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1. Introduction — Opioid Receptors

1.1. The Opioid System

The endogenous opioid system is known to play important roles in processes like
nociception, reward and motivation, cognition and neuroendocrine physiology.
Additionally, it contributes to the regulation of emotional responses and some
autonomic functions (e.g. gastric motility or peristaltic in the colon).l"2 It consists of
several types of endogenous peptides and three respective receptors occurring in the
nervous system. Endorphins, endomorphins and morphiceptin mainly address the p-
opioid receptor (MOP), enkephalins the 6-opioid receptor (DOP) and dynorphins the «-
opioid receptor (KOP).[B4 Signaling of these typical G-protein coupled receptors
(GPCRs) is primarily mediated by their interaction with the inhibitory G-protein for
adenylyl cyclase (Gio).®! A doubtful case of a fourth opioid receptor (OR) was
discovered much later and is known as nociceptin opioid peptide receptor (NOP) or
opioid receptor like-1 (ORL-1). The endogenous nociceptin/orphanin FQ neuropeptide
binds selectively to this GPCR, which shares high sequence identity with the other
subtypes, but does not bind typical opioid ligands with a comparable high affinity.6-]

ORs remain the target of the most widely used clinical analgesics, despite their distinct
potential to mediate severe side effects, among which are tolerance and dependence
with withdrawal symptoms, respiratory depression, constipation and nausea.l!
Furthermore, activation of MOP and DOP causes euphoria, while KOP stimulation
contrarily leads to dysphoria.l 19 For these reasons the biochemical signal
transduction mediated by ORs has been intensively investigated over decades. In
general, OR activation inhibits neurons, which themselves block pain transmission in
the spinal cord.[*112 Thus, the perception of pain is decreased. Upon OR activation by
an (endo- or exogenous) agonist, Ga. and Gy subunits dissociate and consequently
stimulate diverse intracellular effector pathways (Fig. 1).13-15 Exemplarily, GTPase
activity is affected as a consequence of agonistic binding and the production of cyclic
adenosine monophosphate (CAMP) is inhibited, which is the case for many other
typical GPCRs as well.16171 |mportantly, calcium and potassium channels are
subsequently modulated. The Ga protein subunit interacts with the G-protein gated
inwardly rectifying potassium channel (Kir3), whose subsequent deactivation is GTP-

dependent and causes cellular hyperpolarization and therefore an inhibition of



1.1. The Opioid System

neuronal excitability.[*8-22 Calcium ion channels can be inhibited by binding of the Gy
subunit. Thus, activation of channel pore opening by voltage is decreased. It could be
shown that calcium ion currents sensitive to P/Q-, N- and L-type channel blockers are
reduced upon activation of all OR subtypes. Furthermore, cAMP dependent calcium
ion influx is also down-regulated, due to the inhibition of adenylyl cyclase activity after
agonistic stimulation of all ORs.[?3-?5 Numerous studies in cells and model systems
proved, that ORs open Kir3-, while closing calcium channels. However, other pathways

of signal transduction are also influenced in a slower, yet intense manner.

0 Opioid agonist
G-protein activation

Receptor

K 3 phosphorylatlon
Ir

aﬁmlmurﬂ

cAMP \i

MAPK
Slgnalmg

@ e Recycling

Arrestin
recruitment

@ Internalization

ERK

Fig. 1. Pathways of OR signaling and trafficking for all three subtypes (and NOP). Arrows depict an activation event, while T lines
present blocking or inhibition. By = subunit of G protein, ERK = extracellular signal regulated kinase, JINK = c-jun N-terminal kinase,
MAPK = mitogen-activated protein kinase, P = phosphorylation. (Adapted with permission from Wolters Kluwer Health, Inc.: Al-
Hasani, R.; Bruchas, M. R. Molecular Mechanisms of Opioid Receptor-dependent Signaling and Behavior. Anesthesiology 2011,
115 (6), 1363-1381.)*

Activation of B-arrestin (B-arr) signaling was associated with some severe side effects
of opioids in clinical use. Subsequently, biased ligands of ORs were developed, that
provide functional selectivity by precisely controlling the biological output of ORs.[26-27]
If these ligands favor Gi protein activation over p-arr signaling, they display a clinically
more useful pharmacological profile and provide access to efficient pain treatment with
reduced side effects, such as respiratory depression.[?8l A prominent example is the
G-protein biased MOP agonist oliceridine, which is approved for the treatment of

moderate to severe pain in adults.[?”] B-arr recruitment occurs as a consequence of


https://pubs.asahq.org/anesthesiology/article/115/6/1363/13046/Molecular-Mechanisms-of-Opioid-Receptor-dependent

phosphorylation of the activated receptor. For the MOP this takes place at the long C-
terminal tail and is induced by GPCR kinase (GRK).[?°31 To some extent, this enzyme
is recruited by the decoupled GPy subunit.3234 Arrestin-coupling leads to
desensitization and activation of certain downstream effector proteins like MAPKSs,
furthermore the receptor can be subsequently internalized into endosomes, where it is
degraded or alternatively recycled to the plasma membrane (Fig. 1).[% Non-biased
agonists in complex with the MOP do not inhibit subsequent p-arr recruitment by the
phosphorylated C-tail, which forms strong polar interactions. Biased agonists cause a
conformational change of MOP preventing -arr-2 from forming these polar anchors.
Receptor desensitization and internalization is subsequently diminished (Fig. 1).133 3%
36-38] Nevertheless, studies with knock-in mice expressing MOP with a series of
mutations causing a disability to recruit pB-arr revealed that indeed tolerance was
significantly diminished, while analgesia was increased, however, respiratory
depression, constipation and opioid withdrawal signs were unexpectedly not altered. ]
This suggests, that other mechanisms apart from p-arr signaling are involved in the

formation of these adverse effects.

1.2. Homo- and Heteromerization of Opioid Receptors

Even though GPCRs were considered as solely monomeric species for a long time,
evidence over the past decades arose, that they form homo — and heteromers in living
cells.[3%421 The term homomer correlates to two (dimer) or more (oligomer) receptors
of the same species, while heteromer refers to different receptors interacting with each
other (Fig. 2).1*31 Nowadays, it is most widely accepted for class C GPCRs, that they
exist and exclusively function as homo- or heteromers.*343 |n the case of class A
(rhodopsin-like) GPCRs, this question is still controversially debated. Nevertheless,
studies of some prototypical class A GPCRs (e.g. MOP, B2 adrenergic- and rhodopsin
receptor) clearly revealed, that they are capable of G protein activation in the
monomeric state.[*6-4%1 However, this finding does not exclude the presence or transient
forming of homo- and heteromers of class A GPCRs. Moreover, they offer a suitable
possibility to explain the diversity of effects, e.g. for ORs. Binding-, signaling- and
trafficking properties of homo- or heteromeric receptor species can be altered as
compared to the respective monomer. Therefore GPCR oligomers might represent

promising new targets in drug discovery and development.[>
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A Homodimers Heterodimers

B Heterodimers between GPCR classes

e

C Opioid receptor — Protein-protein interactions

1RTF4
NHERF
T$@ﬁ 1 Cav2.2/ORL1 complex

VVW Ca2+ BY

Fig. 2. lllustration of A) Homodimerization (Interaction of two receptors of the same species) of MOPs and Heterodimerization

splnophllln

(Interaction of two receptors of different subtypes) of MOP and DOP, B) Heterodimerization between MOP and cannabinoid
receptor 1 (CB1) as different class A GPCR type. C) Interactions between proteins of OR signal transduction. GASP1 = G-protein
coupled receptor-associated sorting protein 1, M6A = Neural glycoprotein, GEC1 = GABA type A receptor associated protein like
1, Cav2.2 = N-type calcium channel. (Adapted with permission from Wolters Kluwer Health, Inc.: Al-Hasani, R.; Bruchas, M. R.
Molecular Mechanisms of Opioid Receptor-dependent Signaling and Behavior. Anesthesiology 2011, 115 (6), 1363-1381.)1

At the beginning, homodimerization was reported for the DOP and interestingly it was
found, that the extent of homodimers depended on agonist treatment, with increasing
agonist concentrations reducing the dimer level. A correlation between agonist-
promoted internalization and the degree of dimerization was suggested.P Shortly
afterwards KOP dimers were found, which turned out to be present in majority,
independent of applied crosslinkers, detergents or extraction conditions.’? Finally,
MOP oligomers that influenced trafficking properties were discovered, however, for
oligomerization wild-type MOP was used in combination with a mutant, chimeric
variant.53l Much later, the MOP was crystallized in complex with the irreversible,
morphinan-based antagonist p-funaltrexamine (B-FNA) and X-ray analysis revealed a
two-fold, symmetrical dimeric structure. Even though this might be a result of conditions
applied during receptor crystallization, this paved the way to enable structure-based
design of optimized MOP analgesics.® Very recently, transient and agonist-
dependent homodimer-formation of MOP could be shown independently in two studies
using single-molecule microscopy (SMM) to track receptors on the surface of living
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CHO cells. In one study, receptors were fused with a SNAP-tag at their N-terminus and
labeled with a fluorescent dye (SNAP-Surface 549).15% In the second study, which is
part of this thesis, a pair of selective, fluorescent MOP ligands differing only marginally
in their fluorophore-part were used.>® Thus, unmodified, wild-type receptors could be
applied in fluorescence microscopy experiments.

