by UNC0646, UNC0642, and
UNCO0379. The synthesis consisting of two steps started from 7 [51, 80] (Scheme 1). In analogy to a
procedure described in the literature [81], 7 was reacted with N-methylpiperidine (2.0 equiv) at 150 °C
under microwave irradiation for 1 h affording the quinazoline 8 with a piperidine ring in 2-position
after column chromatography in good yield (78%). For the subsequent substitution of chloride in 4-
position, 8 was stirred with 5-(pyrrolidin-1-yl)pentan-1-amine (2.0 equiv) in the presence of DIEA
(3.0 equiv) under microwave irradiation at 160 °C for 15 min. The desired product PTMD01-0050 (1k)
could be isolated in good yield (72%). Notably, this compound shows a higher reporter ligand
displacement than UNCO0646 (Table 1).

Cl Cl
Hyc© SN a Hye xN
O 0 N¥ C| OI 0 N U
7 8
0
- " A
OI/\/\O N/ I\O
1k

Scheme 1: Reagents and conditions: (a) 1-methylpiperidine (2.0 equiv), 1,4-dioxane, 150 °C (300 W), 1h, 78%; (b) 5-
{pyrrolidin-1-yl)pentan-1-amine (2.0 equiv), DIEA (3.0 equiv), i-PrOH, microwave: 200 W, 160 °C, 15 min, 72%.
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Table 1: Selected analogs of UNC0646 identified by a two-dimensional similarity search and their affinities to MB327-PAM-1
in nAChR determined in MS Binding Assays.
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b Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in
the presence of test compounds as compared to 100% repcrter ligand binding in the absence of a
competitor. Results are based on thirty measurements for UNC0646 and three measurements for all
other compounds at a test compound concentration of 10 UM and a reporter ligand concentration of
1 uM. Mean and standard deviation are displayed.

Ligand-based screening using PTMD01-0004 (2a) as a template representing an analog of
UNCO0646 with a reduced molecular structure

While the two-dimensional similarity search based on UNC0646 yielded new, affine molecules binding
to MB327-PAM-1, this approach did not consider the position and orientation of the ligand in MB327-
PAM-1. Thus, we also performed a ligand-based screening in MB327-PAM-1 using PTMD01-0004 (2a)
[80] as a template (Figure 1, yellow scheme). We started with this analog of UNC0646 because the
substituent in the 2-position of UNC0646 shows minor interactions with the receptor in our proposed
binding mode [30], and UNC0646 violates the molecular weight rule of Lipinski’s “rule of five” [82], in
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contrast to PTMD01-0004 (2a). Furthermore, the absence of an electron-donating group in the 2-
position only has a minor impact on the affinity [14].

We performed a two-step screening (see Materials and Methods) using a database of synthesizable
compounds based on the building blocks of PTMD01-0004 (2a) (S| Figure S1). We selected five
compounds that we synthesized (see below) and tested for affinity towards MB327-PAM-1 (2b-2e, 2g,
Table 2). The substituents chosen for position 4 did not increase the affinity in any compound
compared to PTMDO01-0004 (2a). Still, slight modifications in this substituent can influence reporter
ligand displacement significantly.

As to the UNC0646 building block, our two-dimensional similarity search revealed that substituting it
with flexible linkers in the 4-position can lead to highly affine compounds as seen for PTMDO1-
0050 (1k). The compound with increased flexibility between the quinazoline ring and the basic side
chain nitrogen located within the cyclohexyl ring, PTMD01-0032 (2b), has a higher affinity than
PTMDO01-0053 (2c). However, the piperazine ring of PTMD01-0053 (2c) might also result in an
alternative distance between the positive charge of the side chain and the quinazoline moiety,
depending on the protonation site. Still, the relation between linker flexibility and affinity is also
observed in PTMDO01-0027 (2d), PTMD01-0030 (2e), and PTMD01-0032 (2b), where the distance
between the quinazoline ring to the positively charged nitrogen is 3-4 heavy atoms long. The increased
flexibility potentially enables improved interactions with the side chains acting as hydrogen bond
acceptors in the B1-B2 loop within MB327-PAM-1 (E65, in Sl Figure S6). However, this trend does not
always apply. PTMDO01-0053 (2c) with a more flexible side chain than PTMDO01-0030 (2e) has a lower
affinity. Thus, the additional polar atom and the additional methyl substituent of the piperazine ring
as well as the different distance between the positive charge in the side chain and the quinazoline
moiety of PTMD01-0053 (2¢) may also lead to a decrease in affinity. Although experimentally observed
structure-affinity relationships for UNC0646 analogs are based on measurements with the Torpedo
nAChR, this knowledge is presumably transferable to the human muscle-type nAChR because of the
high sequence identity within the binding site (Sl Figure S6, Sl Table $3). However, one limitation of
these structure-affinity relationships is that MB327-PAM-1 can be present in five subunits of the
heteropentamer. Thus, the relationships need to be considered as a representation over all five
potential MB327-PAM-1 binding sites, and structure-affinity relationships between binding sites of one
species might vary.

In the 7-position, we identified in PTMD01-0043 (2g), an alternative substituent that leads to a higher
reporter ligand displacement than if the same substituent as in UNC0646 is used in the in 7-position
[PTMDO01-0005 (2f)]. PTMDO01-0043 (2g) otherwise bears the same side chains as PTMD01-0005 (2f)
exceptin the 7-position of the quinazoline ring. As for the assessment of the two-dimensional similarity
search, we verified our results by characterizing the binding affinity of the most affine compound
according to the single point determinations [PTMD01-0043 (2g); remaining reporter ligand binding
43 1+ 1%] in a full-scale MS Binding Assay vielding a pK; of 5.46 + 0.04 (Sl Figure S7).
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Table 2: Selected analogs of PTMDO01-0004 (2a) identified by a ligand-based screening followed by template-based docking
and their affinities to MB327-PAM-1 in nAChR determined in MS Binding Assays.
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@ Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in the
presence of test compounds as compared to 100% reporter ligand binding in the absence of a
competitor. If not stated otherwise, results are based on three measurements at a test compound
concentration of 10 uM and a reporter ligand concentration of 1 uM. Mean and standard deviation
are displayed.

b PTMD01-0004 (2a) [80] and PTMDO1-0005 (2f) were not identified in this study but are shown as
reference structures to compare to PTMD01-0043 (2g).

<dResults are based on twelve and six measurements, respectively, at a test compound concentration
of 10 uM and a reporter ligand concentration of 1 uM. Mean and standard deviation are displayed.
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Synthesis of compounds 2b-g:

Target compounds 2b-2f were easily accessible by a two-step synthesis from commercially available
building block 11 (Scheme 2). First, key intermediate 9 [52] was obtained in quantitative yield (> 99%)
by reaction of quinazoline derivative 11 with 1.25 equiv 3-(piperidin-1-yl)propan-1-ol under Mitsunobu
conditions (1.3 equiv PPhs, 1.3 equiv DBAD, THF, rt, 20 h) following a literature procedure [83]. In the
second step, the 4-amino substituents were introduced to afford the target compounds 2b-2f.
Nucleophilic displacement of the 4-chloro substituent was achieved according to a procedure reported
in the literature [84] by heating 9 with the corresponding amines (2.0 equiv) in the presence of DIEA
(3.0 equiv) to 160 °C under microwave irradiation. Thus, 4-aminoquinazolines 2b-2d and 2f were
isolated in good to excellent yields {78-93%). However, the reaction with the sterically demanding
amine 1-(azepan-1-yl)-2-methylpropan-2-amine to get 2e was sluggish. Hence, a higher excess of the
amine (10 equiv) was applied. This led to the target compound, which could be isolated in a yield of
25% only, which is partly due to the fact, that also a small amount of a side-product had formed being
difficult to separate.
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Scheme 2: Reagents and conditions: (a) 3-piperidin-1-ylpropan-1-ol {1.25 equiv), PPh; (1.3 equiv), DBAD (1.3 equiv), THF, rt,
20 h, > 99%,; (b) amines (2.0-10 equiv), DIEA (3.0 equiv), i-PrOH, microwave: 200 W, 160 °C, 15 min-60 min, 2b: 93%, 2c: 78%,
2d: 89%, 2e: 25%, 2f: 93%.

The 7-aminoquinazoline 2g was synthesized in two steps starting from commercially available 7-fluoro
substituted quinazoline-4(3H)-one 12 (Scheme 3). In the first step, the lactame 12 was converted to
the 4-aminoquinazoline 10 by a phosphonium-mediated SwAr reaction according to a procedure
described in the literature [85]. Thus, 12 was reacted with 1.5 equiv of 1-propan-2-ylpiperidin-4-amine,
PyBOP and DBU in acetonitrile at rt for 1 h, to obtain product 10 in excellent yield (92%). The
subsequent substitution of the fluorine in 7-position of 10 to afford target compound 2g was achieved
by a reaction of 10 with a 5-fold excess of 1-(pyrrolidin-3-ylmethyl)piperidine in NMP at 135 °C in the
presence of K2COs (1.1 equiv) according to a procedure reported in the literature [86]. In this way, the
product 2g could be isolated in 90% yield and high purity (99%).
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12 10

29

Scheme 3: Reagents and conditions: (a) 1-propan-2ylpiperidin-4-amine (1.5 equiv), PyBOP (1.5 equiv), DBU (1.5 equiv),
acetonitrile, rt, 1 h, 92%; (b) 1-(pyrrolidin-3-ylmethyl)piperidine (5.0 equiv), K2CO; (1.1 equiv), NMP, 135 °C, 20 h, 90%.

Structure-based screening reveals new chemotypes with a higher affinity than MB327

We first screened the lead-like library of ZINC20 [54] with 3,434,621 molecules using the homology
model of the human muscle-type nAChR and OpenEye FRED [55-57] as docking engine with default
parameters (Figure 1, green scheme). However, we know from previous work that larger molecules,
such as UNC0646, usually bind to MB327-PAM-1 with a higher affinity than smaller ones, such as
MB327. Furthermore, the two previously identified binders in MB327-PAM-1, UNCO646, and MB327,
carry at least two positive charges. Thus, we decided to also screen a subset of the ZINC20 database
[54] containing all doubly protonated in-stock compounds (129,606 compounds) by docking into the
Torpedo nAChR (see also above).

We ordered 12 compounds based on visual inspection of the best 1000 hits in MB327-PAM-1 in each
subunit in each of the screenings (2 x 5 x 1000 = 10,000 hits in total) (Figure 2, S| Table 54)
(PTMD99-0001C — PTMD99-0015C). (In preliminary MS binding studies (the results of which had later
on to be partly revised; for final results see Sl Table 54), PTMDS9-0006C (13), PTMD99-0010C (14), and
PTMD99-0014C (15) showed the most promising results.) Thus, we decided to inspect the best 1000
hits in both screenings in each subunit again to find structurally similar chemotypes. We ordered three
analogs of PTMD099-0006C (13), seven analogs of PTMD99-0010C (14), and eight analogs of PTMD99-
0014C (15) (Sl Table S5). In each group, at least one compound (at 10 uM concentration) displaced the
reporter ligand UNC0642 (at 1 uM concentrations) from MB327-PAM-1 during single-concentration
MS Binding Assay experiments indicating that these compounds show a higher affinity towards
MB327-PAM-1 than MB327, which shows a remaining marker ligand binding of 102 + 9% (n = 6) under
identical conditions (1 uM reporter ligand, 10 uM test ligand) [80]. In total, four new chemotypes, all
containing at least one positive charge, were identified that displace UNC0642 from MB327-PAM-1 at
concentrations of 10 pM (reporter ligand concentration of 1 uM) to any appreciable extent. However,
for two of these compounds the remaining reporter ligand binding values are slightly not significantly
different from 100%, while the two other compounds differ significantly from 100% {p < 0.05 according
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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}.
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Figure 2: Docked binding mode and MS Binding Assay affinity data of selected hits from a structure-based screening in
different subunits and species of nAChR. Docked binding mode of (A) PTMD99-0001C (3) in between the a- and &-subunits of
the human nAChR, (B) PTMD99-0016C (4) in between the &- and B-subunits of the Torpedo nAChR, (C) PTMD39-0026C (5) in
between the a- and &-subunits of the Torpedo nAChR, and (D) cycloguanil (6) in between the a- and y-subunits of Torpedo
nAChR. Red lines indicate hydrogen bonds. Percentage values indicate the remaining reporter ligand binding in the presence
of test compounds (at 10 pM concentration) as compared to 100% reporter ligand binding in the absence of a competitor
using the reporter ligand UNC0642 in MS Binding Assays (1 pM UNC0642) (mean + SD, n = 3). Compounds displaying chirality
were tested as racemats. (E) Resoration of muscle force of soman-inhibited muscles after treatment with cycloguanil (6).
Error bars indicate the standard deviation (n is between 5 and 27). Since the largest efficacies are observed at low stimulation
frequencies [10], results are only shown for a stimulation frequency of 20 Hz (see Sl Table $6 for all stimulation frequencies
applied).

Of the analogs based on PTMD99-0006C (13), PTMD99-0016C (4) shows the highest affinity within this
group and is the only compound able to displace UNC0642 to any appreciable extent during
measurements with test compound concentrations of 10 uM and reporter ligand concentrations of
1 uM. Small changes in the 4-methylbenzyl group can have a high impact on affinity. For example,
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PTMD99-0020C (16) (Sl Table S5), bearing a (3-methylpyridin-4-yl)methyl substituent instead of the 4-
methylbenzyl group, does not show a displacement of the reporter ligand to any appreciable extent
anymore under identical experimental conditions. In fact, all compounds bearing a heteroaromatic
ring instead of the 4-methylbenzyl group fail to displace UNC0642 to any appreciable extent under
identical experimental conditions to a reasonable extent.

Based on the initial results for PTMD99-0010C (14), we identified PTMD99-0026C (5), able to displace
the reporter ligand (concentration 1 uM) to any appreciable extent at 10 uM test compound
concentration. However, compounds with an amide group in 3-position to the nitrogen at position 2
of the 2,8-diazaspiro[4.5]decane system do not displace the reporter ligand UNC0642 under similar
experimental conditions to any appreciable extent (PTMD99-0010C (14), -0023C (17), -0024C (18), -
0025C (19), -0028C (20) (SI Table 54, S5)). Furthermore, replacing the quinolinyl substituent by a 5-
(tert-butyl)-pyrazol-3-yl substituent (PTMD99-0031C (21) (SI Table S5)) also abrogates the reporter
ligand displacement indicating that hydrogen bond donors as substituents of the 2,8-
diazaspiro[4.5]decane ring might be unfavorable.

Additionally, as the fourth novel chemotype binding to MB327-PAM-1, the 1,6-dihydro-1,3,5-triazine-
2,4-diamine building block was identified. Most interesting, the compound showing the highest
affinity, cycloguanil (6, 10 uM test compound concentration at 1 WM reporter ligand concentration,
Figure 2D), is the active metabolite of the antimalarial drug proguanil. In competitive MS binding
experiments, we observed a pK; value for cycloguanil (6) of 3.64 £0.03 (S| Figure S8), significantly
higher compared to MB327 [pKi (MB327) = 3.40 + 0.04 [30], p < 0.01, according to a two-sided t-test].
Cycloguanil {6) forms salt bridges both with E62, and E200, in the docked pose (Figure 2D). These two
amino acids are highly conserved among different subunits of several species (Table 3), including the
Torpedo nAChR, which is used in our MS Binding Assay, the rat muscle nAChR, which is used in our rat
diaphragm assays, and in the human nAChR, in which the compounds need to exhibit an effect after
OPC poisoning. Furthermore, these glutamates are crucial for the stabilization of the calcium ion in the
a7 nAChR that can act as a positive allosteric modulator [87-89]. According to our screening results,
we can, in general, see that larger substituents at both rings of cycloguanil (6) lead to a decrease in
affinity (22-28, SI Table S5). Compounds based on the 1,3,5-triazin-2,4-diamin building block are overall
much smaller than UNC0646 (M [UNC0646] = 621.93 g mol; M [Cycloguanil (6)] = 251.72 g mol}),
leading to compounds with an improved ligand efficiency.