Concerning heteromerization of ORs, the MOP/DOP dimer is the best investigated pair
up to now. Initially, co-immunoprecipitation studies with tagged receptors in co-
transfected cells and spinal cord membranes of wild-type mice revealed an interaction
of both ORs. Bioluminescence resonance energy transfer (BRET) assays displayed
close proximity of MOP and DOP in live cells, potentially allowing dimer formation.>”
59 |Interestingly, binding affinity of selective agonists to each monomer was decreased
for the dimer but increased in the presence of agonists and antagonists selective for
the respective other monomeric receptor, which happened due to allosteric
modulation.l57-6%  Moreover, intracellular signaling was affected through dimer
formation, e.g. binding to one of the receptors in the dimer enhanced signaling
mediated by the unoccupied protomer. It could be shown, that the dimer itself might be
coupled to pertussis-toxin insensitive G proteins like Gz, while the monomers are
associated with Gauo.[57- 59 61-62] Additionally, studies suggested that internalization and
endocytosis (Fig. 1) of the partaking receptors is also influenced by dimer formation
and depends on agonist treatment.[1. 63-641 Finally, maturation and expression on cell
surface could be altered by dimerization, since the dimer requires a chaperone (RTF4
= Receptor transport factor 4, Fig. 2) to protect it from degradation by the ubiquitin-
proteasome system during folding and maturation.[3 Subsequently, first MOP/DOP
heteromer-selective ligands provided initial in vivo indications for the possibility to
achieve an improved pharmacological profile concerning pronounced analgesia with
less side effects.66-70]

The first OR heteromer to be reported was the DOP/KOP pair. At first, co-
immunoprecipitation studies with cells co-expressing both receptors revealed the
presence of an interacting complex and later another study using BRET assays with
live cells demonstrated that the two receptors are close enough to potentially
interact.5> 711 Binding affinities of DOP and KOP agonists were decreased at the
heteromer compared to the respective homomers, but simultaneous treatment of a
mixture of DOP and KOP agonists or antagonists increased binding affinities. For the

agonist mixture, enhanced intracellular signaling was observed.? Taken together,
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these results indicated allosteric interactions of both receptors, as described similarly
for the MOP/DOP heteromer. Furthermore, it could be shown, that DOP/KOP
heteromerization influences trafficking properties of DOP. While cells singly expressing
DOP internalized the receptor upon treatment with etorphine (a non-selective OR
agonist), cells expressing the heteromer did not exhibit receptor internalization of
DOP.552 Concerning the potential role of the heteromer in vivo, selective ligands and
antibodies have been developed to address this question. It could be shown, that a
heteromer selective antibody can enhance the effect of [d-Pen?°]-enkephalin (DPDPE,
a DOP agonist) in a behavioral rat model of thermal allodynia. Heteromers were
detected in rat peripheral sensory neurons by co-immunoprecipitation. In the same
study, KOP selective antagonists (nor-binaltorphimine = nor-BNI and 5'-
guanidinonaltrindole = 5°-GNTI) were found to differentially alter the effect of DOP
agonists like DPDPE, [d-Ala?,d-Leu®]-enkephalin (DADLE) or 4-[(R)-[(2S,5R)-4-allyl-
2,5-dimethylpiperazin-1-yl](3-methoxyphenyl)-methyl]-N,N-diethylbenzamide
(SNC80) in the rat model. Interestingly, the DOP/KOP heterodimer-selective agonist
6"-guanidinonaltrindole (6"-GNTI) could inhibit stimulated thermal allodynia.[’? 6"-GNTI
was found to produce approximately 50 times more potent antinociception than the
KOP selective agonist U50488H after intrathecal (i.t.)-, but not after
intracerebroventricular (i.c.v.) administration, suggesting a tissue-specific role of
DOP/KOP heterodimers in the spinal cord, but not in the brain.[”®! However, 6 -GNTI
was also described to act as extreme G-protein biased partial agonist on KOPs alone,
while inhibiting the recruitment of B-arr.l’4l Nevertheless, this finding does not rule out
a role of DOP/KOP heteromerization. Altogether, these results again not only suggest
the presence of KOP/DOP heteromers but are additionally indicative of allosteric
receptor interactions, as described before.

Heteromerization between MOP and KOP subtypes was investigated initially in co-
immunoprecipitation studies with antibodies to epitope-tagged receptors but
interacting complexes could not be detected in heterologous cells.® Later, it was
possible to detect heteromerization by using antibodies to endogenous receptors in
spinal cord membrane preparation of female rats. Interestingly, it was observed, that
levels of heteromerization were dependent on the stage of the estrous cycle,
suggesting a possible influence of sex hormones.!”® Further hints were provided by
BRET assays, that demonstrated sufficient proximity of both receptors to interact.[76]

Thus, MOP/KOP heteromerization could depend on detergent conditions, utilized



tissue and/or physiological conditions. Binding affinities of MOP agonists (DAMGO and
endomorphin-1) were shown to be decreased in cells co-expressing both receptor
subtypes, but KOP agonists (U69593 and U50488H) did not display a difference in
radioligand binding- and [3*S]GTPyS assays.[’®l Concerning MOP/KOP heteromer-
selective ligands, N-naphthoyl-B-naltrexamine (NNTA) has to be mentioned, since this
compound produced a 50 times more potent antinociceptive effect than morphine. The
effect was more pronounced after i.t. injection, compared to i.c.v. administration. This
was not observed in MOP knock-out mice, suggesting a potential role of
heteromerization in the spinal cord. Moreover, NNTA did not produce physical
dependence at all, tolerance was low after chronic i.c.v. administration or not present
upon chronic i.t. treatment.[’”] Altogether, these facts also point out MOP/KOP
heteromers as promising targets for improved analgesics and imaging tool-compounds

to gain deeper insights into their pharmacology.
1.3. Fluorescent Ligands for Opioid Receptors

Fluorescent ligands represent versatile tools, not only to investigate GPCR homo- and
heteromerization, but also to elucidate thermodynamics of ligand-receptor interactions
or to identify potential new therapeutic targets and to develop novel high-throughput
screening approaches. Importantly, these ligands can be applied in living cells and
native tissues and can be a beneficial alternative to radioactive binding assays with
regard to expenses and dangers.["8 Fluorescence resonance energy transfer (FRET)-
based approaches gained importance in the study of GPCR oligomerization. FRET is
based on the nonradiative energy transfer from a donor-chromophore in an excited
state to an acceptor-chromophore.[”9-8% Consequently, donor emission is decreased at
the same amount that acceptor emission is increased. This phenomenon is highly
distance-dependent, as the efficiency is inversely proportional to the sixth power of the
distance between donor and acceptor. Other influencing variables are the orientation
between donor and acceptor, the overlap between donor and acceptor spectra, the
quantum vyield of the donor and the absorption coefficient of the acceptor.[8%-8l |n
practice FRET occurs, if a suitable pair of fluorophores gets closer to each other than
approximately 10 nm and the dipole-moments are not oriented perpendicularly.
Dynamic FRET is usually measured by monitoring the intensity ratio of acceptor/donor

emission. Nonspecific FRET, which can occur by random collision of partaking
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chromophores, should be avoided by thoroughly controlling donor-/acceptor
densities.[®2l Consequently, selective ligands that exhibit high affinity to a receptor of
choice can be chemically labeled with two fluorophores acting as FRET pair and
employed as imaging tools for oligomerization events. A FRET signal will be
measurable, when two receptors with bound ligands interact to form a dimer or higher
order oligomer (Fig. 3). If the structure of the fluorescent ligands differs exclusively in
their fluorophore part, they are suitable to investigate homodimerization events.
However, it is also possible to apply different pharmacophore parts, e.g., selective
ligands for different receptor subtypes, to study heteromerization events.[78l

Fig. 3. Depiction of a FRET event between two receptors of the same type (Ry/ Rz) with bound ligands (L) undergoing an
interaction (IA). One ligand carries the donor chromophore (D) and the other the acceptor (A).
These described approaches imply the important advantage, that native receptors can
be studied. Nevertheless, it is also possible to use receptors bearing fluorescent tags
coupled to their N-terminus, which requires ectopic expression of the labeled receptor
construct. Additionally, specific fluorescent antibodies to the receptors can be
applied.[’8] Requirements for the fluorophore part of a fluorescent ligand arise from:
e Low molecular weight, since binding affinity of small-molecule ligands can be
influenced by increased steric demand
e Coupling in straightforward conjugation reactions of high yield
¢ High chemical and photostability
e Easily tunable fluorescence signaling to match requirements of instrumental
readout
e Broad compatibility (e.g. a donor can be used in combination with several
acceptors)L78. 83-84]

It has to be mentioned, that recent developments focused on dyes emitting in the
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infrared region, which results in a decreased background and good compatibility in
experiments with cells and tissues, even though these dyes typically exhibit lower

stability.[84+-85] Concerning ORs, there is already a variety of fluorescent ligands, which
were developed aiming at their desired applicability in fluorescence-based assays
and/or fluorescence imaging (for a review cf. A. Drakopoulos, M. Decker 202018¢]). A
representative example is naltrexone®%4” (red-naltrexone, Fig. 4), which was used in a
time-resolved- (TR) FRET assay with SNAP tagged MOP, KOP and DOP receptors
fused to Lumi4-Th as donor chromophore.[87 Naltrexone acts as antagonist with high
affinity on all OR subtypes, which was desired in this study, since subtype-selectivity

was not required.
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Fig. 4. Naltrexone, a high affinity antagonist on MOP, KOP and DOP, coupled to cyanine5 (Cy5) as fluorophore via a small
alkylene linker (red-naltrexone).

This fluorescent probe displayed good affinity on all OR subtypes, thus providing stable
homogenous, time-resolved FRET- (HTRF) signals (Ka = 1.3 £ 0.4 nM for MOP, Kq =
5.4 £ 1.8 nM for DOP, K4 = 2.8 + 0.6 nM for KOP). Competition binding assays, in
which naltrexone-red was incubated with increasing concentrations of the antagonists
naloxone and naltrindole resulted in Ki values in good agreement with literature data.
Thereby first evidence was provided, that fluorescence-based technology (Tag-lite®)
represents a promising alternative for radioligand-binding assays.!®’]

More recently, two fluorescent derivatives of morphine were developed and evaluated
for their applicability in cell-based assays and live cell imaging.® Morphine is one of
the most prominent active ingredients of opium from the plant Papaver somniferum
and is prevalently used for the treatment of pain, despite exhibiting typical opioid side
effects. It mediates its effects by acting as agonist on the MOP but displays significant
affinity to the other subtypes as well. Cy5 as fluorophore was coupled to the morphine
scaffold via the C6-Hydroxy group as ester or ether and a linker was incorporated
respectively (Fig. 5).88 The C6 position was chosen as linking point, since

modifications there are known to be most widely tolerated in terms of activity.[8
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Fig. 5. Fluorescent derivatives of morphine. Cy5 as fluorophore was introduced on the C6-hydroxy group via a linker as ester
(left) or ether (right).[e8l

Cy5 was attached as fluorophore due to its reduced potential to increase nonspecific
binding to the cell membrane.% Functional assays revealed, that both compounds
could activate MOP with potencies in the nM range, however, efficacy was significantly
decreased in comparison to morphine. The ether derivative acted as partial agonist,
when compared with DAMGO. Both compounds were investigated for their applicability
in confocal microscopy experiments with SNAP-tagged, labeled human (h)MOP.
However, only the ether derivative showed specific binding to MOP on the surface of
HEK293 cells. Some weak intracellular signals were observed, consistent with the
minor ability of morphine to induce internalization. Importantly, the fluorescent probe
was not wash-resistant and hence removed from cell-surface receptors by washing
steps.[©8]

Few vyears earlier, buprenorphine-based, antagonistic fluorescent probes were
designed by Schembri et al.®® Buprenorphine itself acts as partial agonist on MOP and
NOP and as antagonist on DOP and KOP. It was chosen as pharmacologically active
part due to its high binding affinity to ORs.[®l Subsequently, four different small organic
fluorophores were attached to the scaffold via an amidoalkylamine linker: Cy5, boron
dipyrromethene difluoride (BODIPY 630/650), 4-((6-methoxy-1,2,4,5-tetrazin-3-
yl)oxy)butanoic acid (tetrazine), and 3-(6-amino-1,3-dioxo-1H-benzo[delisoquinolin-
2(3H)-yl)-propanoic acid (naphthalimide). The Cy5 derivative (Fig. 6) turned out to be
the most suitable candidate for imaging studies (e.g. receptor localization) or for in vitro
binding assays, while all four probes showed high affinity and pronounced selectivity
for MOP.1%0 After recording single-time point images of HEK cells stably expressing
MOP with green fluorescent protein (GFP) attached at its C terminus, co-localization

of probe- and GFP fluorescence revealed, that the BODIPY derivative could be used
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Fig. 6. Structures of fluorescent antagonistic buprenorphine derivatives. Four different fluorophores (right, in red) were attached

to the pharmacologically active scaffold (left, in blue) via an amidoalkylamine linker (black).

to image MOP with high specificity. However, even though displacement with a large
excess of naloxone resulted in a significant decrease of fluorescence, not all signal
was lost, which suggests some non-specific binding to the cell membrane.® The
required concentration for MOP imaging was higher for the Cy5 derivative, consistent
with its lower affinity, but binding was more specific since it could be almost completely
displaced by excess naloxone. Interestingly, no washing steps were performed, but
fluorescence intensity was decreased upon displacement of the ligand due to the
aqueous environment.[®? Finally, the Cy5 derivative exhibited promising properties in
a fluorescence-based competition assay, like short required incubation times,
negligible non-specific binding and fast dissociation kinetics. Subsequently, it was
possible to reproduce affinity data known from literature for several unlabeled
antagonists, but not for the agonists DAMGO and dermorphine, whose pKi values were
generally lower. It was assumed, that this was due to uncomparable assay
conditions. [

Altogether, the described studies suggest, that promising operative fluorescent probes
can be obtained by coupling fluorophores to morphinan-based pharmacophores.
Selectivity, sufficient binding affinity and/or agonistic properties can be retained, even
though this can hardly be predicted. Incorporated linkers can strongly influence
suitability of the probes. Fluorophores of the sulfo-cyanine type displayed the most
promising optical and pharmacological attributes, e.g. minor non-specific binding, good
signal-to-noise ratio and strong fluorescence. There is also a variety of peptide-based
and other non-morphinan fluorescent probes for ORs, as well as selective probes for
DOP and KOP, which are beyond the scope of the present thesis (for a detailed review,
see Drakopoulos et al., 202018¢)),
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Highly selective fluorescent ligands ...

... derived from the opium poppy were developed by DL Calebiro, M. Decker ct al. in
their Research Article on page 5958 to investigate whether p-opioid receptors (p-ORs)
can form dimers on the plasma membrane. These compounds exhibit long residence
time and high affinity. Applying these chemical tools, single-molecule microscopy

allowed detection of a small fraction of short-lived homodimers. WI LEY' VCH



1.4.Selective and Wash-Resistant Fluorescent Dihydrocodeinone Derivatives
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The content of this chapter has been published® (Gentzsch, C.; Seier, K.;
Drakopoulos, A.; Jobin, M.-L.; Lanoiselée, Y.; Koszegi, Z.; Maurel, D.; Sounier, R.;
Hubner, H.; Gmeiner, P.; Granier, S.; Calebiro, D.; Decker, M. Angew. Chem. Int. Ed.
2020, 59, 5958-5964, DOI: 10.1002/anie.201912683) and is adapted with permission
from the respective authors.

Author contributions:

- C. Gentzsch performed the synthesis and analytical characterization of the
fluorescent ligands. Design of target compounds and a synthetic approach were
developed by A. Drakopoulos and C. Gentzsch under the supervision of M. Decker

- K. Seier performed fluorescence microscopy studies (TIRF- and SM microscopy)
and their evaluation with the assistance of M.-L. Jobin, Y. Lanoiselée and Z. Koszegi
under the supervision of D. Calebiro

- H. Hibner from the working group of P. Gmeiner performed functional activity
assays (IP1 accumulation- and B-arr-2 recruitment assay)

- D. Maurel, R. Sounier and S. Granier performed the HTRF assay to characterize

selectivity of the ligands
1.4.1. Aim of the Study

The presented work focused on the design and synthesis of a fluorescent, selective
pair of ligands targeting the MOP with preferable high affinity and long residence time
on the receptor. The ligands should be suitable for fluorescence microscopy
experiments, particularly total internal reflection fluorescence (TIRF) microscopy and
SMM, to visualize wild-type MOP on the surface of living cells. Thus, the dynamics of
natural receptor diffusion behavior within the plasma membrane should be
investigated. Finally, the pair of ligands of different color should be employed in SMM
experiments to characterize MOP homomerization. Additionally, these ligands could
also represent initial, novel tools to study heteromerization of MOP (e.g. with other OR
subtypes or other GPCRs). On condition that they match the established requirements,
these ligands should represent optimized tools to study MOP pharmacology, as
compared to the fluorescent ligands described before (cf. chapter 1.3.).
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1.4.2. Design of Fluorescent Ligands

The fluorescent ligands were designed by Christian Gentzsch and Dr. Antonios
Drakopoulos under the supervision of Prof. Dr. Michael Decker (Institute of Pharmacy
and Food Chemistry, Julius Maximilian University of Wirzburg) with respect to the
following requirements:
e Pronounced selectivity and affinity of the pharmacophore part
e Preferably uncomplicated synthetic access
e Wash resistance of the fluorescent ligands
e Preferably photostable, small fluorescent dye with suitable photophysical
properties (e.g., high quantum yield)
e Fluorophore part should not increase non-specific binding and therefore signal-
to-noise ratio in microscopy experiments
Concerning the pharmacological active part of the fluorescent ligands, 14B-(p-
nitrocinnamoylamino)-7,8-dihydrocodeinone (CACO) was chosen as promising
candidate. This ligand exhibited high affinity and selectivity in competition binding

assays using bovine striatal membranes (Table 1).1°%

Table 1. ICs values of unlabeled CACO as determined in a competition binding assay ([*H]DAMGO for
MOP, [*H]pCI-DPDPE for DOP, [*H]U69,593 for KOP).2

Ligand ICso(nM, £S.E.M.) ICso(nM, +S.E.M.) ICso(nM, £S.E.M.)
MOP DOP KOP

CACO 0.46 + 0.003[%7 4.2 +1.31%2 19 +2.8192

Additionally, the unlabeled ligand displayed wash-resistant, concentration-dependent
inhibition of [*H]DAMGO binding, likely due to the capability of the 14B-(p-
nitrocinnamoylamino)-side chain to form a covalent bond within the receptor binding
site.’? This is advantageous, since it enables the implementation of several washing
steps to remove non-specifically bound ligand and receptor-internalization studies can
be performed. CACO acted as short-term agonist as demonstrated in in vivo studies
with mice. The ligand produced dose-dependent antinociception after i.c.v.
administration, as determined in a warm water tail-flick assay. Antinociception lasted
up to 2 h and was inhibited by the MOP-selective antagonist B-FNA, but not DOP- or
KOP selective antagonists. Additionally, CACO produced long-term antagonism of

morphine-induced antinociception in mice, which was time- and dose dependent and
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lasted up to 48 h. Antinociception induced by DOP- and KOP selective agonists
DPDPE and U50,488 was not inhibited by CACO.!®? These findings particularly
represented CACO as attractive candidate for a fluorescent probe.

An important decision in the design of fluorescent ligands is the coupling position of
the fluorophore at the pharmacologically active scaffold since this can strongly
influence binding properties and/or selectivity. As described above (cf. chapter 1.3.),
the C6 of the morphinan scaffold of CACO represented the most promising position
(Fig. 7). Importantly, previous studies with a BODIPY derivative of CACO had

confirmed this notion.[3!

E-p-nitrocinnamoyl-moiety
(causing covalent binding to MOP)

HNJ\/\Q
Position for 49 Na NO,
[~/

fluorophore coupling = §,

Fig. 7. Structure and numbering of morphinan-C-scaffold of 143-(p-nitrocinnamoylamino)-7,8-dihydrocodeinone (CACO) with

depicted position for fluorophore coupling (C6) and E-p-nitrocinnamoyl-moiety causing covalent bonding (in blue).