Enough substance to conduct competition experiments with varying ligand concentrations and to
perform rat diaphragm assays in order to investigate the restoration of muscle force after soman
poisoning was only commercially available for cycloguanil (6). Treatment with cycloguanil (6) led to
significant restoration of muscle force in rat diaphragm hemispheres after soman inhibition (Figure 2E,
S| Table $6). The maximum restoration at stimulation frequencies of 20 Hz is comparable to the
maximum restoration when using MB327 as a treatment option. However, while concentrations of
300 uM are necessary for the maximum effect of MB327 [26.29  18.43% (mean * SD; n = 27)
restoration of muscle force, values taken from ref. [13]], cycloguanil (6) exerts a comparable effect at
concentrations of 70 uM (30.87 £ 19.23%; n = 5). At a concentration of 100 uM, cycloguanil (6) leads
to a significantly increased restoration of muscle force compared to MB327 [30.42 + 18.04% vs. 17.77
+ 7.5%, values for MB327 taken from ref. [13], p < 0.01 according to a two-sided t-test (n = 27)]. Like
MB327, cycloguanil (6) has a small therapeutic index, leading to muscle force inhibition at
concentrations = 300 uM (Figure 2E, Sl Figure S9). To compare the therapeutic range of cycloguanil to
that of MB327, we compared the muscle force reestablishing capabilities of both compounds.
Therefore, we calculated at which concentrations cycloguanil significantly reestablishes the muscle
force after soman poisoning compared to the first wash-out, as done previously for MB327 [9]. Starting
at concentrations of 10 uM [6.2 + 8.4% (n = 18; p = 0.02)] (100 uM for MB327 [25.7 + 17.7%] [9]),
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cycloguanil significantly and earlier than MB327 reestablishes the muscle force. The effect increases
dose-dependently at concentrations of 30 and 70 UM to a maximum at 100 uM [30.4 + 18.0% (n = 27)],
whereas the maximum is reached at 300 uM [33.2 + 27.7%] for MB327 [9]). At this concentration, the
reestablishing capabilities of cycloguanil vanish, whereas this is observed for MB327 at 700 uM [9] (SI
Table S6). Considering that experiments were performed at precise compound concentrations with
missing data for intermediate concentrations, this implies that cycloguanil and MB327 have
comparable concentration-dependent and maximal reestablishing capabilities as well as therapeutic
ranges, although the effect of cycloguanil is shifted to lower concentrations. Thus, cycloguanil (6)
currently cannot be considered as a treatment option but as a novel lead structure for treating OPC
poisoning.

To further investigate the binding mode of cycloguanil (6), we performed MD simulations starting from
the docked conformation. In 6 out of 10 replicas over 1 ps simulation time each, the ligand left the
binding site (SI Figure S10). In the replicas where cycloguanil (6) remained in the binding site, the
binding mode shifted. Whereas the interaction with the two glutamates persisted, the aromatic system
of cycloguanil (6) moved towards the transmembrane region of nAChR in the direction of Y239,
(Figure 3A). This amino acid is located in a hydrophobic part of the binding site. Thus, we clustered the
replica in which cycloguanil (6) remained in the binding site and performed additional 10 replicas of
1us long MD simulations starting from a representative structure. During the simulations, the
membrane and receptor remained structurally virtually invariant (S| Figure S11, $12). Cycloguanil (6)
continued to remain in the binding site in all replicas and showed highly conserved interactions with
E62, and E200, (Figure 3B, C). Thus, we conclude that according to the MD-optimized binding mode,
the interactions with the two glutamates persist and the hydrophobic interactions with amino acids
close to Y239, are important for ligand stabilization.
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Figure 3: Binding mode of cycloguanil during MD simulations. A) Representative (according to a k-means clustering based on
receptor and ligand atoms; the biggest cluster containing 48.2% of all frames is shown) binding mode of cycloguanil during
10 replicas of 1 ps long unbiased MD simulations starting from the docked conformation. B) Distance of the center of mass
{COM) of the phenyl ring of cycloguanil to the phenyl ring of ¥239,. The mean * SEM distance is displayed as a legend.
C) Distance of the nitrogens that can act as hydrogen bond donors of cycloguanil to the side chain oxygens of E62, (dark red)
and E200, (pink). The frequency of contacts (distance < 4 A; mean + SEM) is displayed as a legend.
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Table 3: Sequence conservation of E62, and E200, (green shadings) in the human muscle-type, Torpedo, and rat nAChR with
respect to structurally homologous positions in the y-subunit of the Torpedo nAChR.?

Human muscle type Torpedo Rat
o B 6 € ol B [ v a B 6 €
E E E E E E E E62 E E E E
E Q E E E Q E E200 E Q E E

? E62, and E200, are important for interactions with cycloguanil (6) in the docked binding mode and
during MD simulations (Figure 3; see also text).

Prediction of pharmacokinetic and toxicological properties of best hits

UNCO0646, the best hits of both ligand-based screenings [PTMD01-0050 (1k), PTMD01-0043 (2g)], and
the best hit of each novel chemotype from the structure-based screening [PTMD99-0001C (3),
PTMD99-0016C (4), PTMD99-0026C (5), and cycloguanil (6)] were initially probed in a pan interference
compounds (PAINS) filter as implemented in the PAINS-remover webserver [72]; all compounds passed
this filter, suggesting that they are less likely to react nonspecifically with biological targets. We further
predicted the pharmacokinetic and toxicological properties using Schrodinger QikProp [71] and NEXUS
Derek [73] (Table 4, Table 5). By far the most predictions for UNC0646 fall outside a 95% range for
values of known drugs, questioning the drug-like properties of this compound. Along these lines,
UNC0646 shows the worst Caco-2 cell permeability prediction as a model for gut-blood barrier
permeation among all tested compounds and also violates two rules of Lipinski’s rule of five and one
rule of Jorgensen'’s rule of three, which are used as indicators for oral bioavailability. By contrast, all
newly identified chemotypes show no violations of Lipinski’s rule of five, and only PTMD98-0026C (5)
violates one rule of Jorgensen’s rule of three. Note, however, that the violated pharmacokinetic
descriptors describe oral availability, whereas in the case of OPC poisoning drugs may be injected. On
the other hand, improved oral bicavailability and reduced side effects might lead to the possibility to
provide the antidote to a broader group of civilians and military members in the case of a high risk of
OPC poisoning. Finally, the newly identified chemotypes [PTMD939-0001C (3), PTMD99-0016C (4),
PTMD99-0026C (5), and cycloguanil {6)] show a reduced predicted affinity towards the HERG K*
channel and a reduced toxicological alert count compared to UNC0646 and its analogs [PTMD01-0050
(1k), PTMDO01-0043 (2g)]. Also, for the new chemotypes — except PTMD99-0026C (5) — no bacterial
mutagenicity is predicted. To overcome the predicted mutagenicity of UNC0646 and its analogs, the
substituted 4-anilinoquinazoline would need to be substituted, which is a common building block in all
UNC0646 analogs tested in our binding assays so far [30]. In that respect, all novel compounds
identified from the screenings show improved predicted pharmacokinetic properties compared to
UNC0646 (Table 4) and, besides PTMD99-0026C (5), all novel chemotypes also display improved
predicted toxicological properties (Table 5). Particularly, PTMD99-0001C (3) does not present any
toxicologic alerts. PTM99-0016C (4) only shows toxicologic alerts regarding HERG channel inhibition (S!
Table S7), however, the predicted ICso is higher than for UNC0646. Because this parameter is
problematic for nearly all compounds, it needs to be thoroughly investigated and experimentally
validated during lead optimization. PTMD99-0026C (5) raises toxicological concerns regarding mammal
mutagenicity and androgen receptor modulation — two parameters where no other compounds show
toxicological alerts. Noteworthy, the reason for these toxicological alerts is the quinoline building
block. Lastly, cycloguanil raises toxicological concerns regarding nephrotoxicity because of the
halogenated benzene. However, proguanil, the prodrug of cycloguanil, is already used in malaria
treatment and is considered well tolerated. Thus, in further approaches to optimize these new lead
structures, the quinoline substructure of PTM99-0026C (5) and the halogenated benzene of cycloguanil
(6) would need to be modified to avoid these toxicological alerts. Both building blocks are not involved
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in any hydrogen bonds in the docked binding mode and, thus, might be replaced without
compromising affinity towards MB327-PAM-1.

Table 4: Predicted pharmacokinetic properties of the best screening hits.

Compound #stars? QPlogPo/w" QPPCaco® RuleOfFive? | RuleOfThree®

UNCO646 7 6.014 125.427 2 1
PTMDO01-0050 (1k) 1 5.609 428.531 2 0
PTMDO01-0043 (2g) 0 4,541 297.484 0 0
PTMD99-0001C (3) 0 2.568 615.239 0 0
PTMD99-0016C (4) 0 3.718 277.071 0 1
PTMD99-0026C (5) 0 2.446 201.628 0 0
Cycloguanil (6) 1 1.592 446.492 0 0

? 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).

€Caco-2 cell permeability [nm/s] as a model for gut-blood barrier permeation (values < 25 poor, > 500
great).

4Number of violations of Lipinski’s rule of five.

¢ Number of violations of Jorgensen’s rule of three.

Table 5; Predicted toxicological properties of the best screening hits.

Compound QPlogHERG? Toxicological alert count® | Bacterial mutagenicity®
UNC0646 -8.224 4 EQUIVOCAL
PTMDO01-0050 (1k) -6.109 2 EQUIVOCAL
PTMD01-0043 (2g) -7.460 4 EQUIVOCAL
PTMD99-0001C (3) -4.980 0 INACTIVE
PTMD99-0016C (4) -6.125 2 INACTIVE
PTMD99-0026C (5) -6.528 4 PLAUSIBLE
Cycloguanil (6) -3.989 1 INACTIVE

2|Csp value for blockage of HERG K* channels (recommended values: above -5).
® Number of alerts for toxicological predictions. For further information see Sl Table S6.
“Bacterial mutagenicity in vitro.
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Conclusion

To find new compounds representing novel chemotypes that bind to MB327-PAM-1 and to better
understand structure-affinity relationships of the known binder UNC0646, we performed exhaustive
virtual screening followed by an MS Binding Assay. As to the importance of the substituents of
UNC0646 analogs, overall, beneficial substituents in position 4 are also more flexible, suggesting that
conformational adaptability may be favorable compared to the loss of conformational entropy.
Furthermore, while all compounds known to bind to MB327-PAM-1 carry at least one positive charge,
our results indicate that the location of the positive charge plays a minor role. Based on our results,
we developed PTMDO01-0050 (1k), which leads to a higher reporter ligand displacement at test
compound concentrations of 10 uM than UNCO0646.

UNC0646 analogs in general show increased binding affinity with increased molecular weight and size.
Due to concerns for oral bioavailability and because for some pharmacokinetic and toxicological
predictions UNC0646 lies outside the recommended value range, together with the fact that despite
an increased affinity UNC0646 and its analogs show no increased muscle force restoration compared
to MB327 [30], we also aimed to find novel chemotypes binding to MB327-PAM-1. The identified
compounds with four novel chemotypes can displace UNC0642 from MB327-PAM-1 (mean * SD <
100%) at test compound concentrations of 10 uM and reporter ligand concentrations of 1 uM. While
one compound (PTMD99-0016C (4)) already has a molecular weight > 400 Da, the other three hits have
a molecular weight < 300 Da. These compounds can be used as a starting point for optimization in
terms of affinity, pharmacokinetics, and resensitization capability of a desensitized nAChR. Because
only for one of those compounds, cycloguanil (6), enough substance was available to perform rat
diaphragm myography assays, it was tested for its resensitizing capabilities in soman-inhibited rat
muscles and led to a significant muscle force restoration at a concentration of 1 M. Furthermore, the
muscle force restoration was significantly increased compared to MB327 at a concentration of 100
M. Thus, the cycloguanil building block can be a promising starting point for further ligand
optimization with a focus on annihilating the inhibitory effect at higher concentrations. All novel
chemotypes display acceptable predicted pharmacokinetic properties. Cycloguanil already is described
to be well-tolerated and shows the least risk for HERG inhibition based on the predictions of
toxicological parameters, followed by PTMD99-0001C (3). PTMD99-0016C (4) and PTMD99-0026 (5) lie
outside the recommended range. Additionally, PTM99-0026C (5) raises further toxicological concerns
regarding mutagenicity and androgen receptor modulation. Taken together, cycloguanil and PTMD99-
0001C (3) are the most promising lead structures, followed by PTMD99-0016C (4) because of its size
and potential HERG inhibition. PTMD99-0026C (5) already raises several toxicological concerns, which
might make lead optimization demanding. However, which novel chemotype is ultimately most
promising and should be favored in further studies highly depends on rat diaphragm myography assays
for the remaining three compounds.

The identification of more potent resensitizers of nAChR is of utmost importance to improve the
currently insufficient treatment after OPC poisonings. Identifying novel chemotypes by structure-
based screening and showing with our MS Binding Assay that these compounds can bind in the same
binding site as MB327 suggests that the hits also bind to the allosteric binding site MB327-PAM-1.
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¢ Molecular dynamics simulations shed light on the binding mode of cycloguanil.
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Supplemental Figures
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Figure 51: Building blocks of PTMDQ01-0004 (2a) for the generation of a virtual database. For each building block, the stated
virtual syntheses have been performed with building blocks available on MolPort (https://molport.com) using PINGUI [1].

Functional groups that participate in the respective reaction are shown in red.
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Figure S2: Pharmacophore models used for database filtering during template-based docking. Conformations of PTMDO1-
0004 (2a) (green) are shown as sticks between the A) o- and §-, B) 8- and B-, C) B- and a-, D) a- and y-, and E) y- and a-
subunits. Colored elements indicate pharmacophore filters: the grey surface indicates the ligand surface, green circles
indicate aromatic systems, blue circles indicate hydrogen bond donor cations, and red circles indicate hydrogen bond
acceptors. Figures were generated using OpenEye vROCS [2].
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Figure S3: Binding mode of and pharmacophore model for template-based docking based on PTMD01-0004 (2a) (gold) shown
between the A) a- and 8-, B) §- and B-, C) B- and a-, D) a- and y-, and E) y- and a-subunits. Colored mesh areas indicate
features of the pharmacophore filter: green area indicates the surface of the receptor where no atoms of the ligands are
allowed to overlap, orange circles indicate the presence of an aromatic system, purple circles indicate the presence of a cation
donor, and red circles indicate the direction of the hydrogen bond donor orientation. Figures were generated using Chemical
Computing Group MOE [3].
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Figure S4: Representative binding modes of cycloguanil in MD simulations starting from the docked binding mode after
clustering using the k-means algorithm as implemented in CPPTRAJ [4]. A) Only in the largest cluster (containing 18.3% of all
frames) cycloguanil is not interacting with E200,. In the B) second {containing 14.1% of all frames), C) third (containing 12.4 %
of all frames, D) fourth (containing 10.9% of all frames), E) fifth (containing 10.8% of all frames), F) sixth (containing 10.5% of
all frames), G) seventh (containing 10.1% of all frames), H) eight (containing 6.7% of all frames), 1) ninth (containing 3.6% of
all frames), and J) tenth (containing 2.5% of all frames) largest cluster, cycloguanil is interacting with E200, and EG2,.
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Figure $5: Competition curves obtained for PTMD01-0019C (1a) in UNC0642 MS Binding Assays. Data points (mean * SD,
n = 3) represent the specific binding of UNC0642.
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Figure S6: Amino acids within 5 A of UNC0646 in the recently proposed binding mode of UNC0646 [5].



Publication III — Supporting Information 167

bound UNC0642 [%)]

log [PTMDO01-0043]

Figure $7: Competition curves obtained for PTMD01-0043 (2g) in UNC0642 MS Binding Assays. Data points (mean + SD,
n = 3) represent the specific binding of UNC0642.
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Figure $8: Competition curves obtained for cycloguanil (6) in UNC0642 MS Binding Assays. Data points (mean + SD, n = 3)
represent the specific binding of UNC0642.
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Figure S9: Normalized rat muscle force in the presence of increasing cycloguanil (8) concentrations and in the absence of
cycloguanil (6) (control) during indirect electric field stimulations of 20, 50, and 100 Hz. Error bars indicate the standard
deviation (n is between 3 and 13).
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Figure $10: Distance of nitrogens that can act as hydrogen bond donors of cycloguanil to side chain oxygens of E62, (pink)
and E200, (dark red) during 10 replicas of unbiased MD simulations.
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Figure S11: Normalized (number of electrons per volume [e/A3]) electron density of membrane components and water
averaged over all 10 replicas of 1 ps long MD simulations. The electron density is plotted against the z-coordinate, which is
parallel to the membrane normal. The membrane is centered at 0 A for phosphatidylcholine (:PC), oleic acid {:0L), palmitoyl
acid (:PA), and water (:WAT).
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Figure $12: Backbone (C, CA, N) RMSD of nAChR during 10 replicas of 1 ps long MD simulations with respect to the first

frame of the production run.
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Supplemental Tables

Table S1: List of commercially obtained test compounds.