In that study, the C6-BODIPY derivative of CACO retained high affinity and selectivity
(ECso = 24.4 = 3.9 nM for MOP vs. >1000 nM for DOP/KOP), as investigated in
radioligand binding studies on preparations of rhesus monkey brains, which contain all
OR subtypes.[

Regarding the fluorophore part of the fluorescent ligands, the sulfo-cyanine dyes Cy3
and Cy5 (Fig. 8) were chosen as most suitable candidates due to their advantageous
properties like emission in the red and near infrared spectral regions, high absorption
coefficients and quantum yields, good photostability and minor potential to induce non-

specific binding (cf. chapter 1.3.).1°! The pair of dyes is commercially available as

e}
[0}

n=1:Cy3
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Fig. 8. Structure of commercially available NHS-activated sulfo-cyanine dyes Cy3 and Cy5 for reliable coupling with primary

amines.
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activated N-hydroxysuccinimide (NHS) esters, enabling a reliable coupling with
primary amine groups. The structural difference of Cy3 and Cy5 is minor (Fig. 8).
Importantly, the labeled ligands can be engaged in two-color fluorescence microscopy
experiments and the dyes can act as FRET pair. The pentylene linker, which separates
fluorophore part and NHS coupling group provides distance between dye and
pharmacologically active part after coupling, however, a first generation of fluorescent
ligands, which were synthesized via direct coupling of the respective fluorophore to the
CACO scaffold, exhibited inconvenient signal-to-noise ratios and high background in
SMM experiments due to non-specific binding to the glass coverslip.®®! Thus, an
additional tetraglycine linker moiety was attached at the C6 position of CACO prior to
dye coupling, since studies with fluorescent ligands and incorporated small peptide

linkers demonstrated improved results.[°6-%l

1.4.3. Synthesis of Fluorescent Ligands

The fluorescent CACO derivatives were synthesized by Christian Gentzsch under the
supervision of Prof. Dr. Michael Decker (Institute of Pharmacy and Food Chemistry,
Julius-Maximilian-University of Wirzburg). Starting point was thebaine (1), a naturally
occurring alkaloid from the milky juice of papaver bracteatum and a common synthetic
starting point for several opioids with morphinan scaffold (Scheme 1).[°1 The diene
moiety was reacted in a hetero-Diels Alder reaction with 2,2,2-trichloroethyl-N-
hydroxycarbamate (11), which was intermediately oxidized by sodium periodate to the
respective nitroso derivative comprising the required double bond.[1%]
Hydroxycarbamate 11 could be obtained from 2,2,2-trichloroethyl chloroformate (10)
by reaction with hydroxylamine hydrochloride in basic, aqueous media.['? The
lipophilic target compound can be easily extracted using unpolar solvents like
dichloromethane or diethylether. Cycloadduct 2 was reduced by catalytic
hydrogenation at 1 atm using 10% palladium on activated charcoal.[*°] However, this
procedure leads to the formation of several byproducts complicating the isolation of
amine 3. Even though this reaction just gave moderate yields and purification of the
target compound was demanding, a more complicated procedure of three steps to
generate amine 3 from cycloadduct 2 could be avoided this way.[1%2 Subsequently, the
C14 primary amine group was coupled to E-p-nitrocinnamic acid using (2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) as
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Scheme 1. Synthesis of fluorescent, MOP selective CACO derivatives 8 and 9. Reagents and conditions: i) 11, NaOAc, NalO,,
EtOAc/H,0, 0°C, 1 h, 97%; ii) Hy, Pd/C, MeOH / 5% AcOH, RT, 2.5 h, 57%; iii) E-p-nitrocinnamic acid, HBTU, DIPEA, DMF
(anhydrous), RT, 18 h, 87%; iv) NH,OAc, NaCNBH3;, MeOH/THF, RT, 24 h, 84%; v) N-Cbz-Gly,~-COOH, HBTU, DIPEA, DMF
(anhydrous), RT, 18 h, 91%; vi) HBr in AcOH, 0°C, 20 min, quant.; vii)) Cy3-NHS or Cy5-NHS, TEA, DMF (anhydrous), RT, 48 h,
38% for 8, 26% for 9; viii) H,N-OH - HCI, NaOH, H,0, 0°C-RT, 1 h, 66%.559

reagent to generate the activated ester of the deprotonated acid.['%%! This step gave
CACO 4 as intermediate, which was favorable for comparison with the labeled target
compounds. CACO 4 was subjected to a stereoselective, reductive amination yielding
the 6B-primary amine 5 in very good to excellent yields.[®3l The B-position of the amine
group was verified in the *H-NMR spectrum by the coupling constant of the C6 proton.
Afterwards, amine 5 was coupled to N-carboxybenzyl (Cbz) protected tetraglycine with
the HBTU method in excellent yields.['%! Subsequent Cbz deprotection was achieved
using hydrobromic acid in acetic acid at 0°C for 20 min, after which time the reaction
must be stopped to avoid bromination reactions and decomposition. It is also possible
to slowly drip the deprotection reagent to a pre-cooled solution of the starting material
in dichloromethane, which simplifies the procedure regarding reaction control and
workup. Deprotection proceeded quantitatively with this method. Notably, Cbz removal
cannot be achieved by catalytic hydrogenation, which is the standard method to

deprotect benzyl groups, since starting material 6 comprises hydrogenation-sensitive
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functional groups (e.g., nitro-group and double bond of cinnamoyl moiety). Finally, the
deprotected amine 7 was coupled to the NHS-activated esters of the dyes Cy3 and
Cy5 using dry conditions and triethylamine as base. Yields of the purified product were
low, which is likely due to hydrolysis of the NHS ester to the corresponding acid, as
indicated by LC/MS. Notably, the acid could be reactivated to increase yields during
reaction (e.g. by adding HBTU).188 Crude target compounds were purified either by
flash chromatography or by semi-preparative HPLC, each on a reversed phase

column.

1.4.4. Binding Affinity, Selectivity and Intrinsic Activity of

Fluorescent Ligands

To investigate if the fluorescent ligands 8 and 9 (Scheme 1) retained sufficient
selectivity over the other OR subtypes, a HTRF assay was performed by Dr. Damien
Maurel, Dr. Rémy Sounier and Dr. Sébastien Granier (Institut de Génomique
Fonctionnelle, Université de Montpellier) (cf. chapter 1.3.). HEK293 cells transiently
expressing SNAP-tagged ORs labeled with Lumi4-Tb were used. Thereby terbium
cryptate of the modified receptors served as donor and the red, fluorescent ligand
acted as acceptor. The cells were incubated with increasing concentrations of ligand 9
(Scheme 1) in presence and absence of an excess of naloxone to control for non-
specific binding. HTRF signal detection was carried out at 665 nm (acceptor) and 620
nm (donor) and the HTRF ratio (acceptor- / donor signal) was plotted against the ligand
concentration to obtain saturation binding curves, demonstrating the pronounced
selectivity of 9 for the MOP (Fig. 9).
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Fig. 9. Saturation binding curves obtained for Cy5 labeled CACO derivative 9 on ORs fused to Lumi4-Tb via SNAP-tag. HEK293

cells were transiently transfected to express SNAP-ORs. The cells were incubated with increasing concentrations of ligand

9. Data is presented as means + standard deviation (SD) for triplicates of a representative experiment.>®
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The respective Kd value was 45 £ 9 nM for SNAP-MOP, while no affinity to the other
OR subtypes was detectable. This met our expectations and is in good agreement with
previous studies using the BODIPY derivative of CACO (cf. chapter 1.4.2.).1%
Additionally, both fluorescent CACO derivatives 8 and 9 were tested on wild type MOP
expressed in CHO cells via TIRF microscopy by Dr. Kerstin Seier under the supervision
of Prof. Dr. Davide Calebiro (Institute of Pharmacology and Toxicology, Julius
Maximilian University of Wirzburg) to see a potential influence of epitope tagged
receptors on binding affinity. This cell line was used for this assay due to some
advantageous attributes for microscopy, e.g. very good adhesion to glass-coverslips.
CHO cells not expressing MOPs served as control for unspecific binding.
Concentration-binding curves were obtained by incubating the cells with increasing
concentrations of the respective ligand and measuring fluorescence intensities of at
least 40 cells per condition (Fig. 10a). Non-specific binding at the cell surface or the
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Fig. 10. a) Concentration-binding curves obtained for compounds 8 and 9. Data is presented as means + S.E.M. for triplicates of

a representative experiment. The mean intensities of 32—86 cells per data point were averaged.
b) Representative TIRF images of CHO cells transiently transfected with wild-type MOP or mock transfected and incubated with

increasing concentrations of fluorescent ligand 8.5¢
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glass coverslip was negligible as can be seen in TIRF microscopy images of the
incubated CHO cells (Fig. 10b). The binding affinities in this assay were determined
for both derivatives (8: Ka= 87 + 49 nM, 9: Kq = 295 + 141 nM). While binding affinity
of the Cy3 derivative 8 is in the range of the K4 value determined in the HTRF assay
with ligand 9 on SNAP-tagged MOPs (Fig. 9, Kd = 45 = 9 nM), the Cy5 derivative shows
an approximately three-fold increase in binding affinity. Since the structural difference
between 8 and 9 is marginal, this could likely be a result of varying fluorescence
intensity due to photobleaching during illumination in microscopy experiments or upon
storage and transport of the ligand. It is known, that Cy5 is more sensitive to
photobleaching than Cy3.['%4 The relatively high standard error could also be a result
of this. Nevertheless, both ligands retained sufficient two- and three-digit nM binding
affinities in combination with high specificity, which made them suitable for further
TIRF- and SM microscopy experiments.

Since CACO was reported to act as short-time agonist, the intrinsic activity of Cy3
derivative 8 was also determined by Dr. Harald Hubner from the working group of Prof.
Dr. Peter Gmeiner (Department of Chemistry and Pharmacy, Friedrich-Alexander
University of Erlangen-Nuremberg). G-protein mediated signaling was investigated in
an inositol monophosphate (IP1) accumulation assay on HEK-293T cells transiently
co-transfected with the cDNA of hMOP and of the hybrid G-protein Gag (Fig. 11a).
Ligand 8 acted as partial agonist to morphine with an ECso value of 190 nM (Emax =
57% of maximal response to morphine). Interestingly, the ligand was not capable of

inducing B-arr-2 binding, as determined in a p-arr-2 recruitment assay on HEK-293
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Fig. 11. a) Intrinsic activity of fluorescent CACO derivative 8 determined in an inositol monophosphate (IP1) accumulation assay
for G-protein mediated signaling. IP; accumulation in percentage of morphine was plotted against the logarithmic ligand
concentration (range from 0.1 pM up to 10 uM). Data is presented as means = S.E.M. for duplicates of the respective experiments.
b) B-arr-2 recruitment assay with Cy3 labeled CACO derivative 8. Recruitment of -arr-2 in percentage relative to DAMGO was
plotted against the logarithmic ligand concentration (range from 1 pM to 10 uM).5%
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cells stably expressing the enzyme acceptor tagged B-arr-2 fusion protein and

transiently transfected with the ProLink tagged MOP-PK1 construct (Fig. 11b).
1.4.5. Wash Resistance of Fluorescent Ligands

As mentioned above (cf. chapter 1.4.2.), an important consideration in the design of
the fluorescent ligands was wash-resistance, since fluorescence microscopy
experiments and assays can require washing steps and a preferably long residence
time of the ligands on the receptor is beneficial for SMM, because this enables precise
particle tracking. Previous studies with unlabeled CACO demonstrated a
concentration-dependent, wash resistant inhibition of [?(H]DAMGO binding. Inhibition
of 50% binding of 0.25 nM [*BH]DAMGO were caused by 11 + 1 nM of CACO.F2
Additionally, it was shown that this inhibition of binding to the MOP happens due to a
reduction of binding sites and not by altering the affinity. Thus, it was suggested, that
the MOP is alkylated through the irreversible formation of a covalent bond.?? This is

likely due to the nitrocinnamoylamino-side chain acting as Michael acceptor (Fig. 12).
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Fig. 12. Mesomeric structures of CACO showing potential electrophilic sites to be attacked by nucleophiles, e.g. in amino acid
side chains.