# | Compound Salt Purity | Supplier

1 | Bunazosin - 295% | Angene (Honk Kong, China)

2 | C-021 - >97% | BIONET — KeyOrganics Ltd (Cornwall, United Kingdom)
3 | Cycloguanil HCI 295% | Otava Ltd (Kiew, Ukraine)

4 | MS012 - >90% | TimTec, LLC (Newark, United States)

5 | PTMDO01-0019C - 2 85% | ChemBridge Corporation (San Diego, United States)
6 | PTMDO01-0020C - >90% | Enamine Ltd (Kiew, Ukraine)

7 | PTMDO01-0021C - 2 85% | ChemBridge Corporation (San Diego, United States)
8 | PTMD01-0022C - > 85% | ChemBridge Corporation (San Diego, United States)
9 | PTMDO01-0023C - >90% | Enamine Ltd (Kiew, Ukraine)

10 | PTMDO01-0024C - >85% | ChemBridge Corporation (San Diego, United States)
11 | PTMDO01-0025C - >90% | Enamine Ltd (Kiew, Ukraine)

12 | PTMD99-0001C HI >90% | Enamine Ltd (Kiew, Ukraine)

13 | PTMD99-0002C - 290% | UkrOrgSynthesis Ltd. (Kiew, Ukraine)

14 | PTMD99-0004C 2 HCl | 285% | ChemBridge Corporation (San Diego, United States)
15 | PTMD99-0005C - >90% | ChemBridge Corporation (San Diego, United States)
16 | PTMD99-0006C - > 85% | ChemBridge Corporation (San Diego, United States)
17 | PTMDS9-0008C H>SOs | 290% | Vitas-M Laboratory Ltd (Causeway Bay, Hong Kong)
18 | PTMDS9-0009C HBr 290% | Enamine Ltd (Kiew, Ukraine)

19 | PTMD99-0010C 2 HCl | 285% | ChemBridge Corporation (San Diego, United States)
20 | PTMDS9-0011C - 2 85% | ChemBridge Corporation (San Diego, United States)
21 | PTMDS9-0013C HCI >90% | ChemBridge Corporation (San Diego, United States)
22 | PTMD99-0014C HCl 290% | Enamine Ltd (Kiew, Ukraine)

23 | PTMD99-0015C - > 85% | ChemBridge Corporation (San Diego, United States)
24 | PTMDS9-0016C - 2 85% | ChemBridge Corporation (San Diego, United States)
25 | PTMD99-0020C - > 85% | ChemBridge Corporation (San Diego, United States)
26 | PTMDS99-0021C - > 85% | ChemBridge Corporation (San Diego, United States)
27 | PTMD99-0023C 2 HCl | >85% | ChemBridge Corporation (San Diego, United States)
28 | PTMDS9-0024C 2 HCl | 285% | ChemBridge Corporation (San Diego, United States)
29 | PTMD99-0025C 2 HCl | 285% | ChemBridge Corporation (San Diego, United States)
30 | PTMD99-0026C 2 HCl | 285% | ChemBridge Corporation (San Diego, United States)
31 | PTMD99-0028C 2 HCl | 285% | ChemBridge Corporation (San Diego, United States)
32 | PTMDS9-0029C 2 HCl | 285% | ChemBridge Corporation (San Diego, United States)
33 | PTMD99-0031C 2 HCl | 285% | ChemBridge Corporation (San Diego, United States)
34 | PTMDS9-0032C HCI 290% | Maybridge Ltd (Cornwall, United Kingdom)

35 | PTMDS9-0035C HCI 290% | Otava Ltd (Kiew, Ukraine)

36 | PTMDS9-0036C HCI 290% | ChemBridge Corporation (San Diego, United States)
37 | PTMD99-0038C HCl >95% | Otava Ltd (Kiew, Ukraine)

38 | PTMD99-0041C HCI 2 85% | ChemBridge Corporation (San Diego, United States)
39 | PTMD99-0044C HCl 290% | Maybridge Ltd (Cornwall, United Kingdom)

40 | PTMD99-0045C HCI >90% | Maybridge Ltd (Cornwall, United Kingdom)

41 | UNCO0379 - 298% | TargetMol (Boston, United States)

42 | ZT-12-037-01 - >98% | TargetMol (Boston, United States)
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Table S2: All analogs of UNC0646 tested for affinity to MB327-PAM-1 in nAChR determined in MS Binding Assays based on a
two-dimensional similarity search.

T

z

Q
%,

H.C~ >N H '
3 J\ SC\O \N)\Rz
SRAane O™
UNCO0646
=5.8310.05,

Remaining reporter ligand binding: 21 + 3 %P

Remaining reporter

1 2:
Compound R i ligand binding [%]°

An
Cc-021 T O\I\O 63+2
X

o~ v
ZT-12-037-01 Q M 66+5

|
N F-NH
MS012 Q 83+6

UNC0379 \{ D 59+4

pd
o
@]

Bunazosin “{ Q 90+ 7
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72
PTMDO01-0019C \;NH? (- 47+3
\{N\)
CH
¢
PTMDO01-0020C \{NHQ N\) 7347
E{N
OH
PTMDO01-0021C %{NHZ x{N 87+2
N
CH,
OH
NH, H
PTMDO01-0022C ¢ % N _~n 108 £ 10
PTMDO01-0023C *{NHz 98+3
Koy d D=0
5
NH, i
PTMDO1-0024C e 83+4
HZ
0 Q
NH,
PTMDO01-0025C Y (\Nj/ 8145
M

? The pK; value of UNC0646 has been reported in ref. [6].

b Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in
the presence of test compounds as compared to 100% reporter ligand binding in the absence of a
competitor. Results are based on thirty measurements for UNC0646 and three measurements for all
other compounds at a test compound concentration of 10 pM and a reporter ligand concentration of
1 uM. Mean and standard deviation are displayed.
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Table 53: Sequence similarity between the Torpedo and human muscle-type nAChR.[®

. ) ) . £-
o - subunit B - subunit 6 - subunit y - subunit subunit
Torpedo | human Torpedo | human Torpedo | human Torpedo | human | human
Q63 Q N Q N N N N N
L64 L L L L L L L L
165 | L | | | | | |
S66 N | S S S S S S
V67 \'A L L L L L L L
E69 E E E E E E E E
E75 T T S T T T T T
M195 M T | T T T T T
E196 E E E E E E E E
$197 S N N N N N N N
E199 E Q Q E E E E E
R233 R R R R R R R R
Y237 Y F F F F F F F
F238 F Y Y Y Y Y Y Y
L287 L K K R R K K K
A \" K K T vV K63 R K
N N | D D E E64 E E
Q Q E E E E E65 E E
| | E E T T AB6 A T
A A N N N N V113 \ |
D D D D D D D114 D D
K K R R R R R142 R R
Y Y S S S S T144 A vV
C & C C C C C145 ¢ C
E E T S P P P146 S A
P P P P P P P291 P P
S S E E E A E292 E E
T T T T T T T293 T T

Bl Numbered amino acids are also shown in Figure 2. Amino acid differences between Torpedo and
human muscle-type nAChR are colored blue for identical chemical properties and orange for deviating
chemical properties.
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Table S4: Results of affinity testing to MB327-PAM-1 in nAChR determined in MS Binding Assays of initial compounds

ordered based on structure-based screening.

Name

Structure

Remaining reporter ligand
binding [%]?

O NH
s\/\HJJ\NH2

PTMD99-0001C (3) O 8845

NH,

PTMD99-0002C %rﬁ&@ 10149
NH,
cl H
T,
PTMD99-0004C N 92 47
H@'H%
H
YO;@\/\ NH NH
PTMD99-0005C 101+ 3
g -
OH O
. N 0 N
PTMDsals; 0006C ¥ | CH, \)\/ —
(13) 2 N O,CHa
NH
OH (\NJLNH2

PTMD99-0008C o\)\/N\) 95+ 4

NH
PTMD99-0009C H)LNHZ 9249

A
0
PTMD99-0010C HN H = e
(14) N N
“CHj4
OH N
0 N
PTMDS9-0011C Cl(i\@/ \/K/ \) 9517
HoN YN\]L -

PTMD99-0013C 101+6
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H,N
I\P:N
PTMD99-0014C \ @
+
(15) ’ I\P_ 94+6
2
O

OH CH,

|
N
PTMD99-0015C N O\/k/ 98+8
CHs o-CHs

2 Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in the
presence of test compounds as compared to 100% reporter ligand binding in the absence of a
competitor. If not stated otherwise, results are based on three measurements at a test compound
concentration of 10 pM and a reporter ligand concentration of 1 pM. Mean and standard deviation
are displayed.
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Table S5: Results of affinity testing of compounds analogous to the best hits from the initially ordered compounds based on

structure-based screening.

Name

Structure

Remaining reporter ligand
binding [%]®

OH
oL _N

(22)

PTMD99-0016C (4) N 78+3
CH, o-CHs
OH
PTM D(9196-)0020c S o_k_N -
P o-CHs
OH (\
o N
PTMD99-0021C ‘ CH, AN 107+ 11
N N O,CHS
o)
PTMD99-0023C i N 084
(17) N
“CH; )
F
L T
PTMD99-0024C
N 99+6
(18) HNM N
S
0
HN N/\fo
PTMD99-0025C U L0046
e
N
~
PTMD99-0026C (5) HOC\N | 9045
e
0
PTMD99-0028C
o HNWHK\/%NH 101+7
NH =
0
H
PTMD99-0029C OG\]\)LN 98 +4
PTMD99-0031C HI\DG\' '\I'ﬁNH lo1+8
(21) \/I\/)\é B
HZNYN -
"
PTMD99-0032C -

19



Publication III — Supporting Information

178

PTMD99-0035C

H,N

fN
£0

(28)

109+ 8
(23) H,
0
HaC
H,N
’\?:N
PTMD99-0036C \ @ .
(24) i >_ t
2 @
HZNYN :
PTMD99-0038C Nv\/N
100+ 4
(25) H,N
0
H,C
H,N YN /
Cycloguanil (6) N YN 763
NH,
Cl
H,N_ N
PTMD99-0041C = o1 19
(26) N N .
Y
o, )
H,N_ N
hd 1L
PTMD99-0044C NYN 66 s
(27) NH, )
PTMD99-0045C o

2 Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in the
presence of test compounds as compared to 100% reporter ligand binding in the absence of a
competitor. If not stated otherwise, results are based on three measurements at a test compound
concentration of 10 pM and a reporter ligand concentration of 1 uM. Mean and standard deviation

are displayed.
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Table $6: Restoration of muscle force in soman-inhibited rat muscles after cyclouanil (6) treatment. 2!

20 Hz 50 Hz 100 Hz
Mean [%] SD [%] n Mean [%] SD [%] n Mean [%] SD [%] n
control 100.00 0.00 27 100.00 0.00 27 100.00 0.00 27
soman 4.30 6.02 27 3.86 8.36 27 4,51 8.95 27
wash 0.00 0.00 27 0.00 0.00 27 0.00 0.00 27
1uM 1.86 2.91 13 0.64 1.29 13 0.40 1.00 13
10 uM 6.20 8.40 18 0.82 1.28 18 0.25 0.56 18
30 uM 7.66 7.64 1.38 2.34 5 1.14 2.51 5
70 uM 30.87 19.23 2.76 3.51 5 0.68 1.32 5
;11?\2 30.42 18.04 27 4.68 4.76 27 1.29 2.72 27
150
UM 7.78 10.79 9 0.85 1.33 9 0.28 0.57 9
i?\g 1.69 3.35 4 0.23 0.41 4 0.00 0.00 4
300
V) 0.51 2.09 17 0.51 1.69 17 0.71 2.44 17
i?\;) 0.24 0.53 5 1.37 3.05 5 1.67 3.73 5
13&0 0.00 0.00 5 0.73 1.62 5 1.05 2.35 5
wash 14.30 15.66 27 2.43 3.89 27 0.39 1.44 27

? For the stimulation frequencies of 20, 50, and 100 Hz, the mean muscle force restoration, the

standard deviation (SD), and the number of experiments (n) are displayed at each testing point.
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Table $7: Breakdown of the toxicological alert count of the best screening hits.?

HERG
.ch«_an_r!el Mutagenicity Phc.)sph_o— HTICIOEH( Mutagenicity .
inhibition - T lipidosis receptor o Nephrotoxicity
. in vitro . in vivo
Compound | in vitro . mammal | modulation mammal alert
bacterium mammal
mammal alert mammal count
alert count alert count
alert count alert count
count
UNCO0646 2 1 1 0 0 0
PTMDO1-
1 1 0 0 0 0
0050 (1k)
PTMDO1-
2 1 1
0043 (2g) 0 0 0
PTMD99-
0001C (3) 0 0 0 0 0 0
PTMD99-
0016C () 2 0 0 0 0 0
PTMD99-
1 1 1 1
0026 (5) 0 0
CycI((JGg)uanll 0 § 0 0 0 1

2 Predictions where no compound displays alert counts (Skin sensitization mammal alert count,
Teratogenicity mammal alert count) are not shown as a column.
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Analytical Data

6-Methoxy-2-(piperidin-1-yl}-7-[3-(piperidin-1-yl)propoxy]-N-[5-(pyrrolidin-1-yl}pentyl]quinazolin-
4-amine (1k): mp.: 54 °C. R¢ = 0.34 [10% 3 M NHs (in MeOH) in CHxCl,]. IR (film): ¥ = 2935, 1581, 1493,
1244, 754 cm'™t. 'H NMR (500 MHz, CD>Cl3): § = 1.37-1.47 (m, 2 H, CH>CH>CH>NCH,CH,CH,0), 1.48-1.55
{m, 2 H, CH2CH2CHzNH), 1.55-1.61 (m, 8 H, CH2CH2CH2NC, CH2CH2CH2NCH,CH2CH20), 1.62-1.70 (m, 4 H,
CH,CH,CH;NC, CH.CH,CH,CH;NH), 1.74 (p, J=7.0Hz, 2H, CH,CH;NH), 1.80-1.89 [m, 4H,
CH,CH;N{CH,)sNH], 2.00 (p, J = 6.9 Hz, 2 H, CH>CH,0), 2.22-2.42 (m, 4 H, CH,NCH,CH,CH,0), 2.42-2.48
{m, 2 H, CH-CH2CH,0), 2.57-2.66 [m, 2 H, CH>(CH,)4NH], 2.66-2.84 [m, 4 H, CH2N(CH;)sNH], 3.53-3.64
{m, 2 H, CH;NH), 3.73-3.84 (m, 4 H, CH,NC), 3.89 (s, 3 H, CH30), 4.11 (t, / = 6.7 Hz, 2 H, CH;0), 5.77 (s,
1H, NH), 6.84 (s, 1H, CHCOCH,), 6.98 (s, 1H, CHCOCH3). ®*CNMR (126 MHz, CD,Cl;): 3=23.82
[CH2CH2N({CH,)sNH], 24.94 (CH,CH,CH;NCH,CH,CH,0), 25.17 (CH2CH2CH3NH), 25.57 (CH2CH,CH,NC),
26.41 (CH2CH2NCH;CH,CH,0)*, 26.46 (CHCHaNC)*, 27.05 (CH,CH,0), 28.02 [CHa(CH,)sNH], 29.19
(CH,CH3NH), 41.36 (CH2NH), 45.39 (CH2NC), 54.41 [CH3N(CH;)sNH], 55.00 (CH;NCH2CH-CH:0), 55.97
{CH2CH2CH»0), 56.31 [CH2(CH2)aNH], 56.96 (CH3:0), 67.57 (CH20), 102.41 (CHCOCHs), 103.30 (CCNH),
106.82 (CHCOCH,), 145.83 (COCHs), 149.62 (CCCNH), 154.35 (COCH,), 159.04 (CNCNH), 159.49 (CNH).
HRMS-EIl m/z [M]* calcd. for C31HsoNsO2: 538.3995, found: 538.3989.