Thus, both fluorescent ligands 8 and 9 were examined for their retained wash
resistance in wash-out experiments performed by Dr. Kerstin Seier (Institute of

Pharmacology and Toxicology, Julius Maximilian University of Wirzburg) (Fig. 13).
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Fig. 13. a) TIRF microscopy images of CHO cells transiently transfected with wild-type MOP and incubated with 1 uM of compound
8 (Top) or 9 (bottom) for 20 min. Images were taken every minute after washing.
b) Time-dependent dissociation of 8 and 9 from the MOP (analyzed from TIRF microscopy images as presented in a). Normalized

intensity of 13 and 15 cells per time-point was measured in four independent experiments. The mean + S.E.M. is presented.®!
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CHO cells were treated with the compounds for 20 min and subsequently imaged by
TIRF microscopy (Fig 13a). Washing steps led to an initial, slow decrease of
fluorescence intensity. The curve approached a plateau at 33% for compound 8 and
53% for compound 9 (Fig. 13b). Thus, wash resistance was proven and both

fluorescent ligands exhibited a long residence time on the receptor.
1.4.6. Single-Molecule Microscopy with Fluorescent Ligands

The experiments described in this chapter were carried out by Dr. Kerstin Seier with
the assistance of Dr. Marie-Lise Jobin (Institute of Pharmacology and Toxicology,
Julius-Maximilian-University of Wirzburg), Dr. Yann Lanoiselée and Dr. Zsombor
Koszegi (Institute of Metabolism and Systems Research & Centre of Membrane
Proteins and Receptors, University of Birmingham) under the supervision of Prof. Dr.
Davide Calebiro. Both fluorescent ligands were suitable for SMM due to their favorable
photophysical properties. Consequently, fluorescent spots in TIRF images could easily
be detected, giving occasion to characterize the diffusion behavior of individual MOPs
on the cell surface. The Cy3 labeled derivative of CACO (compound 8, cf. Scheme 1)
was used for this purpose due to its slower photobleaching compared to Cy5 derivative
9, as described above (cf. chapter 1.4.4.).1004 For the diffusion study CHO cells
transiently expressing wild-type MOP at a low receptor density were used (~ 0.8
receptors / um?). These cells were incubated with a saturating concentration of 8 (1
uM) and subsequently imaged by TIRF microscopy. Ligand-bound receptors were
detected and tracked by an automated algorithm, which identified the positions and
trajectories of individual MOPs on the cell surface (Fig. 14).[195-1071 The diffusion

Fig. 14. Single-molecule microscopy of wild-type MOP on the CHO cell surface, labeled with ligand 8 (Cy3 derivative of CACO).
a) Frame of a TIRF image sequence (white spots are ligand-bound receptors). b) Result of automated single-particle-detection
(blue circles depict the position of individual receptors). c) Result of the automated tracking algorithm (trajectories in green

represent movement sequences of individual receptors).®
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behavior of the receptors in the plasma membrane was subsequently investigated by
a time-averaged mean square displacement (TAMSD) analysis, which represents the
extent of volume passed by a particle like a labeled receptor through random
movement. The diffusion behavior of receptors was heterogenous, meaning that
individual receptors underwent different types and velocities of motion. Basically four
categories of receptor motion were observed and the percentage of receptors
performing each kind of diffusion was analyzed (Fig. 15).['%! An amount of 22 + 2% of
receptors were immobile, which means they did not perform any movement in an
evaluable manner. This could happen, when receptors interact with rigid membrane
components or enter nanodomains, where they are trapped. Sub-diffusive movement
was performed by 34 + 1% of the receptors, which indicates hampered, decelerated
motion, possibly in a crowded environment or after transient trapping in a
nanodomain.[196. 1081 A percentage of 34 + 1% of receptor particles were diffusing
normally according to Brownian particle motion and the remaining 10 + 1% of receptors
performed super-diffusion, meaning their motion had a directional character.

Interestingly, this diffusion profile is in good agreement with other GPCRs (e.g. oea -

and B2 — adrenergic receptor).[1%]
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Fig. 15. a) Results of time-averaged mean square displacement analysis of MOP diffusion behavior. Categorization was
conducted in (virtually) immobile (top, left), sub-diffusion (top, right), normal (Brownian) diffusion (bottom, left) and super-diffusion
(bottom, right). Examples of trajectories of individual receptors of each category are presented left to the respective TAMSD-
curves. b) Rates of MOPs in the four diffusion categories as revealed by TAMSD analysis of their respective trajectories. Data is

presented as means + S.E.M. for 29 individual cells corresponding to 2,225 trajectories. ¢!

Finally, the pair of fluorescent ligands was used for two-color SMM experiments to
study homomerization of wild-type MOP on the surface of living CHO cells. Thus, the

cells were transiently transfected to yield a low, physiological receptor density of

23



1.4.Selective and Wash-Resistant Fluorescent Dihydrocodeinone Derivatives
Allow Single-Molecule Imaging of u-Opioid Receptor Dimerization

approximately 1.7 particles / um?2. Labeling was carried out simultaneously with both
ligands (8: 1 uM, 9: 0.5 uM), whereas the choice of concentrations was a compromise
between labeling as many receptors as possible (~80%) and minimizing non-specific
binding of the ligands to the glass-coverslip. Subsequently, rapid two-color TIRF
microscopy was performed and co-localizations between two receptors carrying each
ligand were analyzed using automated algorithms.[1%] Since co-localization of two
receptors can happen randomly by collision, a control experiment was performed in an
identical manner, apart from utilizing CD86 labeled with Alexa Fluor 647 by a SNAP-
tagged N-terminus instead of Cy5 derivative 9.[1%%! Since CD86 is a protein known to
not interact with MOP, this approach enabled controlling for random co-localizations
without real interactions. Subsequent analysis by deconvolution of the co-localization
times revealed, that more than 95% of MOPs exist as monomers, while a minority
interacted to form a short-lived dimer with a lifetime of approximately 1-2 seconds. At

any time 4-5% of receptors were interacting to dimerize and stopped diffusing during

this time (Fig. 16). Deconvolution of the distribution of co-localization times of MOPs

Fig. 16. Imaging of MOP dimerization via two-color SMM. The images present an example of a co-localization event (yellow, left
image) between two receptors labeled with each ligand. One MOP labeled with Cy3 derivative 8 (and its respective trajectory) is
presented in green, the other receptor carrying Cy5 derivative 9 is presented in magenta. Both receptors stopped their motion
during the interaction. ¢

labeled with each ligand and MOP with CD86 enabled an estimation of the duration
and frequency of interactions (Fig. 17).[1%! The relaxation plot of interacting MOPs
against co-localization time resulted in an exponential decay, corresponding to a time
constant t = 1.797 + 0.487 s and the respective dissociation rate constant Koff = 0.557
+ 0.207 st. The two-dimensional association rate kon, which describes dimer-
formation, was estimated as 0.020 + 0.004 um? / molecule - s. Thus, the dissociation
equilibrium constant, defined by koff and kon was determined as Kd = 27.43 = 11.75
molecules / um?. It must be noted, that the small percental fraction of homodimers is

similar to the rate of active receptors in complex with G-proteins, suggesting a possible
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Fig. 17. Estimated duration and frequency of MOP-MOP interactions achieved by deconvolution of co-localization times of MOP-
MOP and MOP-CD86 (no expected interactions). 51832 co-localizations of 25 individual cells were analyzed for MOP-
MOP and 61259 co-localizations for MOP-CD86.5¢

biological relevance.l*%] However, this experimental setup cannot preclude the
presence of smaller fractions of higher order oligomers, even though the intensities
and bleaching behavior of most receptors point towards monomers and dimers.
Interestingly, the estimated time constant and dissociation rate are similar to previous
results for other class A GPCRs.[105-106, 109-110] Moreover, the dissociation equilibrium
constant K¢ admits an estimation of the mono- and dimeric MOP fraction in relation to
the receptor density on the plasma membrane. Thus, a density of approximately 27
receptor particles per pm? would produce a dimer-fraction of ~50%, while the density
of receptors expressed by the transfected CHO cells was only 1.7 particles / pm?.
These required receptor densities of the MOP can be achieved at synapses,[111-113]
meaning a pronounced fraction of dimers could exist in vivo.[14

Due to the results of the TAMSD analysis revealing a relevant fraction of virtually
immobile or sub-diffusive particles (Fig. 15) and the investigated dimers, which
interrupted their motion during interaction, it was necessary to control if co-localization
happens when two receptor particles enter the same clathrin-coated pit (CCP) before
internalization. This would mean, that co-localization is forced and a real interaction of
dimerization does not necessarily have to occur. Thus, the same general experiment
was performed again, but cells were transiently co-transfected with green fluorescent
protein (GFP)-tagged clathrin and wild-type MOP. Then the cells were incubated with

both ligands 8 and 9, as described above. After imaging by fast two-color TIRF
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microscopy and acquisition of a CCP image, computational analysis was performed.
As a result, interactions of MOPs mainly occurred outside CCPs, while just a minor
fraction of receptors were co-localized within or near CCPs (Fig. 18). In detalil, the
analysis revealed that 77 + 9% of receptor particles interacted apart from CCPs, while
23 + 9% were co-localized directly within or in close proximity to CCPs. Consequently,
it can be concluded that co-localization is not exclusively driven by CCP recruitment

and other mechanisms must be involved to move the receptors towards interaction.

Fig. 18. Representative images of two CHO cells transiently co-transfected with wild-type MOP and GFP-tagged clathrin (grey
spots marked with red circles). Cells were incubated with Cy3 ligand 8 (1 uM, green trajectories) and Cy5 ligand 9 (0.5 uM,
magenta trajectories). Interactions of two MOPs are presented in blue. a) The leftimage shows the whole cell with a representative
interaction of MOPs within or near a CCP marked in the dashed box. The image in the middle is the enlarged view of the respective
area. The right image depicts the same area without particle trajectories. b) The left image shows another CHO cell with an area
marked by the dashed, white box, where three MOP-MOP interactions occur outside CCPs. The middle image is the enlarged

view of this area. The right image represents the same area without trajectories. ¢!