N'-Cyclohexyl-N>-{6-methoxy-7-[3-(piperidin-1-yl)propoxylquinazolin-4-yl}-N'-methylethane-1,2-
diamine (2b): Ry = 0.38 [10% 3 M NH; (in MeOH) in CH2Cl3]. IR (film): ¥ = 3020, 1641, 1215 cm™. *H NMR
(500 MHz, CD;Cl;): 6=1.03-1.16 (m, 1 H, CH:CH,CH,CHN), 1.19-1.37 (m, 4 H, CH:CH-CHN), 1.37-1.47
{m, 2 H, CH,CH,CH;NCH,CH,CH,0), 1.47-1.59 (m, 4 H, CH,CH;NCH,CH>CH,0), 1.59-1.66 (m, 1H,
CH2CH2CH-CHN), 1.77-1.87 {m, 4 H, CH2CH2CHN), 2.02 (p, J = 6.8 Hz, 2 H, CH2CH10), 2.32 (s, 3 H, CHaN),
2.34-2.43 (m, 4 H, CH:NCH.CHCH;0), 2.43-2.52 (m, 3 H, CH2CH2CH,0, CH,CHN), 2.68-2.88 (m, 2 H,
CH,CH2NH), 3.53-3.67 (m, 2 H, CH:NH), 3.94 (s, 3 H, CH:0), 4.16 (t, J=6.7 Hz, 2 H, CH0), 6.50 (d,
J=13.6Hz, 1 H, NH), 6.95 (s, 1 H, CHCOCH3), 7.14 (s, 1 H, CHCOCH,), 8.43 (s, 1 H, CHNCNH). *C NMR
(126 MHz, CD;Cl):  ©=24.97  (CHCH.CH;NCH,CH.CH:0), 26.35 (CH,CH,CHN),  26.52
{CH,CH;NCH;CH2CH0), 26.68 {CH2CH,0), 27.02 (CH,CH,CH,CHN), 29.26 (CH,CHN), 37.08 (CH3N), 38.38
(CH>NH), 52.08 (CH,CH>NH), 55.03 (CH,NCH,CH,CH,0), 55.91 (CH,CH,CH,0), 56.39 (CHs0), 63.59
(CH.CHN), 67.87 (CH,0), 100.42 (CHCOCHs), 108.83 (CHCOCH;), 109.02 (14), 146.84 (15), 149.46 (12),
154.21 (11), 154.49 (CHNCNH), 158.65 (19). HRMS-ESI m/z [M+H]" calcd. for CosHaaNsO2: 456.3339,
found: 456.3334.

6-Methoxy-N-[3-(4-methylpiperazin-1-yl)butyl]-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-amine
(2c): mp.: 85°C. R¢=10.22 [10% 3 M NHs (in MeOH) in CH,CL,]. IR (film): ¥ = 2100, 1622, 1504, 1338,
1217 cm?. *HNMR (500 MHz, CD,Cl;): §=1.05 (d, J=6.6Hz, 3 H, CHsCH), 1.37-1.49 (m, 2H,
CH;CH2CH2NCH>CH:CH,0), 1.51-1.61 (m, 4 H, CH2CH;NCH;CH,CH,0)}, 1.65-1.97 (m, 2 H, CH2CH:NH),
1.98-2.08 (m, 2 H, CH,CH,0), 2.26 (s, 3 H, CHzN), 2.28-2.62 (m, 12 H, CH;CH2NCH3, CH,NCH,CH2CH,0),
2.64-2.77 {m, 2 H, CH>CH;NCH3), 2.78-2.96 (m, 1 H, CHCH3), 3.58-3.70 (m, 1 H, CH.NH), 3.72-3.85 (m,
1 H, CH>NH), 3.97 (s, 3 H, CH30), 4.17 (£, J = 6.6 Hz, 2 H, CH»0), 6.71 (s, 1 H, NH), 7.05 (s, 1 H, CHCOCHs),
7.15 (s, 1 H, CHCOCH,), 8.43 (s, 1 H, CHNCNH). 3C NMR {126 MHz, CD;Cl3): & = 13.74 (CH3CH), 24.92
{CH2CH,CH,NCH2CH,CH,0), 26.47 (CH2CHaNCH,CH,CH,0), 26.98 {CH,CH,0), 32.20 (CH.CH2NH), 40.71
{CH2NH), 46.07 (CHsN), 48.75 (CH>CH2NCH3), 55.01 (CH2NCH>CH>CH,0), 55.93 (CH2NCH3, CH2CH2CH»0),
57.61 (CHs0), 59.32 (CHCH3), 67.81 (CH20), 102.33 (CHCOCHSs), 108.99 (CHCOCH2), 109.06 (CCNH),
147.20 (CCCNH), 149.40 (COCHs), 154.51 (CHNCNH, COCH,), 158.94 (CNH). HRMS-ESI m/z [M+H]*
caled. for CasHaasNgO2: 471.3447, found: 471.3443.
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6-Methoxy-7-[3-(piperidin-1-yl)propoxy]-4-[4-(pyrrolidin-1-yl)piperidin-1-yllquinazoline  (2d): IR
(film): ¥=2937, 1643, 1504, 1209cm™. 'H NMR (500 MHz, CD,Cl;): $=1.36-1.49 (m, 2H,
CH:CH;CH;NCH.CH,CH,0), 1.49-1.59 {(m, 4 H, CH,CH,NCH,CH,CH;0), 1.69-1.82 (m, 6 H, CH,CHN,
CH>CH;NCH), 1.98-2.10 {m, 4 H, CH,CHN, CH,CH,0), 2.28 (tt, /= 10.2, 4.0 Hz, 1 H, CHNCH,), 2.32-2.43
{m, 4 H, CH2NCH,CH>CH,0), 2.46 (t, J=7.1 Hz, 2H, CH,CH,CH;0), 2.51-2.64 (m, 4 H, CH,NCH}, 3.04-
3.15(m, 2 H, CHzNC), 3.94 (s, 3 H, CH30), 4.04-4.14 (m, 2 H, CH;NC), 4.18 (t, / = 6.7 Hz, 2 H, CH,0), 7.11
(s, 1 H, CHCOCHs), 7.19 (s, 1 H, CHCOCH,), 8.55 (s, 1 H, CHNCN). 3C NMR (126 MHz, CD,Cl>): 8 = 23.74
{CH2CHzNCHY), 24.96 (CH2CH2CH;NCH,CH2CH,0), 26.52 (CH,CH,NCH>CH,CH,0), 26.98 (CH.CH,0), 32.07
(CH2CHN), 49.09 (CH2CHACHN), 51.78 (CH,NCH), 55.03 (CH2NCH2CH,CH;0), 55.89 (CH,CH,CH,0), 56.31
(CHs0), 62.21 (CHNCH,), 67.92 (CH.0), 103.89 (CHCOCH,), 108.49 (CHCOCH,), 111.84 (CCHCOCHs),
149.03 (COCHs), 149.47 (CCCNCH,), 153.34 (CHNCN), 154.41 (COCH,), 164.49 (CNCH,). HRMS-ESI m/z
[M+H]* caled. for CasHaoNsO2: 454.3182, found: 454.3177.

N-[1-(Azepan-1-yl})-2-methylpropan-2-yl]-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-
amine (2e): Hygroscopic. Ri=0.30 [5% 7 M NHs (in MeOH) in CHyCl:]. IR (film): ¥=2926, 1643,
1498 cm™. 'H NMR (500 MHz, CDCl,): § = 1.38-1.47 (m, 2 H, CH>CH,CH,NCH,CH,CH,0), 1.52-1.62 {m,
10 H, CHsC, CH2CH2NCH,CH»CH20), 1.62-1.78 (m, 8 H, CH>CH-CH2NCH,CNH), 2.03 (p, /=6.9Hz, 2 H,
CH,CH,0), 2.26-2.46 (m, 4 H, CH.NCH,CH,CH,0), 2.46-2.57 (m, 2 H, CH.CH,CH,0), 2.75 (s, 2 H,
CH>CNH), 2.82-2.96 (m, 4 H, CH,NCH-CNH), 3.95 (s, 3 H, CH50), 4.16 (t, J = 6.6 Hz, 2 H, CH,0), 6.84 (s,
1H, NH), 6.93 (s, 1 H, CHCOCHs), 7.12 (s, 1 H, CHCOCH,), 8.40 (s, 1 H, CHNCNH). 3C NMR (126 MHz,
CD,Cl;): 8=24.91 (CH.CH,CH,NCH,CH,CH,0), 25.77 (CHsC), 26.45 (CH,CH.NCH,CH.CH,0), 26.97
(CH,CH;0), 27.51 (CH,CH,CH;NCH,CNH), 29.59 (CH,CH,NCH,CNH), 54.36 (CHsC), 55.00
{CH;NCH,CH,CH:0), 55.91 (CH,CH.CH,0), 56.38 (CH30), 58.82 (CH:NCH.CNH), 67.81 (CH,0), 69.97
(CH.CNH), 100.45 (CHCOCHS3), 109.02 (CHCOCH,), 109.86 (CCNH), 146.93 (CCCNH), 149.32 {COCH3),
153.88 (COCHy), 154.04 (CHNCNH), 158.64 (NCNH). HRMS-ESI m/z [M+H]* calcd. for Cy7HaaNsO;:
470.3495, found: 470.3492.

N-(1-Propan-2-ylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-amine (2f):
mp.: 166 °C. Ry = 0.18 [10% 4 M NH; (in MeOH) in CH,Cl,]. IR (film): ¥ = 2933, 1593, 1506, 1254 cm™. 'H
NMR (500 MHz, CDs;OD): &=1.14 (d, J=6.6Hz, 6H, CHsCH), 145-1.56 (m, 2H,
CH>CH,CH:NCH,CH,CH,0), 1.57-1.69 (m, 4 H, CH,CH2NCH;CH,CH;0), 1.69-1.81 (m, 2 H, CH,CHNH),
2.04-2.18 (m, 4H, CH,CH,O, CH.CHNH), 2.38-2.48 (m, 2H, CH,NCH), 2.48-2.60 (m, 4H,
CH3NCH2CH,CH>0}, 2.60-2.69 (m, 2 H, CH>CH2CH»0), 2.82 (hept, J = 6.5 Hz, 1 H, CH3CH), 2.98-3.09 (m,
2 H, CH:NCH), 3.97 (s, 3 H, CH30), 4.09-4.30 (m, 3 H, CH,0, CHNH), 7.07 (s, 1 H, CHCN), 7.60 (s, 1 H,
CHCCN), 8.30 (s, 1H, CHNCNH). *C NMR (126 MHz, CD;OD): 6=18.47 (CHsCH), 25.04
{CH2CH,CHaNCH,CHLCH;0), 26.38 (CH;CH2NCH2CH>CH,0), 27.00 (CH,CH20), 32.37 (CH2CHNH), 48.83
{CH2NCH), 49.84 (CHNH), 55.46 (CH;NCH>CH>CH,0), 56.06 (CH3CH), 56.82 (CH10), 57.00 (CH,CHzCH-0),
68.32 (CH:0), 102.94 (CHCCN), 107.81 {CHCN), 110.17 (CCNH), 146.65 (CCCNH), 150.87 (CHsOC(),
154.28 (CHNCNH), 155.48 (CH,0C), 159.65 (CNH). HRMS-ESI m/z [M+H]" caled. for CisHaoNsO::
442.3182, found: 442.3175.

N-(1-Propan-2-ylpiperidin-4-yl}-6-methoxy-7-[3-(piperidin-1-ylmethyl)pyrrolidin-1-yl]quinazolin-4-

amine (2g): mp.: 244 °C. R; = 0.35 [10% 3 M NHs (in MeOH) in CH,CL]. IR (film): ¥ = 2935, 1612, 1504,
1363 cm™. 'H NMR (500 MHz, CD.Cly): 8=1.04 (d, /=6.6Hz, 6H, CHiCH), 1.33-1.47 (m, 2H,
CH>CH:CH>N), 1.47-1.60 (m, 6 H, CH.CH.CH:N, CH>CHNH), 1.60-1.78 (m, 1H, CH>CH>CHCH:N),
2.02-2.09 (m, 1 H, CH,CH,CHCH;N), 2.09-2.17 (m, 2 H, CH,CHNH), 2.19-2.44 (m, 8 H, CH:NCH>CHCH;N,
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CH,CH;CHNH), 2.49 (hept, J = 7.0 Hz, 1 H, CHCHaN), 2.76 (hept, J = 6.4 Hz, 1 H, CHsCH), 2.83-2.93 (m,
2 H, CH>CH,CHNH), 3.26 (dd, J = 10.2, 7.2 Hz, 1 H, CHCH-NC), 3.51-3.62 (m, 3 H, CH,NC), 3.90 (s, 3 H,
CH30), 4.10-4.26 (m, 1 H, CHNH), 5.01-5.18 (m, 1 H, NH), 6.76 (s, 1 H, CHCOCHs), 6.79 (s, 1 H, CHCNCHS,),
8.34 (s, 1H, CHNC). C NMR (126 MHz, CD,Cl,): 8=18.46 (CH:CH), 24.97 (CH,CH,CH:N), 26.55
(CH2CHACH,N), 30.45 (CH,CHCH,N), 33.37 (CH,CHNH), 36.58 (CHCH:N), 48.05 (CH,CH,CHNH), 48.85
(CHNH), 50.56 (CH>CH>CHCH5N), 54.85 (CH3CH), 55.41 (CH>CH>CH,N), 55.84 (CNCH,CH), 56.33 (CH0),
63.20 (CH2CHCH,NC), 100.12 (CHCOCH3), 106.53 (CCNH), 109.46 (CHCNCH,), 145.49 (CNCH,), 147.48
(CCCNH), 150.16 (COCH5), 154.18 (CHNCNH), 157.71 (CNH). HRMS-ESI m/z [M+H]" calcd. for Cz7Ha3NsO:
467.3498; found: 467.3489.

4-Chloro-6-methoxy-2-(piperidin-1-yl)-7-[3-(piperidin-1-yl)propoxylquinazoline (8): mp.: 138 °C.
R =0.35(15% MeOH in CH,Cl IR (film): ¥ = 2931, 1626, 1585, 1495, 1238, 754 cm™. 'H NMR (500 MHz,
CD;0D): 6 = 1.59-1.70 (m, 6 H, CH,CH;CH;NCH,CH,CH,0, CH.CH;NC), 1.70-1.77 (m, 2 H, CH2CH,CH,NC),
1.77-1.89 (m, 4H, CH,CH,NCH,CH.CH;0), 2.15-2.37 (m, 2H, CH.CH,0), 2.87-3.17 (m, 6H,
CH3;NCH,CH,CH,0), 3.81-3.88 (m, 4 H, CH,NC), 3.95 (s, 3 H, CHs0), 4.25 (t, J=5.8 Hz, 2 H, CH,0), 7.00
(s, 1H, CHCOCH,), 7.26 (s, 1H, CHCOCHs). “CNMR (126 MHz, CDsOD): &=23.72
{CH2CH2CH,NCH2CH,CH,0), 25.29 (CH2CH,NCH.CH,CH,0), 25.74 (CH.CH,0)*, 25.92 (CH.CH.CH:NC)*,
26.88 (CH2CH;NC), 46.31 (CH>NC), 55.01 (CH2NCH,CH,CH,0), 56.54 (CH10), 56.73 (CH.CH.CH,0), 68.09
(CH,0), 104.82 {CHCOCHSs), 106.56 (CHCOCH,), 113.18 (CCCl), 148.82 (COCH:), 152.67 (CCCC), 157.42
{(COCH3), 158.93 (CNCH,), 160.90 (CCl). HRMS-ESI m/z [M+H]" calcd. for C22H32CIN4Os: 419.224, found:
419.2206.

4-Chloro-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline (9) [7, 8]: mp.: 106 °C. Ry=0.21 [5%
4 M NHs (in MeOH) in CH:CL5). IR (film): ¥ = 2933, 2358, 1500, 1232, 1020 cm™. 'H NMR (500 MHz,
DMSO-dg) 6 = 1.31-1.43 (m, 2 H, CH2CH,CH,NCH,CH,CH-0), 1.45-1.54 (m, 4 H, CH>CH2NCH,CH.CH-0),
1.95 (p, J=6.7Hz, 2H, CHCH;0O), 2.26-2.38 (m, 4H, CH>NCH.CH,CH.0), 2.38-2.43 (m, 2H,
CH2CH:CH,0), 4.00 (s, 3H, CHs0), 4.25 {t, J=6.4Hz, 2H, CHx0), 7.38 (s, 1 H, CHCN), 7.44 (s, 1 H,
CHCCN), 8.86 (s, 1 H, CHN). *C NMR (126 MHz, DMSO-ds) & = 24.13 {CH>CH>CH,NCH>CH,CH,0), 25.60
{CH,CH;NCH,CH:CH,0), 25.92 (CH.CH;0), 54.11 (CH;NCH.CH.,CH;0), 54.93 (CH.CH.CH.0), 56.21
(CHs0), 67.65 (CH,0), 102.30 (CHCCN), 107.32 (CHCN), 118.48 (CCCl), 148.60 (CCCCI), 151.49 (CH;0C),
152.19 (CHN}, 156.11 (CH,0C), 157.84 (CCl). HRMS-ESI m/z [M+H]* calcd. for C17H23CIN3O;; 336.1479,
found: 336.1476. The analytical data agree with those previously reported in the literature [7, 8].

7-Fluoro-N-(1-propan-2-ylpiperidin-4-yl)-6-methoxyquinazolin-4-amine (10): mp.: 233°C
(decomposition). Rr=0.48 [10% 3 M NH;z (in MeOH) in CHyCl;]. IR (film): v =2968, 1593, 1537,
1045 cm™2. *H NMR (500 MHz, CDCl5): 8 = 1.04 (d, / = 6.6 Hz, 6 H, CH3CH), 1.52-1.64 (m, 2 H, CH.CHNH),
2.11-2.20 (m, 2 H, CH,CHNH), 2.31-2.42 (m, 2 H, CH,CH,CHNH), 2.71-2.84 (m, 1 H, CHsCH), 2.83-2.96
(M, 2 H, CH2CH,CHNH), 4.00 (s, 3 H, CH30), 4.15-4.31 (m, 1 H, CHNH), 5.43 (d, J = 7.6 Hz, 1 H, NH), 7.02
{(d,/=8.6 Hz, 1 H, CHCOCHs),7.44 (d, = 12.0 Hz, 1 H, CHCF), 8.48 (s, 1 H, CHNCNH). *CNMR (126 MHz,
CD.Cly): &=18.43 (CHsCH), 33.01 (CH,CHNH), 48.00 (CH2CH,CHNH), 49.23 (CHNH), 54.86 (CHsCH),
56.96 (CH30), 102.29 (d, J = 3.5 Hz, CHCOCHs), 111.90 (CCNH), 114.04 (d, J = 17.6 Hz, CHCF), 146.26 (d,
J=12.0Hz, CCHCF), 147.82 (d, J=13.0 Hz, COCH3), 154.79 (CHNCNH), 156.64 (d, /= 255.1 Hz, CF),
158.12 (CNH). HRMS-ESI m/z [M+H]* calcd. for C17H24FN4O: 319.1934, found: 319.1929.

* Due to signal overlap in 2D-NMR, signals could not be unambiguously assigned.
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Poisoning with organophosphorus compounds, which can lead to a cholinergic crisis due to the inhibition of
acetylcholinesterase and the subsequent accumulation of acetylcholine (ACh) in the synaptic cleft, is a serious
problem for which treatment options are currently insufficient. Our approach to broadening the therapeutic
spectrum is to use agents that interact directly with desensitized nicotinic acetylcholine receptors (nAChRs) in
order to induce functional recovery after ACh overstimulation. Although MB327, one of the most prominent
compounds investigated in this context, has already shown positive properties in terms of muscle force recovery,
this compound is not suitable for use as a therapeutic agent due to its insufficient potency. By means of in silico
studies based on our recently presented allosteric binding pocket at the nAChR, i.e. the MB327-PAM-1 binding
site, three promising MB327 analogs with a 4-aminopyridinium ion partial structure (PTM0056, PTM0062, and
PTM0063) were identified. In this study, we present the synthesis and biological evaluation of a series of new
analogs of the aforementioned compounds with a 4-aminopyridinium ion partial structure (PTM0064-PTM0072),
as well as hydroxy-substituted analogs of MB327 (PTMD90-0012 and PTMD90-0015) designed to substitute
entropically unfavorable water clusters identified during molecular dynamics simulations. The compounds were
characterized in terms of their binding affinity towards the aforementioned binding site by applying the
UNCO0642 MS Binding Assays and in terms of their muscle force reactivation in rat diaphragm myography. More
potent compounds were identified compared to MB327, as some of them showed a higher affinity towards
MB327-PAM-1 and also a higher recovery of neuromuscular transmission at lower compound concentrations. To
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improve the treatment of organophosphate poisoning, direct targeting of nAChRs with appropriate compounds is
a key step, and this study is an important contribution to this research.

1. Introduction

The verified use of sarin in the Syrian war in 2013 (Dolgin, 2013; Pita
and Domingo, 2014) and 2017 (OPCW, 2017), as well as the politically
motivated Novichok attack on Russian opposition politician Alexei
Navalny in 2020 (Steindl et al., 2021), provide clear evidence that
highly toxic organophosphorus nerve agents still pose a major threat to
military personnel and civilians, even after their international ban by the
Chemical Weapons Convention in 1997 (Thakur and Haru, 2007).
Intoxication with organophosphorus compounds (OPCs) leads to the
irreversible inhibition of acetylcholinesterase (AChE), resulting in an
uncontrolled accumulation of acetylcholine (ACh) in the synaptic cleft
of cholinergic neurons. As a result, cholinergic signaling is disrupted by
overstimulation of muscarinic and nicotinic acetylcholine receptors
(mAChRs and nAChRs, respectively) (Koelle, 1981; Maselli, Leung,
1993; Massoulié et al., 1993). This condition, known as a “cholinergic
crisis”, can be life-threatening due to respiratory paralysis as a result of
the disruption of nAChR-mediated neuromuscular transmission (Brown
and Brix, 1998; Thiermann et al., 2010). Standard treatment for nerve
agent poisoning currently includes a muscarinic acetylcholine receptor
antagonist, e.g. atropine, to reduce mAChR overstimulation and an
oxime-based AChE reactivator, e.g. obidoxime. According to Sheridan
et al. (Sheridan et al., 2005) neuromuscular blockers (competitive
nAChR antagonists) are not suitable for the treatment of nerve agent
poisoning. Hence, reactivation of inhibited AChE appears to be crucial to
counteract nicotinic overstimulation. However, despite decades of
effort, there is still no universally applicable AChE reactivator that can
efficiently cleave all OPC-AChE conjugates (Worek et al., 2020).
Therefore, there is an urgent need to develop novel antidotes to coun-
teract desensitization of muscle-type nAChRs as a result of over-
stimulation. One approach is to use agents that directly target the
nAChR to restore its function after it has been desensitized by over-
stimulation (Sheridan et al., 2005; Turner et al., 2011).

Indeed, a number of bispyridinium salts, such as the prototypical
compound MB327 (Fig. 1), are able to restore the function of desensi-
tized nAChR of Torpedo californica (recently reclassified as Tetronarce
californica) in in vitro experiments by interacting directly with the re-
ceptor most likely via an allosteric mechanism (Niessen et al., 2016;
Niessen et al., 2018; Seeger et al., 2012; Sichler et al., 2018). Since the
Torpedo californica nAChR has a high sequence identity to the rat and
human muscle-type nAChRs, it is reasonable to assume that MB327 has
similar effects on the desensitized nAChRs of the latter species as well.
Indeed, in ex vivo experiments, MB327 shows a muscle force-restoring
effect on both soman-poisoned rat diaphragms and soman-poisoned
human intercostal muscles, which is thought to be due to the resensiti-
zation of desensitized nAChR (Niessen et al., 2018; Seeger et al., 2012).
In addition, MB327 (or the corresponding methanesulfonate salt
MB399, respectively) in combination with the mAChR antagonist hyo-
scine and the indirect parasympathomimetic physostigmine, was shown

t-Bu | x ” = ‘ t-Bu
/NWN+\

MB327

to increase the survival rates of guinea pigs poisoned with sarin or tabun
in in vivo studies (Timperley et al., 2012; Turner et al., 2011). Despite
these promising results, MB327 is not suitable for human use due to its
narrow therapeutic window. Nevertheless, MB327 is a promising start-
ing point for further investigation.

Recently, based on blind docking experiments and molecular dy-
namics simulations, we proposed a new allosteric binding site of MB327
at the muscle-type nAChR, termed MB327-PAM-1 (Kaiser et al., 2023).
This binding site is located at the transition from the extracellular to the
trans-membrane region and, according to a rigidity analysis, is expected
to exert an allosteric effect on the orthosteric binding pocket upon
binding of MB327. The amino acids interacting with MB327 in this
binding site, predominantly glutamate residues, are highly conserved
within the different nAChR subunits as well as in different species.
Accordingly, comparable resensitizing effects of MB327 should be
observable on desensitized nAChR of different species (e.g. Torpedo
californica, rats and humans).

However, recently published results also show that bispyridinium
compounds related to MB327 have inhibitory activity on the nAChR,
most likely mediated via the orthosteric binding site (Epstein et al,,
2021). Indeed, free ligand diffusion MD simulations performed by us
indicated that MB327 also has affinity for the orthosteric binding site
(Kaiser et al., 2023). The fact that the muscle force restoring activity of
MB327 on soman-poisoned rat diaphragms is lost at higher concentra-
tions after a peak at 300 pM may be explained by this inhibitory activity
(Niessen et al., 2018).

The binding mode of MB327 in the MB327-PAM-1 binding pocket
indicates that one of the two tert-butyl groups projects into a polar re-
gion of the binding pocket. This allowed us to predict structural modi-
fications of MB327 that led to the more potent resensitizers PTM0062
(1) and PTM0063 (2), which have a more polar substituent, i.e., an
amino and a methylamino group, respectively, instead of one of the two
tert-butyl residues of MB327 (Fig. 1) (Kaiser et al., 2023). Interestingly,
the recently described dimethylamino analog PTM0056 (3) (Fig. 1),
which has a less polar substituent than PTM0062 (1) or PTM0063 (2),
also shows a slightly higher affinity for the MB327-PAM-1 binding site
than MB327 (Rappengliick et al., 2018) and a muscle force-restoring
activity comparable to PTM0062 (1) and PTM0063 (2) in preliminary,
unpublished ex vive studies with soman-poisoned rat diaphragm hemi-
spheres. Therefore, PTM0056 (3) appeared to be a promising starting
point for the development of new, possibly even more potent, resensi-
tizers for the desensitizied muscle type nAChR.

In this study, we report the development of a series of non-symmetric
MB327 analogs derived from PTM0062 (1), PTM0063 (2) and PTM0056
(3), respectively, as resensitizers for desensitized muscle-type nAChRs.
To obtain a structurally diverse set of analogs, the 4-amino substituents
of compounds 1-3 were replaced by either acylamino groups, dia-
lkylamino groups previously not considered or cyclic amino groups (e.g.

pyrrolidino, piperidino, morpholino and piperazino  groups).
R1
t-Bu \© - @/ f‘\l “R2
NI~ _NY
PTM0062 (1: R'=R%2=H

)
PTM0063 (2): R = CHz, R?=H
PTMO0056 (3): R' = R2 = CH,4

Fig. 1. Chemical structures: MB327, PTM0062 (1), PTM0063 (2) and PTMO0056 (3).
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Furthermore, based on identifying entropically unfavorable water
clusters in MB327-PAM-1 using molecular dynamics (MD) simulations
in combination with Grid Inhomogeneous Solvent Theory (GIST) com-
putations (Lazaridis, 1998; Nguyen et al., 2011; Nguyen et al., 2012;
Ramsey et al., 2016), we designed novel MB327 analogs potentially able
to substitute these water clusters. To determine the affinities of the
newly developed compounds at the MB327-PAM-1 binding site of Tor-
pedo-nAChR, our recently developed UNC0642 MS Binding Assays were
applied. To gain insight into the intrinsic activity of some selected rep-
resentatives of the newly developed compounds, their ability to restore
muscle force was also investigated in ex vivo experiments with
soman-poisoned rat diaphragms. Some of the newly developed com-
pounds showed a slightly higher affinity for the MB327-PAM-1 binding
site of Torpedo-nAChR than the prototypical compound MB327 and a
comparable or even higher muscle force-restoring effect on
soman-poisoned rat diaphragms at lower concentrations than MB327.

2. Material and methods
2.1. Synthesis of novel MB327 analogs

Microwave reactions were carried out on a Discover SP microwave
system by CEM GmbH in glass vials. All chemicals used in the syntheses
were used as purchased from commercial sources. Solvents used for
crystallization were distilled before use. Melting points were determined
with a Blichi 510 melting point apparatus and are uncorrected. For IR
spectroscopy, an FT-IR Spectrometer 1600 from PerkinElmer was used.
High-resolution mass spectrometry was performed on a Finnigan MAT
95 (ED) or a Finnigan LTQ FT (ESD). 'H and 'C NMR spectra were
recorded on a Bruker BioSpin Avance III HD 400 and 500 MHz at 25 °C.
For data processing, MestReNova (Version 14.1.0) from Mestrelab
Research S.L. 2019, and for calibration, the solvent signal (CDs0D) was
used. See Supporting Information (SI, Figures 51-511) for the NMR
spectra of the bispyridinium compounds. Unless otherwise noted, the
purity of the test compounds was > 98%, determined using quantitative
'H NMR spectroscopy using TraceCERTS® ethyl 4-(dimethylamino)
benzoate from Sigma Aldrich as internal calibrant (Cushman et al., 2014;
Pauli et al., 2014).

All target compounds synthesized in the context of this study were
cataloged with a certain PTM and PTMD number, respectively (Phar-
macy and Toxicology Munich and Pharmacy and Toxicology Munich
and Diisseldorf, respectively).

General Procedure (GP): Synthesis of non-symmetric MB327
analogs by N-alkylation with 4

A solution of 4-(tert-butyl)-1-(3-iodopropyl)pyridin-1-ium iodide (4)
(Rappengliick et al., 2018) (1.0 equiv) and the corresponding 4-amino--
substituted pyridine 5 (1.05-1.1 equiv) or 7-hydroxychinoline (7) in
acetonitrile (2.0-2.7 mL/mmol) was stirred at 90 °C under microwave
irradiation (150 W) for 1h unless otherwise stated. The reaction
mixture was concentrated in vacuo, and the residue was purified by
recrystallization from different solvent mixtures.

Acetamido-1-{3- [4-(tert-butyl)pyridin-1-ium-1-yl] propyl}pyr-
idin-1-ium diiodide (PTMO0064, 6a)

According to the GP, with 4 (431 mg, 1.00 mmol, 1.0 equiv) and 5a
(150 mg, 1.10 mmol, 1.1 equiv) in MeCN (2.0 mL). Recrystallization
from EtOAc/EtOH,/MeOH (1:2:1) afforded 6a (529 mg, 93%) as a yellow
solid. m.p. 259 °C; 'H NMR (400 MHz, CD30D): 5 = 1.45 (s, 9 H), 2.27
(s, 3H), 2.71-2.80 (m, 2 H), 4.66-4.72 (m, 2 H), 4.77-4.83 (m, 2 H),
8.12-8.16 (m, 2 H), 8.16-8.20 (m, 2 H), 8.79-8.86 (m, 2 H), 8.96-9.02
(m, 2 H); '®C NMR (101 MHg, CDs0D): 6 = 24.61, 30.21, 33.27, 37.68,
57.42, 58.32, 116.48, 126.90, 145.43, 146.32, 154.33, 172.69, 173.27;
IR (KBr): ¥ = 2964, 1645, 1518, 1207 cm'; HRMS (ESD): m/z caled for
C19Hy7N30I-T: 440.1199 [M-1]'; found: 440.1185.

4-[(tert-Butoxycarbonyl)amino] -1-{3- [4-(tert-butyl)pyridin-1-
ium-1-y1] propyl}-pyridin-1-ium diiodide (PTM0065, 6b)

According to the GP, a solution of 4 (323 mg, 0.750 mmol, 1.0 equiv)
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and 5b (157 mg, 0.810 mmol, 1.08 equiv) in MeCN (2.0 mL) was stirred
under microwave irradiation (150 W) at 60 °C for 15 h. Recrystalliza-
tion from Et;0/DMF (10:1) afforded 6b (431 mg, 92%) as a yellow solid.
Purity: 94%. m.p. 117 °C; TH NMR (400 MHz, CD3;0D): 6 =1.45 (5,9 H),
1.56 (s, 9 H), 2.67-2.79 (m, 2 H), 4.59-4.67 (m, 2 H), 4.74-4.82 (m,
2 H), 7.87-8.02 (m, 2 H), 8.20-8.14 (m, 2 H), 8.68-8.76 (m, 2 H),
8.91-9.01 (m, 2 H); *C NMR (101 MHz, CDsOD): & = 28.25, 30.21,
33.19, 37.68, 57.16, 58.38, 84.27, 115.30, 126.90, 145.41, 145.85,
153.10, 155.64, 173.30; IR (KBr): ¥ = 2967, 1643, 1531, 1148 cm™};
HRMS (ESI): m/z caled for CooHgysN3Oslo-1: 498.1618 [M-I]; found:
498.1600.

4-[Benzyl(methyl)amino] -1-{3-[4-(tert-butyl)pyridin-1-ium-1-
yl1 propyl}pyridin-1-ium diiodide (PTM0066, 6c)

According to the GP, with 4 (323 mg, 0.750 mimnol, 1.0 equiv) and 5¢
(164 mg, 0.830 mmol, 1.1 equiv) in MeCN (2.0 mL). Recrystallization
from EtOAc/EtOH/MeOH (10:5:1) afforded 6¢ (354 mg, 75%) as a
yellow solid. m.p. 185 °G; 'H NMR (400 MHz, CD30D): § = 1.45 (s, 9 H),
2.56-2.70 (m, 2 H), 3.34 (s, 3 H), 4.40 (t, J = 7.6 Hz, 1 H), 4.74 (t, J =
7.7 Hz, 2 H), 4.90 (s, 2 H), 7.03-7.19 (m, 2 H), 7.24-7.29 (m, 2 H),
7.29-7.41 (m, 3 H), 8.13-8.19 (m, 2 H), 8.20-8.40 (m, 2 H), 8.91-8.97
(m, 2 H); '3C NMR (101 MHz, CD;0D): & = 30.20, 33.14, 37.67, 39.70,
55.41, 56.75, 58.52, 109.83, 126.86, 127.82, 129.11, 130.21, 136.21,
143.72, 145.38, 158.26, 173.24; IR (KBr): v = 2967, 1645, 1556,
1193 em™'; HRMS (ESI): m/z caled for CosH33N3loT: 502.1719 [M-117;
found: 502.1703.