Altogether, the pair of fluorescent ligands accomplished the established design criteria
(cf. chapter 1.4.2.) and turned out to be a suitable tool to investigate wild-type MOP on
the surface of living cells via TIRF- and SM microscopy. A small fraction of homodimers
of MOP was discovered, however, it must be noted that dimer formation could be
agonist-driven, which is also suggested by later studies.l>® 1151 Nevertheless, these
ligands are currently the subject of ongoing studies to investigate the MOP in living
neurons and nervous tissue. Additionally, an application of these ligands to investigate
MOP heteromerization in combination with other fluorescent, subtype selective

agonists or antagonists is conceivable.
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1.4.7. Experimental Procedures

The following section describes detailed procedures for all performed experiments in
the published research work of chapter 1.4.1¢] These experimental details were

published separately as Supporting Information.
Common reagents and methods for chemical synthesis

Common reagents and solvents were obtained from commercial suppliers (Sigma-
Aldrich, Steinheim, Germany; Merck, Darmstadt, Germany; Cy3 and Cy5 NHS esters:
Click Chemistry Tools, Scottsdale, USA; N-Cbz-Glys: Bachem, Bubendorf,
Switzerland) and were used without any further purification, unless stated otherwise.
The thin layer chromatography (TLC) for reaction control was performed on precoated
plates (Silica Gel 60 F254, Macherey-Nagel GmbH & Co. KG, Diren, Germany). The
substances were either visualized by their fluorescence, when irradiated with UV-light
(254 nm), by spray-reagents (Dragendorff's reagent) or by their discoloration in an
iodine chamber. Silica gels with grain sizes of 0.063 - 0.2 mm (company Merck,
Darmstadt, Germany) were used for manual column chromatography. The columns
were packed wet. The composition of the eluents is indicated in percentage by volume.
NMR spectra were recorded at room temperature on a Bruker AV 400 FT-NMR
Spectrometer (company Bruker Biospin, Karlsruhe, Germany) (*H: 400 MHz, *3C: 100
MHz). The residual protons and the 13C-resonance signals of the deuterated solvents
were used as internal standards. The chemical shifts & are indicated in [ppm] and the
coupling constants in [Hz]. The signal multiplicities are abbreviated as follows: s =
singlet, d = doublet, t = triplet, g = quartet, dd = doublet of doublets, m = multiplet.
Analytical HPLC was performed on a Shimadzu LC20AB system equipped with a DGU-
20A3R controller, and a SPD-20A UV/Vis detector. The stationary phase was a Synergi
4u Fusion-RP (150x4.6 mm) column. A MeOH/water gradient + 0.1% formic acid
(phase A/ phase B) was used as mobile phase. For analytical HPLC a flow rate of 1
mL/min was used. For semi-preparative HPLC, a Synergi 4u Fusion-RP 80A (250x%10.0
mm) column was used as stationary phase and the flow rate was 2.5 mL/min.

ESI-MS spectral data were acquired on a Shimadzu LCMS-2020 single quadrupole
LC/MS (Shimadzu Europe, Duisburg, Germany).


https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fanie.201912683&file=anie201912683-sup-0001-misc_information.pdf
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Synthesis of 2,2,2-trichloroethyl-N-hydroxycarbamate (11)

O

. oH

cl,e” 07 N
H

1.13 g (28.3 mmol, 6.00 eq) of sodium hydroxide were dissolved in water, while
vigorous stirring and cooling with ice (0°C) and 1.64 g (23.6 mmol, 5.00 eq) of
hydroxylamine hydrochloride were added to the solution. Then 0.65 mL (4.72 mmol,
1.00 eq, 1.00 g, 1.54 g/mL) of 2,2,2-trichloroethyl chloroformate were cautiously
dripped into the reaction mixture, which was subsequently allowed to warm up to room
temperature and stirred for 1 h. After that, the aqueous phase was extracted with six
small portions of dichloromethane and the combined organic layers were washed with
three small amounts of brine. After drying over sodium sulphate, the crude product was
purified by column chromatography (eluent =PE : EA =2 : 1) to yield a white, crystalline

solid.
Yield: 646.4 mg, 3.10 mmol, 66%.

'H-NMR (400 MHz, DMSO-ds) & [ppm]: 4.82 (s, 2H, -CH2-), 9.04 (brs, 1H, -OH), 10.26
(brs, 1H, -NH-).

13C-NMR (100 MHz, DMSO-ds) & [ppm]: 73.28 (-CH2-), 96.11 (ClIzC-), 155.69 (C=0).
m.p.: 89°C

Synthesis of cycloadduct 2

H;CO

427 mg (2.05 mmol, 1.50 eq) of 2,2,2-trichloroethyl-N-hydroxycarbamate (11) were
slowly added to a solution of 426.58 mg (1.37 mmol, 1.00 eq) thebaine (1) in 43 mL
ethyl acetate and 438.47 mg (2.05 mmol, 1.50 eq) sodium periodate in 21.33 mL of a
0.5 M sodium acetate solution. The reaction mixture was cooled with ice and the pH-
value was adjusted to 6 by addition of a few drops of agueous hydrochloric acid (2 M).
The reaction was stirred for one hour at 0°C, before saturated, aqueous sodium
hydrogen carbonate solution was added to produce alkaline conditions. The ethyl
acetate layer was washed with saturated, aqueous sodium thiosulphate and brine,
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dried over sodium sulphate and evaporated. The crude product was purified by column
chromatography (eluent=PE:EA=3:1->2:1-> 1:1)to yield a white, crystalline

solid.
Yield: 686 mg, 1.325 mmol, 97%.

1H-NMR (400 MHz, CDCl3) & [ppm]: 1.16 - 2.04 (m, 2H, H-15), 2.36 - 2.72 (m, 4H, H-
10/ H-16), 2.49 (s, 3H, N-CHa), 3.42 (d, 3] = 18.5
Hz, 1H, H-9), 3.63 (s, 3H, OCHs-6), 3.81 (s, 3H,
OCH3-3), 4.59 (s, 1H, H-5), 4.91 (brs, 2H, O-
CH2), 6.06 and 6.14 (ABq, 3J = 8.9 Hz, 2H, H-7 /
H-8), 6.58 and 6.68 (ABq, 3Ji = 8.18 Hz, 3Jz =
8.19 Hz, 2H, H-1/ H-2).

13C-NMR (100 MHz, CDCl3) & [ppm]: 23.79 (C-10), 33.45 (C-15), 43.23 (N-CHba),
45.28 (C-16), 53.42 (OCHs-6), 56.84 (OCH3-3),
58.64 (C-9), 75.59 (OCHz), 87.52 (CCls), 90.45
(C-5), 104.90 (C-11), 114.95 (C-2), 119.95 (C-1),
123.05 (C-7 / C-8), 142.50 (C-3), 148.25 (C-4).

ESI-MS: 517.05 m/z [M+H]*, calculated 517.07 m/z (100%).
m.p.: 181°C

Synthesis of 143-amino-7,8-dihydrocodeinone (3)

NH,

~N=CH,

o’ o
HyCO

351 mg (0.678 mmol, 1.00 eq) of cycloadduct 2 were dissolved in 13.5 mL of distilled
methanol and 13.5 mL of 5% aqueous acetic acid were added. Then 35.1 mg (10 wt-
%) of palladium on activated charcoal (10% Pd) were added carefully under an argon-
atmosphere. This suspension was hydrogenated (1 atm) at room temperature for 2.5
h while vigorous stirring. A balloon was used to keep an atmosphere of hydrogen. After
that, the reaction mixture was filtered through a small pad of celite and the filtrate was
evaporated. The crude product was purified by column-chromatography (eluent =
CH2Cl2: MeOH =9.5:0.5 > 9:1 + 0.1% NHs) to yield a colorless, viscid solid.

Yield: 122.4 mg, 0.389 mmol, 57%.
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1H-NMR (400 MHz, CDCl3) & [ppm]: 2.38 (s, 3H, N-CH3), 3.03 - 3.17 (m, 3H, H-9 / H-
10), 3.89 (s, 3H, OCHs), 4.64 (s, 1H, H-5), 6.65
(g, 3J1 = 8.2 Hz, 3J2 = 25.2 Hz, 2H, H-1 / H-2).

13C-NMR (100 MHz, CDCl3) & [ppm]: 21.78 (C-10), 29.98 (C-15), 32.40 (C-8), 36.66
(C-7), 43.28 (N-CHs), 45.91 (C-16), 57.03
(OCHs3), 66.67 (C-9), 90.35 (C-5), 114.85 (C-2),
119.52 (C-1), 208.91 (C-6).

ESI-MS: 315.15 m/z [M+H]*, calculated 315.17 m/z (100%).
m.p.: 98°C
Synthesis of 143-[(p-nitrocinnamoyl)amino]-7,8-dihydrocodeinone CACO (4)

0

AN
ON NH

~N=CH,

o 0O

H,CO

26.3 mg (0.136 mmol, 1.05 eq) of E-p-nitrocinnamic acid were dissolved in dry DMF
and 54.1 mg (0.143 mmol, 1.10 eq) HBTU and 33.2 pL (0.195 mmol, 1.50 eq) of dry
DIPEA were added to the solution. Then 40.8 mg (0.130 mmol, 1.00 eq) of amine 3
were transferred to the reaction mixture in dry DMF (V = 5 mL) and the solution was
stirred for 18 h at room temperature. Then ethyl acetate was added and the organic
phase was washed with each two portions of saturated, aqueous sodium carbonate
solution, water and brine. The organic phase was dried over sodium sulphate and the
crude product was purified by manual column chromatography (normal phase, eluent
= CH2Cl2: MeOH =99 : 1 + 0.1% NHs) to yield a pale yellow solid.

Yield: 55.3 mg, 0.113 mmol, 87%.