4-(tert-Butyl)-1-{3- [4-(diethylamino)pyridin-1-ium-1-yl] pro-
pyl}pyridin-1-ium diiodide (PTM0067, 6d)

According to the GP, with 4 (431 mg, 1.00 mmol, 1.0 equiv) and 5d
(165 mg, 1.10 mmol, 1.1 equiv) in MeCN (2.0 mL). Recrystallization
from EtOAc/EtOH (2.5:1) afforded 6d (419 mg, 72%) as a yellow solid.
m.p. 217 °C; "H NMR (400 MHz, CD30D): & = 1.27 (t, J = 7.2 Hz, 6 H),
1.45 (s, 9 H), 2.60-2.71 (m, 2 H), 3.64 (g, J = 7.2 Hz, 4 H), 4.41 (t, J =
7.7 Hz, 2H), 4.78 (t, J = 7.8 Hz, 2 H), 7.01-7.08 (m, 2 H), 8.13-8.21
(m, 2 H), 8.24-8.31 (m, 2 H), 8.97-9.02 (m, 2 H); 3¢ NMR (101 MHz,
CDs0D): & = 12.21, 30.23, 33.20, 37.66, 46.46, 55.15, 58.49, 109.23,
126.86, 143.44, 145.41, 156.42, 173.11; IR (KBr): ¥ = 2968, 1648,
1561, 1197 cm™'; HRMS (ESD): m/z caled for Co1HsgN3lo-I: 454.1719
[M-I]7; found: 454.1704.

4-(tert-Butyl)-1-{3- [4-(pyrrolidin-1-yl)pyridin-1-ium-1-yl] pro-
pyl}pyridin-1-ium diiodide (PTM0068, 6e)

According to the GP, with 4 (431 mg, 1.00 mmol, 1.0 equiv) and 5e
(159 mg, 1.05 mmol, 1.05 equiv) in MeCN (2.0 mL). Recrystallization
from EtOAc/i-PrOH (1.1:1) afforded 6e (457 mg, 79%) as a yellow solid.
m.p. 178 °C; 'H NMR (400 MHz, CD30D): & = 1.45 (s, 9 H), 2.10-2.15
(m, 4 H), 2.60-2.69 (m, 2 H), 3.55-3.60 (m, 4 H), 4.40 (t, J = 7.7 Hz,
2 H), 4.76 (t, J = 7.8 Hz, 2 H), 6.86-6.91 (m, 2 H), 8.15-8.18 (m, 2 H),
8.24-8.29 (m, 2 H), 8.96-9.00 (m, 2 H); '*C NMR (101 MHz, CD30D): &
= 26.14, 30.21, 33.22, 37.66, 49.83, 55.26, 58.52, 109.87, 126.86,
143.01, 145.40, 155.23, 173.15; IR (KBr): ¥ = 2961, 1647, 1561,
1192 cm ; HRMS (ESI): m/z caled for CpyHziNslp-I: 452.1563 [M-1]1;
found: 452.1545.

4-(tert-Butyl)-1-{3-[4-(piperidin-1-yl)pyridin-1-ium-1-yl] pro-
pyl}pyridin-1-ium diiodide (PTM0069, 6f)

According to the GP, with 4 (216 mg, 0.500 mmol, 1.0 equiv)and 5 f
(85.2 mg, 0.530 mmol, 1.05 equiv) in MeCN (1.0 mL). Recrystallization
from EtOAc/i-PrOH (1:1.2) afforded 6 f (245 mg, 83%) as a yellow solid.
m.p. 240 °C; TH NMR (400 MHz, CD3OD): 6 = 1.45 (s, 9 H), 1.69-1.76
(m, 4 H), 1.76-1.85 (m, 2 H), 2.58-2.71 (m, 2 H), 3.69-3.76 (m, 4 H),
4.39 (t, J = 7.6 Hz, 2 H), 4.77 (t, J = 7.7 Hz, 2 H), 7.12-7.20 (m, 2 H),
8.13-8.20 (m, 2 H), 8.21-8.29 (m, 2 H), 8.95-9.02 (m, 2 H); *C NMR
(101 MHz, CD30D): § = 24.93, 26.73, 30.22, 33.14, 37.66, 49.17,55.07,
58.51, 109.45, 126.86, 143.58, 145.41, 156.92, 173.13; IR (KBr): ¥ =
2956, 1648, 1547, 1194 Cmfl; HRMS (ESI): m/z caled for CozHaaNaly-17:
466.1719 [M-I]*; found: 466.1711.

4-(tert-Butyl)-1- [3-(4-morpholinopyridin-1-ium-1-yl)propyl]
pyridin-1-ium diiodide (PTM0070, 6g)
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According to the GP, with 4 (431 mg, 1.00 mmol, 1.00 equiv) and
5 g (172 mg, 1.10 mmol, 1.05 equiv) in MeCN (2.0 mL). Recrystalliza-
tion from EtOAc/EtOH (1:1.4) afforded 6 g (518 mg, 87%) as a yellow
solid. m.p. 222 °C; TH NMR (400 MHz, CD30D): & = 1.45 (s, 9 H),
2.62-2.72 (m, 2 H), 3.69-3.76 (m, 4 H), 3.80-3.85 (m, 4 H), 4.45 (t, J =
7.7 Hz, 2 H), 4.78 (t, J = 7.8 Hz, 2 H), 7.13-7.27 (m, 2 H), 8.14-8.20
(m, 2 H), 8.33-8.40 (m, 2 H), 8.97-9.04 (m, 2 H); 1°C NMR (101 MHz,
CD30D): & = 30.23, 33.21, 37.66, 47.73, 55.33, 58.44, 67.15, 109.72,
126.86, 143.86, 145.41, 157.85, 173.11; IR (KBr): ¥ = 2964, 1650,
1545, 1193 cnfl; HRMS (ESI): m/z caled for C21H31N3OIo-1: 468.1512
[M-117; found: 468.1493.

4- [4-(tert-Butoxycarbonyl)piperazin-1-yl] -1-{3- [4-(tert-butyl)
pyridin-1-ium-1-yl] propyl}pyridin-1-ium diiodide (PTM0071, 6h)

According to the GP, with 4 (216 mg, 0.500 mmol, 1.0 equiv) and
5 h (145 mg, 0.550 mmol, 1.1 equiv) in MeCN (1.0 mL). Recrystalliza-
tion from EtOAc/EtOH (2:1) afforded 6 h (320 mg, 92%) as a yellow
solid. m.p. 149 °C; 'H NMR (500 MHz, CDz0D): & = 1.45 (s, 9 H), 1.49
(s, 9 H), 2.61-2.69 (m, 2 H), 3.62-3.68 (m, 4 H), 3.76-3.80 (m, 4 H),
4.42 (t,J = 7.6 Hz, 2 H), 4.75 (t, J = 7.7 Hz, 2 H), 7.19-7.23 (m, 2 H),
8.15-8.19 (m, 2 H), 8.31-8.36 (m, 2 H), 8.95-8.99 (m, 2 H); 7C NMR
(126 MHz, CD30D): § = 28.59, 30.21, 33.17, 37.67, 43.60, 47.12, 55.38,
58.48, 81.95, 109.85, 126.86, 143.79, 145.40, 156.17, 157.71, 173.22;
IR (KBr): ¥ = 2967, 1649, 1416, 1169 cm*; HRMS (ESI): m/z caled for
CosHaoN4O0l2-: 567.2196 [M-1] +; found: 567.2180.

4-(1-{3- [4-(tert-Butyl) pyridin-1-ium-1-y1] propyl}pyridin-1-
ium-4-yl)piperazin-1-ium triiodide (PTM0072, 6i)

A solution of 6 h (69.4 mg, 0.100 mmol, 1.0 equiv) and iodo(tri-
methyl)silane (80.0 mg, 0.400 mmol, 4.0 equiv) in MeCN (2.0 mL) was
stirred under argon at rt for 2 h. 6i (71.3 mg, 99%) was afforded after
filtration of the reaction mixture as a yellow solid. m.p. 109 °C; 'H NMR
(400 MHz, CD30D): 8 = 1.45 (s, 9 H), 2.65-2.75 (m, 2 H), 3.47-3.55 (m,
4 H), 4.03-4.12 (m, 4 H), 4.52 (t, J = 7.5 Hz, 2 H), 4.77-4.83 (m, 2 H),
7.33-7.39 (m, 2 H), 8.14-8.20 (m, 2 H), 8.45-8.52 (m, 2 H), 9.01-9.06
(m, 2 H); 3¢ NMR (101 MHz, CD30D): 8 = 30.23, 33.27, 37.65, 44.04,
44.65, 55.66, 58.33,110.83, 126.84, 144.37, 145.44, 158.02, 173.07; [R
(KBr): ¥ = 2963, 1647, 1549, 1191 cm 5, HRMS (ESD): m/z caled for
CoyHaaNaI-H™-2I: 467.1671 [M-I-1-H]; found: 467.1663.

1-{3- [4-(tert-Butyl)pyridin-1-ium-1-yl] propyl}-7-hydrox-
yquinolin-1-ium diiodide (PTMD90-0012, 8)

According to the GP, a solution of 4 (431 mg, 1.00 mmol, 1.0 equiv)
and 7 (163 mg, 1.10 mmol, 1.1 equiv) in MeCN (2.0 mL) was stirred
under microwave irradiation (150 W) at 90 °C for 3 h. Recrystallization
from EtOH/EtOAc (2:1.5) afforded 8 (167 mg, 29%) as a yellow solid.
m.p. 263 °C; 'H NMR (400 MHz, CD20D): & = 1.45 (s, 9 H), 2.76-2.89
(m, 2 H), 4.89-4.96 (m, 2 H), 5.09-5.19 (m, 2 H), 7.56 (dd, J = 9.0,
2.1 Hz, 1 H), 7.68 (d, J = 2.2 Hz, 1 H), 7.81 (dd, J = 8.1, 6.1 Hz, 1 H),
8.11-8.22 (m, 2 H), 8.29 (d, J = 9.1 Hz, 1 H), 8.95-9.04 (m, 3 H), 9.31
(dd, J = 6.1, 1.4 Hz, 1 H); >C NMR (101 MHz, CDz0D): 6 = 30.20,
31.59, 37.68, 54.85, 58.50, 101.59, 119.39, 123.77, 126.81, 126.88,
134.57, 142.53, 145.41, 148.20, 148.99, 167.19, 173.30; IR (film): ¥ =
2968, 1628, 1209, 849 cm™; HRMS (ESI): m/z caled for CpyHagN2Ol,-
HT-21: 321.1967 [M-1-I-H]"; found: 321.1961.

1,1’-(2-Hydroxypropan-1,3-diyl)bis [4-(tert-butyl)pyridin-1-
ium] dibromide (PTMD90-0015, 11)

A mixture of 9 (108 pL, 229 mg, 1.00 mmol, 1.0 equiv) and 10
(352 pL, 325 mg, 2.40 mmol, 2.4 equiv) was stirred at 145 °C for 2 h.
The reaction mixture was concentrated in vacuo and the residue was
purified by recrystallization from EtOAc/EtOH (1:2) to afford 11
(196 mg, 40%) as a colorless solid. m.p. 248 °C; 'H NMR (400 MHz,
CD30D): & = 1.45 (s, 18 H), 4.43-4.69 (m, 3 H), 4.97-5.22 (m, 2 H),
8.11-8.24 (m, 4 H), 8.83-9.01 (m, 4 H); >*C NMR (101 MHz, CD;0D): &
= 30.19, 37.70, 63.74, 71.06, 126.42, 146.09, 173.58; IR (film): ¥ =
2972, 1643, 1468, 1117 cm % HRMS (ESI: m/z caled for
Co1H3oN2OBro-H'-2Br™ 327.2436 [M-Br-Br-H] *; found: 327.2430.
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2.2. UNC0642 MS Binding Assays

Competitive MS Binding Assays were performed as previously
described (Kaiser et al., 2024; Nitsche et al., 2024) apart from one minor
difference: in order to obtain competition curves for compounds bearing
a 4-aminopyridinium moiety, the non-linear regression function “log
(inhibitor) vs. normalized response — Variable slope™ (Prism Software v.
6.07, GraphPad Software, La Jolla, CA, USA) was used instead of the
recently used function “One site — fit Ki”. Statistically significant dif-
ferences were verified by a two-sided t-test (alpha = 0.05).

2.3. Rat diaphragm myography

All experiments were conducted at the Bundeswehr Institute of
Pharmacology and Toxicology (InstPharmToxBw) which is the only
institute in Germany authorized to use chemical warfare agents (CWA)
for research in the areas of pathomechanisms, prevention, detection,
treatment, and epidemiology of CWA-induced health disorders.

All procedures using animals followed animal care regulations.
Preparation of rat diaphragm hemispheres from male Wistar rats (300 +
50 g) and experimental protocol of myography was performed as pre-
viously described (Nitsche et al., 2024; Seeger et al., 2012). In brief, for
all procedures (including wash-out steps, preparation of soman and test
compound solutions) aerated Tyrode solution (125 mM NaCl, 24 mM
NaHCO3, 5.4 mM KCl, 1 mM MgCl,, 1.8 mM CacCly, 10 mM glucose,
95% O3, 5% CO2; pH 7.4; 25 = 0.5 °C) was used. The organophosphorus
compound (OPC) soman (pinacolylmethylphosphonofluoridate; >93%
by GC-MS, "H NMR and *'P NMR) was provided by the German Ministry
of Defence (Bonn, Germany). Soman stock solutions (0.1% v/v) were
prepared in acetonitrile, stored at 20 °C and appropriately diluted in
Tyrode buffer just before the experiment, and were kept at room tem-
perature until use. All experiments were carried out in a chemical safety
hood. After the recording of control muscle force one hour after prep-
aration, the muscles were incubated in the Tyrode solution, containing
3 pM soman for 20 min. Following a 20 min wash-out period, the test
compounds were added in ascending concentrations (0.1 pM to
300 pM). The incubation time was 20 min for each concentration. The
electric field stimulation was performed with 10 ps pulse width and 2 A
amplitudes. The titanic stimulation of 20 Hz, 50 Hz, 100 Hz were
applied for 1s and in 10 min intervals. Measurements on non-toxic
muscle were carried out according to the same scheme. Instead of
soman, pure Tyrode was incubated. Muscle force was calculated as a
time-force integral (area under the curve, AUC) and constrained to
values obtained for maximum force generation at the start of the mea-
surements (muscle force in the presence of Tyrode solution without any
additives; 100%). All results were expressed in means + SD (n = 6-12).
Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used for data
analysis.

2.4. MD simulations

The model of the human muscle type nAChR was generated using
Modeller with the PDB structure of the a7-nAChR as the template (PDB
ID: 7KOX (Noviello et al., 2021). The orthosteric ligand nicotine and a
sodium fon in the transmembrane pore were included by aligning the
structure of the a3p4-nAChR (PDB ID: 6PV7 (Gharpure et al., 2019) to
the homology model. Nicotine was subsequently minimized using
SZYBKI (OpenEye Scientific Software, 2021). MB327 was docked in
MB327-PAM-1 using MOE with an induced-fit refinement using default
parameters (Chemical Computing Group, 2020). Ligand charges were
calculated using Gaussianlé (M. J. Frisch et al., 2016) at the
HF/6-31 G* level of theory; force field parameters for the ligand were
taken from the gaff force field (Wang et al., 2004). Using
Packmol-Memgen (Schott-Verdugo and Gohlke, 2019), the system was
embedded in a membrane containing 1-palmitoyl-2-oleoyl-sn-glycer-
0-3-phosphocholine (POPC) lipids, solvated using the Optimal Point
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Charge water model (Izadi et al., 2014) with a minimum distance of
12 A between receptor atoms and the edge of the box, KCl was added in
a concentration of 150 mM, and the system was neutralized using CI°
ions. To perform MD simulations, the AMBER22 package of molecular
simulations software (Case et al., 2005; Case et al., 2022), the ff19SB
force field (Tian et al., 2020) for the protein, the Lipid17 force field
(Gould et al., unpublished) for lipids, the gaff force field for the ligand,
and the Joung and Cheatham parameters for monovalent ions were used
(Joung and Cheatham, 2008). MD simulations were performed as
described previously (Kaiser et al., 2023). In short, a combination of
steepest descent and conjugate gradient minimization was performed
while gradually decreasing positional harmonic restraints. The system
was then heated in a stepwise manner to 300 K, and harmonic restraints
on receptor and ligand atoms were gradually removed subsequently.
Then, 12 replicas of 1 ps long unbiased MD simulations were performed
in the NPT ensemble using semi-isotropic pressure adaptation with the
Berendsen barostat. The RMSD, electron density profiles and represen-
tative binding modes were computed using CPPTRAJ (Roe and Cheat-
ham, 2013), as implemented in AmberTools (Case et al., 2023).