IH-NMR (400 MHz, CDCl3) & [ppm]: 2.45 (s, 3H, N-CHs), 2.92 - 3.02 (m, 1H, H-10),
3.10 (d, J = 7.3 Hz, 1H, H-9), 3.25 (d, J = 18.6
Hz, 1H, H-10), 3.89 (s, 3H, OCHs), 4.96 (s, 1H,
H-5), 6.68 - 6.78 (m, 3H, H-1/ H-2 / H-2"), 7.22
(s, 1H, NH), 7.69 - 7.73 (m, 3H, H-3" / H-5" / H-
9'), 8.26 (d, 3] = 8.8 Hz, 2H, H-6" / H-8").
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13C-NMR (100 MHz, CDClIs) & [ppm]: 20.92 (CH2), 30.50 (CHz2), 36.94 (C-7), 43.28 (N-
CHs), 48.02, 56.60 (C-13), 57.00 (OCHzs), 63.58
(C-9), 89.78 (C-5), 115.36 (C-2), 119.34 (C-1/
C-27), 12430 (C-6" / C-8), 125.36 (C-11),
128.65 (C-5" / C-97), 139.08 (C-4"), 165.77 (C-
1.

ESI-MS: 490.15 m/z [M+H]*, calculated 490.20 m/z (100%).

m.p.: 270°C

Synthesis of 14-[(p-nitrocinnamoyl)amino]-7,8-dihydrocodein-63-amine (5)

O

X
ON NH

N
HoN 7/ ~CHs

o
HsCO

16.8 mg (0.034 mmol, 1.00 eq) of 14B-[(p-nitrocinnamoyl)amino]-7,8-
dihydrocodeinone (4) were dissolved in 2 mL of methanol and 0.5 mL of
tetrahydrofuran. Then 40.5 mg (0.525 mmol, 15.3 eq) of ammonium acetate and 6.7
mg (0.107 mmol, 3.12 eq) of sodium cyanoborohydride were given to the solution and
the pH was adjusted to 6 by adding some drops of aqueous hydrochloric acid (2 M).
The reaction mixture was stirred for 24 h at room temperature. After that, the solvents
were evaporated and the crude product was taken up in chloroform. The organic phase
was washed with each two portions of saturated, aqueous sodium hydrogen carbonate
and water. After drying over sodium sulphate and removal of the solvent under reduced
pressure, the crude product was purified by manual column chromatography (normal
phase, eluent = CH2Cl2 : MeOH = 9.5 : 0.5 + 0.1% NH3) to give a pale yellow solid.

Yield: 14.2 mg, 0.029 mmol, 84%.

1H-NMR (400 MHz, CDCls) & [ppm]: 2.34 (s, 3H, N-CHs), 3.15 (d, 3J = 18.2 Hz, 1H,
H-6), 3.86 (s, 3H, O-CHa), 4.71 (d, 3J = 6.9 Hz,
1H, H-5), 6.69 (dd, 3J1 = 8.2 Hz, 3J» = 33.4 Hz,
2H, H-1" / H-2), 6.84 (d, 3] = 15.6 Hz, 1H, H-2"),
6.98 (s, 1H, N-H), 7.59 (d, 3J = 15.6 Hz, 1H, H-
3", 7.65 (d, 3 = 8.6 Hz, 2H, H-5" / H-9"), 8.21 (d,
3] = 8.7 Hz, 2H, H-6" / H-8").
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13C-NMR (100 MHz, CDCl3) & [ppm]: 27.20 (CH2), 29.47 (CH2), 29.81 (CHz), 32.04
(CH2), 43.08 (N-CHs), 46.25 (C-16), 56.57 (O-
CHs), 67.14 (C-9), 68.07 (C-5), 114.16 (C-2)
118.81 (C-1), 124.21 (C-6" / C-8"), 128.46 (C-
5/ C-9'), 144.02 (C-3"), 172.95 (C-1").

ESI-MS: 491.20 m/z [M+H]*, calculated 491.23 m/z (100%).
m.p.: Decomposition > 165°C

Synthesis of 14-[(p-nitrocinnamoyl)amino]-7,8-dihydrocodein-6-
tetraglycylcarboxybenzylamide (6)

H3CO

20.4 mg (53.6 umol, 1.05 eq) of N-Cbz-protected tetraglycine were dissolved in 5 mL
of dry DMF under an argon atmosphere. Then 13.01 uL (76.5 umol, 1.50 eq) of DIPEA
and 21.3 mg (56.1 pmol, 1.10 eq) of HBTU were given to the solution. After that, 25
mg (51 pmol, 1.00 eq) of 14B-[(p-nitrocinnamoyl)amino]-7,8-dihydrocodein-63-amine
(5) were transferred to the reaction mixture in another 5 mL of dry DMF. The solution
was subsequently stirred for 18 h at room temperature, before ethyl acetate was added
and the organic phase was washed with each two portions of agueous, saturated
sodium carbonate, water and brine. After drying over sodium sulphate, the solvent was
removed under reduced pressure and the crude product was purified by manual
column chromatography (normal phase, eluent = CH2Cl2 : MeOH = 9 : 1). The product

was obtained as a white solid after final purification.
Yield: 39.7 mg, 46.6 pmol, 91%.

IH-NMR (400 MHz, CD30OD) & [ppm]: 2.31 (t, 4] = 7.4 Hz, 5H, N-CHs / H-16), 3.60 (s,
2H, Gly-CHz), 3.65 (s, 6H, Gly-CH2), 3.85 (s,
3H, O-CHa), 5.08 (s, 2H, Cbz-CH>), 6.85 (d, 3J
= 8.7 Hz, 1H, H-2), 6.91 (d, 3J = 16.5 Hz, 1H,
H-27), 6.95 (d, 3J = 4.8 Hz, 1H, H-1), 7.32 (d, 3J
= 6.4 Hz, 4H, Cbz-ArH), 7.66 (d, 3J = 15.8 Hz,
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1H, H-3), 7.84 (d, 3 = 8.7 Hz, 2H, H-5" / H-9"),
8.28 (d, 3] = 8.6 Hz, 2H, H-6" / H-8").

13C-NMR (100 MHz, DMSO-ds) & [ppm]: 22.13 (CHz), 24.46 (CHa), 26.60 (CH2),
29.06 (CH2), 43.71 (CH2), 43.80 (N-CHa),
51.22 (CH2), 54.94 (OCHs), 79.22 (O-CH),
91.60 (CHz), 109.82 (CHar), 122.85 (CHar),
127.78 (CHar), 127.86 (Car), 128.40 (CHar),
130.83 (CHar), 141.58 (Car), 143.86 (CHunsat),
148.34 (Car), 148.53 (Car), 152.32 (C=0),
159.63 (C=0), 174.04 (C=0).

ESI-MS: 853.35 m/z [M+H]*, calculated 853.35 m/z (100%).
m.p.: 167°C

Synthesis of 14-[(p-nitrocinnamoyl)amino]-7,8-dihydrocodein-68-tetraglycylamide (7)

0
H
HN- AL Nl
ey
HaCO

Alternative 1: 26.3 mg (30.8 umol, 1.00 eq) of 14B-[(p-nitrocinnamoyl)amino]-7,8-
dihydrocodein-6B-tetraglycylcarboxybenzylamide (6) were dissolved in 3 mL of an ice-
cold solution of hydrobromic acid in acetic acid (33 wt.-%). The reaction mixture was
stirred for 20 min at 0°C, then the solvent was removed under reduced pressure and
the product was obtained as a slight orange solid (HBr salt). It was dried in the
desiccator and used without further purification.

Alternative 2: 18.4 mg (21.6 pmol, 1.00 eq) of 14B-[(p-nitrocinnamoyl)amino]-7,8-
dihydrocodein-6B-tetraglycylcarboxybenzylamide (6) were dissolved in
dichloromethane at room temperature, while stirring. The solution was cooled to 0°C
by an ice bath, before an ice-cold solution of hydrobromic acid in acetic acid (33 wt.-
%) was added dropwise, until the color changed to an intense yellow. The reaction
mixture was stirred for 20 min at 0°C. After that, the solvent was evaporated and the
crude product was purified by flash column chromatography on a reversed phase (C18)
column (eluent: MeOH / H20 + 0.1% formic acid). Optionally, the crude product in the

dichloromethane phase can be washed with a saturated, aqueous sodium hydrogen
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carbonate solution to obtain the free base. After drying over sodium sulphate, the
solvent can be evaporated and the crude product can be purified by flash column

chromatography, as described above.

Yield 1: 24.6 mg, 30.8 ymol, quant.
Yield 2: 6.3 mg, 8.77 ymol, 41%.

IH-NMR (400 MHz, DMSO-ds) & [ppm]: 2.26-2.33 (m, 5H, N-CHz / H-16), 3.57 (s, 6H,
Gly-CHz), 3.77 (s, 2H, Gly-CHz), 3.78 (s, 3H,
O-CHa), 6.83 (d, 3J = 7.1 Hz, 1H, H-2'), 6.94
(m, 2H, H-1/H-2), 7.83 (d, 3J = 8.8 Hz, 1H, H-
3'), 7.89 (d, 3] = 8.7 Hz, 2H, H-5" / H-9"), 8.18
(d, 3J = 8.7 Hz, 2H, H-6" / H-8").

13C-NMR (100 MHz, DMSO-ds) & [ppm]: 19.2 (CHz), 23.08 (CHz), 27.1 (CH2), 29.89
(CH2), 42.40 (CHa), 42.77 (N-CHa), 45.25
(CH2), 45.42 (CH2), 57.99 (O-CHa), 61.12
(CH), 63.08 (Cg), 70.34 (CH), 81.39 (CH),
108.97 (CHar), 125.48 (CHar), 131.61 (CHar),
145.71 (CHunsat), 152.52 (C=0), 158.47
(C=0), 175.52 (C=0).

ESI-MS: 360.30 m/z [M+2H]?*, 719.30 m/z [M+H]*, calculated 719.31 m/z (100%).
m.p.: Decomposition > 205°C

Procedure for the labeling with sulfo-Cyanine 3/5 giving fluorescent ligands 8/9

NO,

8.90 mg (12.1 ymol, 0.60 eq) of N-hydroxysuccinimide activated cyanine 3 or 8.95 mg
(12.1 pmol, 0.60 eq) of the respective cyanine 5 derivative were dissolved in 0.50 mL
of dry DMF at room temperature under an argon atmosphere, while vigorous stirring.
Then 145 mg (20.2 pmol, 1.00 eq) of 14B-[(p-nitrocinnamoyl)amino]-7,8-
dihydrocodein-63-tetraglycylamide (7) in 1.00 mL of dry DMF were transferred to the

solution containing the respective dye. The reaction mixture was stirred for 48 h at
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room temperature and the progress was carefully monitored by TLC and LC/MS. Then
the solvent was evaporated and the crude product was directly purified by semi-
preparative HPLC (reversed phase, eluent: MeOH/H20 + 0.1% formic acid) to give the
target compounds 8 and 9 in purities of >95%.