2.5. GIST computations

GIST (Lazaridis, 1998; Nguyen et al.,, 2011, 2012; Ramsey et al.,
2016) computations, as implemented in CPPTRAJ (Roe and Cheatham,
2013), were performed in replicas where MB327 remained in the
binding site (distance to 1643 (respectively, I61¢, 161, 164p) < 5 A, as
done previously) (Kaiser et al., 2023) during MD simulations. The
backbone of each frame during these MD simulations was aligned to the
starting structure of the simulations using CPPTRAJ (Roe and Cheatham,
2013). The middle carbon atom of the C3-linker in MB327 was used as
the center of the box for GIST grid generations with grid dimensions of
40 increments along each axis and a grid spacing of 0.5 A. In GIST, the
entropy term of water in each voxel consists of both an orientational and
translational contribution. Furthermore, for the energetic contribution
the solute-water and water-water interaction is computed based on
Lennard-Jones and electrostatic interactions. The results were filtered
based on the density of oxygen centers in each voxel compared to bulk
density (cutoff: > 1.75) and the solvent free energy (cutoff: >
—0.25 kcal mol ]). Visualization of water clusters and manual modifi-
cation of MB327 to PTMD90-0012 (8) and PTMD90-0015 (11) was
performed using MOE (Chemical Computing Group, 2020).

2.6. Image generation

Images of nAChR in complex with MB327 and its analogs were
created using UCSF Chimera (Pettersen et al., 2004).

3. Results and discussion
3.1. Synthesis of novel MB327 analogs

To identify novel non-symmetric MB327 analogs that should exhibit
higher binding affinities to the MB327-PAM-1 binding site as well as
higher intrinsic activities compared to MB327, a series of non-symmetric
bispyridinium compounds 6a-6i with a 4-aminopyridinium ion partial
structure derived from compounds 1-3 was synthesized. In addition,
based on modeling studies (see chapter 3.3), novel MB327 analogs 8 and
11 with an additional OH function were synthesized with the assump-
tion that this modification should increase the binding affinity by dis-
placing water molecules from the binding pocket.

3.1.1. Non-symmetric MB327 analogs PTM0064-PTM0072 (6a-6i) and
PTMD90-0012 (8)

Non-symmetric MB327 analogs 6a-6 h bearing a 4-aminopyridinium
ion moiety were readily accessible in one step by N-alkylation of 4-ami-
nopyridines 5 with N-(3-iodopropyDpyridinium building block 4,

155

Toxicology Letters 397 (2024) 151-162

analogous to the method described by Rappengliick et al. (2018)
(Scheme 1). To cover a wider variety of 4-amino substituents in the
target compounds, the set of commercially available 4-aminopyridines
5a, 5b, and 5e-5 g was extended with some building blocks (5¢, 5d
and 5 h), synthesized according to literature (Hay et al., 2015; Price
et al., 2006; Wang et al., 2019). N-Alkylation of the pyridines 5a and
5¢-5 h with building block 4 (Rappengliick et al., 2018) was accom-
plished by stirring the components in acetonitrile at 90 °C under mi-
crowave irradiation for 1 h. After removing the reaction solvent, the
resulting residues were purified by crystallization to yield the target
compounds 6a and 6¢-6 h in good to excellent yields (72-93%) and high
purities (> 98%). Reaction with tert-butyl pyridin-4-ylcarbamate (5b),
however, required a lower reaction temperature to prevent cleavage of
the Boc group as a reaction at 90 °C for 1 h had led to a mixture of
product 6b and 4-amino-analog 1 in a ratio of 3:1. By stirring 5b with
building block 4 at 60 °C for 15 h no side product 1 was observed and the
product 6b was afforded in excellent yield (92%) and sufficient purity
(94%). To get the hydroiodide 6i, the Boc protecting group of 6 h was
cleaved by stirring with trimethylsilyl iodide (TMSI) (4.0 equiv) in
acetonitrile at room temperature for 1 h (Lott et al., 1979). Thus, com-
pound 6i was isolated in quantitative yield (99%) and with high purity
(100%).

PTMD90-0012 (8) was synthesized from building block 4 (Rappen-
gliick et al., 2018) and 7-hydroxyquinoline (7) under the reaction con-
ditions described for bispyridinium compounds 6a-6 h. However, the
reaction time had to be increased to 3 h to compensate for the lower
reactivity of the sterically more demanding quinoline 7 as compared to
the 4-aminopyridines 5. That way, PTMD90-0012 (8) was obtained in
29% yield after recrystallization (purity > 98%) (Scheme 2).

3.1.2. MB327 analog PTMD90-0015 (11)

The symmetric bispyridinium compound PTMD90-0015 (11) with a
2-hydroxypropyl linker between the two pyridinium rings, was synthe-
sized by heating 1,3-dibromopropan-2-ol (9) with an excess of 4-tert-
butylpyridine (10) to 145 °C for 2h. Bis-alkylation product
PTMD90-0015 (11) was obtained in 40% yield and in high purity
(100%) after recrystallization (Scheme 3). In contrast, reaction of 8 with
epichlorohydrine or 1,3-dichloropropan-2-ol under the reaction condi-
tions described above led only to the corresponding monosubstituted
products.

3.2. Biological evaluation

3.2.1. Affinity to the MB327-PAM-1 binding site of Torpedo californica
nAChR

All of the newly developed compounds presented in this study, i.e.
PTM0064-PTM0072 (6a-6i), PTMD90-0012 (8) and PTMD90-0015
(11) as well as MB327 and its recently reported analogs PTM0062 (1)
(Kaiser et al., 2023), PTM0063 (2) (Kaiser et al., 2023) and PTM0056 (3)
(Rappengliick et al., 2018) were evaluated for their binding affinity
towards the MB327-PAM-1 binding site of Torpedo californica nAChR by
means of the recently introduced UNC0642 MS Binding Assays (Table 1)
(Kaiser et al., 2024; Nitsche et al., 2024). First, for economic reasons, all
test compounds were studied at a single concentration of 10 uM and a
reporter ligand concentration of 1 uM. For a set of selected compounds
also the binding affinity constants (pK; values) were determined in
full-scale MS competition experiments.

Remaining reporter ligand binding in the presence of 10 uM of the
respective compounds listed in Table 1 range from 102% =+ 9% for
MB327 (Table 1, entry 1) to 64% + 8% for the N-Boc-piperazino de-
rivative PTM0071 (6 h, Table 1, entry 12). For clarity reasons it may be
stated that increasing binding affinities of the test compounds are re-
flected by decreasing values of the remaining reporter ligand binding.
Substitution of one of the two 4-tert-butyl residues of MB327 by an
amino [PTMO0062 (1), 93% =+ 5%, Table 1, entry 2], an N-methylamino
[PTMO0063 (2), 92% =+ 1%, Table 1, entry 3], or dimethylamino group
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Scheme 1. Synthesis of 6a-6i. Reagents and conditions: (a) 4-(tert-butyl)-1-(3-iodopropyl)pyridin-1-ium iodide (4) (1.0 equiv), pyridines 5a-5 h (1.05-1.1 equiv),
MeCN, microwave: 150 W, 60-90 “C, 1-15 h, 72-93%; (b) 6i: 6 h (1.0 equiv), TMSI (4.0 equiv), MeCN, rt, 1 h, 99%.
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Scheme 2. Synthesis of PTMD90-0012 (8). Reagents and conditions: (a) 4-(tert-butyl)-1-(3-iodopropyl)pyridin-1-ium iodide (4) (1.0 equiv), 7-hydroxyquinoline (7)

(1.1 equiv), MeCN, microwave: 150 W, 90 °C, 3 h, 29%.
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Scheme 3. Synthesis of PTMD90-0015 (11). Reagents and conditions: (a) 1,3-dibromopropan-2-ol (9) (1.0 equiv), 4-tert-butylpyridine (10) (2.4 equiv), 145 °C,

2 h, 40%.

[PTMO0056 (3), 90% = 5%, Table 1, entry 4] results in a nominal yet not
statistically significant reduction of remaining reporter ligand binding as
compared to MB327. This is also true for compounds PTM0064 (6a, 90%
+ 6%, Table 1, entry 5) and PTMO065 (6b, 90% =+ 4%, Table 1, entry 6)
displaying an N-acetamido- and an N-tert-butoxycarbonylamino moiety,
respectively effecting a reduction to 90% of remaining reporter ligand
binding. According to the data obtained for 1-3 and 6a-6b the capability
of the nitrogen substituents, present in these compounds to participate
in hydrogen bonding seems to have only little if any influence on the
binding affinities, the remaining reporter ligand binding amounting in
any case to about 90%. Likewise, when the dimethylamino group in
PTMO0056 (3, 90% =+ 5%, Table 1, entry 4) is replaced by a sterically
more demanding N,N-diethylamino moiety, the binding affinity of the
resulting PTM0067 (6d) remains with 91% =+ 11% virtually unaltered
(remaining reporter ligand binding, Table 1, entry 8). Although 1-3 as
well as 6a, 6b and 6d effect remaining reporter ligand binding nomi-
nally below that of MB327 (Table 1, entry 1), for none of these com-
pounds the observed differences are statistically significant. However,
for the N-benzyl-N-methylamino derivative PTM0066 (6¢) with an
enlarged lipophilic domain, remaining reporter ligand binding reaches
85% + 8% (Table 1, entry 7), which is statistically significantly lower
than that of MB327 (102% =+ 9%, Table 1, entry 1).

+

Notably, the pyrrolidine and the piperidino substituted derivatives
PTMO0068 (6e) and PTM0069 (6 f), of which the former can be consid-
ered as a cyclic analog of the diethylamino substituted 6d, reduce
remaining reporter ligand binding to 85% + 0.5% (Table 1, entry 9) and
73% + 6% (Table 1, entry 10), both values being also statistically
significantly below than that of MB327 (102% + 9%, Table 1, entry 1).

Upon transition from the piperidino-substituted bispyridinium salt
6 f to the more polar morpholino-substituted analog PTM0070 (6 g),
again a decline in binding affinity is observed with the remaining re-
porter ligand binding increasing to 90% + 8% (Table 1, entry 11).
However, for the nitrogen analog of the morpholino derivative 6 g, the
piperazino derivative PTM0072 (6i), the decline in binding affinity
compared to 6 f displaying a piperidino residue (73% + 6%, Table 1,
entry 10) was less pronounced, with the remaining reporter ligand
binding amounting to 83% =+ 5% (Table 1, entry 13). Obviously, the
binding affinity-diminishing effect of the additional heteroatom seems
to be less distinct for the piperazino derivative 6i than for the mor-
pholino derivative 6 g (as compared to the piperidino analog 6 f). This
can possibly be attributed to the capability of the terminal amino
function of the piperazino group of 6i - present in free form or as a salt or
both - to participate in a hydrogen bridge with the protein, Still, this
ability to be part of a hydrogen bond appears to be of less overall
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Table 1
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Binding affinities of bispyridinium compounds for the MB327-PAM-1 binding site of Torpedo californica nAChR, determined in UNC0642 MS Binding Assays.
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Asterisks indicate statistically significantly lower values for the remaining reporter ligand binding of the respective compound compared to the MB327 value (* p <

0.05, ** p < 0.01, based on a two-sided t-test)

? The results of UNC0642 MS Binding Assays are given as percentages representing the remaining reporter ligand binding (UNC0642, 1 uM) in presence of 10 pM test
compound as compared to 100% reporter ligand binding in the absence of a competitor. Values are given as means + SD of triplicate experiments, except for MB327,
which was determined in two experiments from a triplicate determination each. The pK; values given in brackets represent means + SEM of three independent ex-
periments determined in UNC0642 MS Binding Assays in full scale competition experiments (mean Hill coefficient = 0.45-0.61).

" pK; value of MB327 from (Nitsche et al., 2024).
¢ Compound from (Kaiser et al., 2023).

4 Compound from (Rappengliick et al., 2018).

¢ Compound tested as hydroiodide.

importance, since although it is lost by the attachment of an N-Boc
substituent to the piperazino moiety of 6i, resulting in PTM0071 (6 h,
Table 1, entry 12), the binding affinity is distinctly improved. Thus, a
remaining reporter ligand binding of 64% + 8% could be measured for
this compound, which is statistically significantly lower than that of the
piperazino-substituted compound 6i (Table 1, entry 13). Hence, the
piperidino-substituted compound 6 f (Table 1, entry 10) and the N-Boc-
piperazino derivative 6 h (Table 1, entry 12) possess the highest binding
affinities for the MB327-PAM-1 binding site of the nAChR of the com-
pounds evaluated in this study.

Modeling studies (see chapter 3.3) indicated, that the presence of an
OH function in ligands of the MB327-PAM-1 binding site might be
favorable for the binding affinity by displacing water molecules present
in the binding pocket. In particular, the MB327 analog 11 with an OH
function in the spacer linking the two pyridinium subunits in the
molecule as well as 8 with a 7-hydroxyquinolinium replacing one of the
two pyridinium subunits in MB327 were expected to possess improved
binding affinities. Hence, the binding affinities of PTMD90-0015 (11)
and PTMD90-0012 (8) were studied. Both compounds, however, show
no or only a negligible improvement of the binding affinity compared to
MB327 (Table 1, entry 1), the remaining reporter ligand binding
amounting to 98% + 5% for 11 (Table 1, entry 15) and 93% =+ 9% for 8
(Table 1, entry 14). Although no clear improvement of the binding af-
finity could be achieved with 11 and 8, the results indicate that the
presence of an additional polar OH function is tolerated in the binding
pocket.

Finally, for a small set of compounds, the pK; values as a more ac-
curate measure of the binding affinity were determined in full-scale
competitive MS Binding Assays. This set comprised the two com-
pounds 6 f and 6 h, which had shown the highest binding affinities in
the single point determinations described above (reduction of the
remaining reporter ligand binding to < 75%) as well as the two OH
function-containing derivatives 8 and 11, which had emerged as
candidate compounds for testing from modeling studies. Notably, the
piperidino derivative 6 f (Table 1, entry 10) exhibits a pK; of 3.96 +
0.08, which was approximately 0.5 log units and thus statistically
significantly higher than the pK; of MB327 previously determined to be
3.40 £ 0.04 (Table 1, entry 1) (Nitsche et al., 2024). The N-Boc-piper-
azino derivative 6 h (Table 1, entry 12) showed an even higher pK; of
417 + 0.02, as to be expected from the preliminary binding data
(remaining reporter ligand binding 64% + 5%), exceeding that of
MB327 by approximately 0.8 log units. For the MB327 analog 11 with
an OH function as part of the propan-1,3-diyl spacer (Table 1, entry 15),
the pK; value (3.29 + 0.05) matched that of MB327 within the limits of
error. For the 7-hydroxyquinolinium derivative 8 (Table 1, entry 14), a
pK; value of 3.69 + 0.03 was found, almost 0.3 log units higher than that
of MB327, which is statistically significantly different, indicating the
higher binding affinity of this compound compared to MB327.

3.2.2. Evaluation of muscle force recovery in soman-poisoned rat
diaphragm hemispheres

In addition to the binding affinities, the intrinsic activities of a se-
lection of the test compounds have been determined by means of an ex
vivo assay based on rat diaphragm hemispheres. In this assay dissected
rat diaphragm hemispheres are treated with a solution containing 3 pM
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soman. Whereas upon indirect electric field stimulation commonly
carried out at frequencies of 20 Hz, 50 Hz and 100 Hz, unpoisoned rat
diaphragms undergo muscle contractions, in case of poisoned samples
no or only very faint contractions occur. This inhibition further does not
vanish, when the poisoned samples are freed from the toxin by washing,
typically performed as a control, as this has no effect on the irreversible
inhibition of the AChE by the nerve agent. The positive intrinsic activity
of the test compounds becomes apparent, when their addition to the
poisoned muscle preparations, typically performed in increasing con-
centrations from 0.1 to 300 uM, affects a recovery of the muscle force of
the soman-impaired rat diaphragm hemispheres. Muscle force inhibition
reappears, when samples are subjected to a subsequent washout step,
which is due to the irreversible inactivation of the AChE and indicative
of the reversibility of the receptor-mediated resensitizing effect of the
test compounds.

For the characterization of the muscle force restoring potency of
soman-poisoned rat diaphragms in the aforementioned test system, the
piperidino- and the N-Boc-piperazino derivatives 6 f and 6 h were
selected as they had shown the highest binding affinities among the new
test compounds presented in this study. In addition, the piperazino de-
rivative 6i, closely related to 6 h, the N,N-dimethylamino-substituted
compound 3 as parent compound, as well as the hydroxy-substituted
compounds 8 and 11 as analogs of MB327 devoid of an amino-
substituent were evaluated in this test system.

Since it is known, that the largest efficacy is observed at low stim-
ulation frequencies (Seeger et al., 2012), only the results of experiments
performed at 20 Hz will be presented (Fig. 2) and discussed in the
following. The data of measurements carried out at higher frequencies
(50 Hz, 100 Hz) can be found in the Supporting Information (SI,
Figure §12).

As reference, the published data obtained for MB327 in the test
system have been included in Fig. 2 (Niessen et al., 2018). As previously
reported, MB327 addition (Fig. 2A) leads to a concentration-dependent
reactivation of soman-impaired muscle. The recovery gradually in-
creases with the MB327 concentration (Fig. 2A). At a MB327 concen-
tration of 100 uM, the muscle force recovery amounts to 14.8% + 9.2%,
reaches 30.2% =+ 9.5% at 300 uM (both values statistically significantly
different from the value obtained for the soman-poisoned muscle), to
finally decrease to 4.2% + 4.2% at 1000 pM MB327 (not shown in
Fig. 2A)(Niessen et al., 2018).

Similar to MB327, the analogs 3, 6 £, 6 h and 6i exhibiting a 4-amino
group at one of the two pyridinium subunits instead of a tert-butyl
moiety (present in MB327) lead to an increase of the regeneration of the
muscle force of soman-poisoned rat diaphragms with increasing con-
centrations, whereas the onset and the size of this effect differ. The N,N-
dimethylamino-substituted analog 3 shows its maximum recovery at a
concentration of 100 uM (45.8% =+ 17.4%), which statistically signifi-
cantly exceeds that of MB327 (p < 0.01) at the same concentration
(14.8% =+ 9.2%). However, the reactivation decreases nominally at
300 uM to 37.0% =+ 15.8%, approximating that of MB327 at the same
concentration (30.2% + 9.5%). At a compound concentration of
100 pM, the results for the piperidino- and the piperazino-substituted
compounds 6 f (47.5% + 29.8%) and 6i (47.3% + 21.8%) are compa-
rable to the value observed for the dimethylamino derivative 3, which
are also nominally the highest values of all three compounds. At
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Fig. 2. Concentration-dependent restoration of muscle force of soman-poisoned rat diaphragms by (A) MB327 (Niessen et al., 2018), (B) PTM0056 (3), (C) PTM0069
(6 ), (D) PTM0071 (6 h), (E) PTM0072 (6i), (F) PTMD90-0012 (8) and (G) PTMD90-0015 (11). For indirect stimulation, a frequency of 20 Hz was applied. Data are
shown as % of control and are given as mean + SD (n = 4-25). Asterisks indicate statistically significantly higher values for the respective compound concentration
compared to the soman value (* p < 0.05, ** p < 0,01, based on a two-sided ¢-test). n.d.: not determined.,

concentrations above 100 uM, alike observed for the dimethylamino
derivative 3, the muscle force declines again for 6 f as well as 6i, which
is in the case of 6i with 39.5% + 7.7% muscle force recovery at 300 uM
compound concentration far less pronounced than for 6 f with 10.0% +
9.8% (statistically significant, p < 0.01; 6 f at 200 uM 29.3% =+ 16.8%).
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The N-Boc-piperazino derivative 6 h induces a rather strong muscle
force recovery already at 10 uM with a value amounting to 21.7% +
15.3%, which is nominally the highest for all tested compounds at this
concentration, which further increases at 30 uM to 33.8% + 13.8%
followed by a sharp drop to almost 0% (0.3% =+ 0.8%) at 100 uM (0.0%
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+ 0.0% at 300 uM). This strong muscle force recovery effect of 6 h at a
low concentration might be a result of its high binding affinity, which is
the highest of all compounds studied.

Notably, all three MB327 analogs with cyclic amino residues exert
already at a concentration of 10 uM a muscle force recovery that is
statistically significantly higher than that of the soman-poisoned but
untreated muscle, whereas this is neither the case for the dimethylamino
derivative 3 nor for MB327. For the piperidino derivative 6 f, the
respective recovery of muscle force at 10 pM amounts to 9.5% + 12.7%,
for the N-Boc-piperazino analog 6 h to 21.7% + 15.3% and the piper-
azino derivative 6i to 16.0% -+ 14.1%. Statistical significance of muscle
force recovery over the soman-poisoned but untreated muscle as refer-
ence value is reached for these three compounds also at a test compound
concentration of 30 uM (6 f, 40.6% + 18.5%; 6 h, 33.8% =+ 13.8%; 6i,
34.5% =+ 23.2%). Yet, it remains unclear, whether this is also the case for
the dimethylamino derivative 3 and MB327, as data for these two
compounds when applied at 30 uM are missing.

The two MB327 analogs featuring an additional hydroxy group
either in the spacer, 11, or as part of a quinolinium moiety, 8, show very
similar effects in terms of muscle force regeneration after soman-
intoxication. Also, muscle force recovery effected by 11 and 8 at con-
centrations of 100 pM and 300 pM is statistically significant as
compared to the soman value. Thereby, the values for muscle force re-
covery of soman-poisoned muscle amounted for 11 to 15.9% + 9.9% at
100 pM and to 30.1% + 19.1% at 300 pM, whereas those for 8 are
higher with 25.6% £ 17.5% at 100 pM and 34.3% =+ 17.5% at 300 uM.
For both compounds, no decrease in muscle force could be observed up
to the highest concentration of 300 pM studied.

Finally, the effects of test compounds that were still available in
sufficient amounts, i.e., of MB327 and the dimethylamino 3, the piper-
idino 6 f as well as the quinolinium derivative 8, on the muscle force of
rat diaphragm hemispheres not been poisoned with soman were studied
(SI, Figure 513). These experiments were carried out in analogy to those
for the determination of muscle force recovery of soman-poisoned rat
diaphragm hemispheres. Accordingly, the muscle force of rat diaphragm
hemispheres not exposed to soman was measured as a function of
increasing concentrations of the test compounds under indirect electric
field stimulation at 20 Hz, 50 Hz and 100 Hz. Data from analogous ex-
periments performed in parallel but without the application of test
compounds served as reference by unveiling the loss of muscle force
purely due to the washing steps. MB327 and dimethylamino derivative 3
showed no inhibitory effect up to the maximum concentration of
300 pM, as did the quinolinium derivative 8 up to 200 uM as the highest
concentration still feasible due to a shortage of the compound. For the
piperidino derivative 6 f, however, although the muscle force remained
unaffected up to a concentration of 100 uM, a distinct reduction
occurred at a concentration of 300 pM. The latter might explain the bell-
shaped curve observed for this compound, 6 f, in the muscle force re-
covery experiments of soman-poisoned rat diaphragm hemispheres
(Fig. 2C). The positive effect of 6 f on soman-poisoned rat diaphragms
mediated by binding to the MB327-PAM-1 binding site of the nAChR
might be counteracted by a direct negative effect on muscle force,
mediated by different binding sites, which seems to become dominating
at concentrations above 100 uM of 6 f, leading to the observed decline of
muscle force recovery in soman-poisoned muscles (Fig. 2C) above this
concentration.

3.3. Substituting entropically unfavorable water clusters using in silico
methods

We performed unbiased MD simulations (12 replicas of 1 us length
each) of the human nAChR with MB327 bound to the recently identified
allosteric binding site MB327-PAM-1 in all five subunits (Kaiser et al.,
2023). During the simulations, the receptor and membrane stayed
structurally invariant shortly after the simulations started (SI,
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Figure §14, 5§15). MB327 mostly or completely remained within the
binding sites in between the «- and §-subunits (ten out of twelve rep-
licas) as well as in between the - and g-subunits (twelve out of twelve
replicas) using the distance of heavy atoms of MB327 to heavy atoms of
1648 (respectively I61e) to characterize unbinding as done previously
(Kaiser et al., 2023). For these two binding sites, Grid Inhomogeneous
Solvent Theory (GIST) computations (Lazaridis, 1998; Nguyen et al.,
2011; Nguyen et al., 2012; Ramsey et al., 2016) were subsequently
performed to identify potential entropically unfavorable water clusters
(Fig. 3B, SI, Figure S16A). We then visualized the docked MB327
binding mode and representative MB327 structures from MD simula-
tions in the presence of such water clusters and manually created new
MB327 analogs with substituents replacing these water clusters.
Initially, during the first few replicas (5 out of 12) of MD simulations and
subsequent GIST computations, a network of entropically unfavorable
water molecules near the linker of MB327 was identified between E65a,
V66w, and Q68a (SI, Figure S17). Based on these preliminary results,
PTMD90-0015 (11) was designed. However, after completion of the MD
simulations, the hydroxyl group located at the C3-linker would not
result in replacing entropically unfavorable water molecules as indi-
cated by GIST. Hence, PTMD90-0012 (8) was designed based on the
results after 1 ps long simulations (Fig. 3C, SI, Figure S16B), such that it
should substitute entropically unfavorable water molecules in close
proximity to 163e, E65¢, and E204e (respectively L6665, E685, and
E2108). As only the analogs based on the docked structure
[PTMD90-0012 (8)] and those based on the initial MD simulations re-
sults [PTMD90-0015 (11)] could be synthesized, they were subse-
quently tested for affinity and resensitizing potential.

4. Conclusion

The recently developed non-symmetric MB327 analogs PTM0062
(1), PTM0063 (2) and PTMO0056 (3), which have an amino, methyl-
amino or dimethylamino group in place of one of the two tert-butyl
residues of MB327, respectively, show higher muscle force restoring
activity on soman-poisoned rat diaphragms than MB327. They are
therefore promising starting points for the development of new resen-
sitizers for desensitized muscle-type nAChRs as antidots for OPC
poisoning.

In the present study, a series of new non-symmetric MB327 analogs,
PTM0064-PTM0072 (6a-6i), with a 4-amino-substituted pyridinium ion
substructure derived from compounds 1-3, were synthesized and eval-
uated for their binding affinity towards the MB327-PAM-1 binding site
of Torpedo californica nAChR using the recently introduced UNC0642 MS
Binding Assays. In addition, selected compounds were evaluated for
their intrinsic activity on soman-poisoned rat diaphragms in myography
assays.

Among the compounds evaluated in this study, the piperidino de-
rivative PTM0069 (6 f) and the N-Boc-piperazino derivative PTM0071
(6 h) showed the highest affinities for the MB327-PAM-1 binding site of
the nAChR. The pK; values for 6 f and 6 h exceeded that of MB327 by
approximately 0.5 and 0.8 log units, respectively. PTMD90-0015 (11),
designed to substitute unfavorable water clusters in MB327- PAM-1 after
preliminary MD simulations, showed reduced affinity towards MB327-
PAM-1 and no beneficial resensitizing effects compared to MB327.
These results are concordant with that the hydroxy group located at the
C3-linker would not result in replacing entropically unfavored water
molecules as indicated by GIST after 1 ps long MD simulations. By
contrast, PTMD90-0012 (8), designed using extended MD data, showed
a statistically significant increase of affinity compared to MB327. Likely,
this may result from replacing entropically unfavored water molecules
close to 163, E65,, and E204, (or L66;, E68s, and E2105) with the 7-hy-
droxy quinazoline moiety.

Ex vivo studies in soman-poisoned rat diaphragms showed a clear
muscle force restoring activity for all compounds tested [PTM0069 (6 f),
PTMO0071 (6 h), PTM0056 (3), PTM0072 (6i), PTMD90-0012 (8), and
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Fig. 3. Design of MB327 analogs based on substituting water clusters in MB327-PAM-1. A) Structure of the MB327 analogs PTMD90-0012 (8) and PTMD90-0015
(11). B) MB327 (green) binding in between the a- and e-subunit. Water clusters identified during GIST computations are shown as spheres. Water clusters within 5 A
of MB327 are shown in cyan. C) Proposed binding mode of PTMD90-0012 (8) (salmon) in between the «- and e-subunit. Modification of MB327 to PTMD90-0012 (8)
(salmon) leads to a substitution of a water cluster located in proximity to 163;, E65,, and E204,; for [61,, the backbone atoms are shown in addition to the side chain.

PTMD90-0015 (11)]. In particular, compounds PTMO069 (6 f),
PTM0071 (6 h) and PTMOQO072 (6i), which all have cyclic aliphatic
amino substituents instead of one of the two tert-butyl residues of
MB327, showed a statistically significantly higher activity at lower
concentrations than MB327. Thus, to achieve muscle force recovery
comparable to that of the aforementioned compounds, MB327 must be
used at a tenfold higher concentration. This could be due to the fact that
PTMO0069 (6 f} and PTMO0071 (6 h), in particular, but also PTM0072 (6i)
have statistically significantly higher binding affinities for the MB327-
PAM-1 binding site than MB327. It is noteworthy that the recovery of
muscle force with PTM0069 (6 f) and PTM0071 (6 h) at higher con-
centrations decreased significantly immediately after reaching the
maximum value, a phenomenon also observed for MB327. Experiments
with PTM0069 (6 f) and rat diaphragms that had not been poisoned with
soman showed that in the presence of higher concentrations of
PTMO0069 (6 f), a significant inhibition of muscle force occurs, which is
reversible as it almost completely disappears after a subsequent washout
step. Interestingly, this reversible inhibition occurs in the same con-
centration range in which the muscle force restoring effect of compound
6 f decreases in the experiments with soman-poisoned rat diaphragms.

Taken together, this indicates that the positive resensitizing effect
mediated by binding to the MB327-PAM-1 binding site is counteracted
by a muscle force inhibitory effect becoming generally prominent at
higher concentrations that appears to be due to reversible binding to a
different binding site.

Therefore, future efforts must focus, on the one hand, on further
increasing the affinity of new compounds for the MB327-PAM-1 binding
site and, on the other hand, on reducing the direct muscle inhibitory
effect.
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Figure S1: '"H and "3C NMR spectrum of 6a (PTM0064).
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Figure $12: Concentration-dependent restoration of the muscle force by (A) PTM0056 (3), (B)
PTMO0069 (6f), (C) PTM0071 (6h), (D) PTM0072 (6i), (E) PTMD90-0012 (8), (F) PTMD90-0015 (11) of
rat diaphragm preparations after poisoning with soman (3 uM). For indirect stimulation, a frequency of
20 Hz, 50 Hz and 100 Hz was applied. Data are shown as % of control and are given as mean = SD
(n = 4-25).
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Figure $13: Muscle force of unpoisoned rat diaphragms after treatment with (A) MB327, (B) PTM0056
(3), (C) PTMOO0G9 (6f) and (D) PTMD90-0012 (8). For indirect stimulation, a frequency of 20 Hz, 50 Hz
and 100 Hz was applied. Muscle force generation was presented as the area under the curve normalized
to muscle force under control conditions at the start of the measurement.
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Figure $S16: MB327 analog based on substituting water molecules in the allosteric MB327-PAM-1
binding pocket between the a- and 8-subunit. A) MB327 binding in between the a- and &-subunit. Water
clusters as identified by GIST are shown as spheres; clusters within 5 A of MB327 are colored cyan. B)
Proposed binding mode of PTMD90-0012 (salmon) in between the a- and &-subunit. Modification of
MB327 to PTMD90-0012 (salmon) leads to a substitution of a water cluster located in proximity to L66s,
E68s, and E210s. For L66 5, the backbone atoms are shown in addition to the side chain.

PTMD90-0015

i

Figure S17: Initial water cluster leading to the design of PTMD90-0015. A) During the first few replicas
(5 out of 12) of MD simulations of MB327 in MB327-PAM-1, an energetically unfavorable cluster of water
molecules was identified in between the backbone atoms of E65¢, V66q, and Q68q close to the C3-linker
of MB327 in a representative binding mode during MD simulations (k-means clustering based on MB327
atoms ligand between the a- and &-subunit). Based on these preliminary results, B) PTMD90-0015 was
designed. This water cluster was later only observed in between the 8- and a-subunit. However, there,
no docked or representative structure from MD simulations was in the range to form interactions with
the protein after modification of MB327 to PTMD90-0015.
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