When starting material 7 was used as bromide-salt, the reaction was carried out in the
presence of a small excess of triethylamine (1.2 eq) or N,N-diisopropylethylamine
(1.2 eq). When the crude product was already over ~70% pure (as indicated by LC/MS
analysis), purification to over 95% purity was accomplished by flash column
chromatography (reversed phase, eluent: MeOH/H20 + 0.1% NHa).

Yield: Cpd. 8: 6.00 mg, 4.55 uymol, 38% (Cy3-labeling).
Cpd. 9: 4.30 mg, 3.20 ymol, 26% (Cy5-labeling).

ESI-MS: Cpd. 8: 659.50 m/z [M+2H]?*, 1318.15 m/z [M+H]*, calculated 1317.50 m/z
(100%).
Cpd. 9: 672.50 m/z [M+2H]?*, 1344.45 m/z [M+H]*, calculated 1343.51 m/z
(100%).

Cell culture

For the binding curves and the single-molecule experiments, Chinese Hamster Ovary
(CHO) K1 (Leibniz-Institute DSMZ-German Collection of Microorganisms and Cell
Cultures) cells were used. Cells were cultured in phenol red-free Dulbecco’s modified
Eagle’s medium (DMEM)/F12 supplemented with 5% (v/v) FCS, 100 U/mL penicillin
and 0.1 mg/mL streptomycin at 37°C and 5% CO2. The cell lines were routinely

passaged every two to three days.
Transfection

CHO-K1 cells were seeded the day before transfection at a density of 1.8 x 105 cells
per well on ultraclean 24-mm glass coverslips in 6-well culture plates. Transfection was
performed with Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’'s protocol. For each well, 2 ug of wild-type MOP and 6 uL of

Lipofectamine 2000 were used.
Binding analysis of fluorescent ligands 8 and 9 by TIRF

The experiments were performed 24 h after transfection. Before imaging, each
coverslip was incubated for 20 min with the indicated concentrations of either
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compound 8 or 9 dissolved in complete medium at 37°C, rapidly washed once with 1
ml of medium and immediately imaged in a microscopy chamber filled with 400 pl of
complete medium. TIRF imaging was performed on a customized Nikon Eclipse Ti
TIRF microscope using a 60x oil-immersion objective (CFI Apochromat TIRF 60x oil
NA 1.49). The sample and objective were kept at 20°C via a water-cooling system.
Cells were searched and focused using a low laser power (3%) to avoid photo
bleaching. Images acquired using 10% power of a 561 nm diode laser for compound
9 and 20% power of a 638 nm diode laser for compound 8 (both lasers from Coherent),
were analyzed using FIJI. At least 50 cells per condition from three independent
experiments were used. Intensity values were normalized to those obtained with the
highest concentration (10 uM). Data were fitted to a one site ligand binding model with

Hill slope of 1 in GraphPad Prism (GraphPad Software, Inc., San Diego, CA).
Selectivity

Fluorescent ligand binding was monitored by HTRF (Homogeneous Time-Resolved
FRET). The SNAP opioid receptors expressed at the surface of HEK293 cells were
labeled with non-permanent SNAP-tag substrates derivatized with Lumi4-Tb
(SNAPLumi4-Tb). Upon binding of the red fluorescent ligands on SNAP-ORs, the
HTRF signal from the sensitized acceptor can be detected. Dulbecco's Modified
Eagle's Medium (DMEM) and fetal bovine serum (FBS) were obtained from Life
Technologies (Grand Island, NY, USA). SNAP-OR plasmids and BG-Lumi4-Tb were

commercialized by CisBio bioassays and provided by Dr. S. Granier. HEK293 cells
(from ATCC) were grown in DMEM supplemented with 10% FBS (without antibiotics)
at 37°C, 5% COa2. Transient transfection was performed using electroporation in a
volume of 200 pl with 1 pg SNAP-OR plasmids and 10 millions of HEK293 cells in
electroporation buffer (50mM K2HPO4, 20 mM CH3COOK and 20 mM KOH, pH 7.4).
After electroporation (250 V, 500 pyF, Bio—Rad Gene Pulser electroporator; Bio-Rad
Laboratories, Hercules, CA), cells were resuspended in 10 ml DMEM supplemented
with 10% fetal bovine serum and seeded for 24h in a white 96-well plate (pretreated

with Poly-L-Ornithine 1X) at a density of 100,000 cells per well. 24 hours after
transfection, SNAP-ORs were labeled with 100 nM of BG-Tb (benzylguanine-Terbium
cryptate) for 1 h at 37°C in Tag-Lite buffer (commercialized by CisBio bioassays). After
four washing steps with PBS, the fluorescence signal from BG-Lumi4-Tb was
measured on a SPARK20M plate reader (TECAN) with an excitation at 337 nm and an
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emission at 620 nm. HEK293 cells expressing SNAP-ORs and labeled with Lumi4-Tb
were incubated with increasing concentrations of fluorescent ligands for 1 h at room
temperature (from 0.1 nM to 100 nM) +/- an excess of naloxone (100 uM). HTRF signal
detection was performed on a SPARK20M (TECAN). The signal was collected both at
665 nm and 620 nm. HTRF ratios were obtained by dividing the acceptor signal at 665
nm by the donor signal at 620 nm and multiplying obtained ratios by 10,000. Data were
then analyzed using GraphPad Prism (GraphPad Software, Inc., San Diego, CA). Kgd
values of the fluorescent ligands were obtained from saturation curves of the specific

binding.
Intrinsic activity

Accumulation of inositol monophosphate (IP1): HEK-293T cells were grown to a

confluence of approximately 70% and transiently co-transfected with the cDNA of the
human MOP (gift from Ernest Gallo Clinic and Research Center, UCSF, CA) and of
the hybrid G-protein Gaqi (Gog protein with the last five amino acids at the C-terminus
replaced by the corresponding sequence of Gai; gift from The J. David Gladstone
Institutes, San Francisco, CA) applying the Mirus TransIT-293 transfection reagent
(Peqglab, Erlangen, Germany). After one day cells were detached from the culture dish
with Versene (Life Technologies, Darmstadt, Germany), seeded into black 384-well
plates (10,000 cells/well) (Greiner Bio-One, Frickenhausen, Germany) and maintained
for 24 h at 37°C. Agonist properties were determined by incubating compound 8 (final
range of concentration from 0.1 pM up to 10 uM) in duplicates for 180 min at 37°C.
Incubation was stopped by addition of the detection reagents (IP1-d2 conjugate and
Anti-IP1cryptate TB conjugate each dissolved in lysis buffer) for further 60 min at room
temperature. Homogenous time resolved fluorescence resonance energy transfer
(HTRF) was measured using the Clariostar plate reader (BMG, Ortenberg, Germany).
Data analysis was performed by nonlinear regression using the algorithms for
log(agonist) vs. response of PRISM 6.0 (GraphPad, San Diego, CA) and normalization
of the raw data to basal (0%) and the maximum effect of morphine on MOP, 100%).

Recruitment of B-arrestin-2: HEK-293 cells stably expressing the enzyme acceptor

(EA) tagged B-arrestin-2 fusion protein were transiently transfected with the ProLink
tagged MOP-PK1, employing the Mirus TransIT-293 transfection reagent. After 24 h
cells were transferred into white clear bottom 384-well plates (5000 cells/well) (Greiner

Bio-One) and maintained for further 24 h at 37°C, 5% CO.. To start receptor stimulated
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arrestin recruitment, compound 8 was added to the cells to get a final concentration
range of 1 pM to 10 uM. Incubation was continued for 90 min at 37°C. Stimulation was
stopped by addition of the detection mix and further incubation for 60 min at room
temperature. Chemiluminescence was determined using a Clariostar plate reader.
Data analysis was done by nonlinear regression using the algorithms for log(agonist)
vs. response of PRISM 6.0 (GraphPad, San Diego, CA) and normalization of the raw
data to basal (0%) and the maximum effect of DAMGO (100%).

Washing experiments

Washing experiments were performed 24 h after transfection. Before imaging, each
coverslip was incubated for 20 minutes at 37°C with the indicated concentration of
either compound 8 or 9 dissolved in complete medium. After incubation, the coverslips
were rapidly washed and immediately imaged in a microscopy chamber filled with
400 pL of complete medium. Imaging was performed on the same customized Nikon
Eclipse Ti TIRF microscope used for the analysis of fluorescent ligand binding. Images
were acquired every minute, upon excitation with 15% power of either the 561 nm
(compound 8) or the 638 nm (compound 9) diode laser, respectively. The obtained
image sequences were analyzed using FIJI. For each cell, a region of interest (ROI)
comprising the cell was manually defined and its background-subtracted average
intensity was measured. The intensity values were then normalized to corresponding
ones obtained at the beginning of the image sequence. Data were plotted and fitted to
a one-phase exponential decay in PRISM 6.0 (GraphPad, San Diego, CA). Photo
bleaching during image acquisition was negligible, as verified by control experiments
in which the same number of frames were acquired very rapidly (within 600 ms)
showing less than 2% reduction of the fluorescent signal at the end of the acquisition
for Cy3. For the compound bound to Cy5 the bleaching was significantly higher with
21%. Therefore, the washing data for Cy5 were corrected for the bleaching.

Single-molecule microscopy experiments

Five hours after transfection, the cells were incubated for 20 minutes with 1 uM of
compound 9 dissolved in complete medium. After incubation, the coverslips were
rapidly washed and immediately imaged in a microscopy chamber filled with 400 pl of
complete medium. Imaging was performed on the same customized Nikon Eclipse Ti

TIRF microscope used for the analysis of fluorescent ligand binding, but this time with
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a 100x oil-immersion objective (CFI Apo TIRF 100x, NA 1.49). The sample was
searched and focused using low laser power (3%) of a 561 nm diode laser. Movies of
200 frames were recorded with 15% laser power in crop mode with an acquisition rate
of one image every 28.4 ms, resulting in 35 frames per second. The acquisition of
movies was performed only in the first four to five minutes after mounting. These
conditions result in less than 40% dissociation of either ligand from the receptor, as
estimated by the washing experiments.

For the two-color single-molecule experiments, the cells were incubated for 20 minutes
with a mixture of 1 uM compound 8 (Cy3) and 0.5 uM compound 9 (Cy5) in order to
obtain similar labeling efficiencies. As a negative control, cells were co-transfected with
wild type MOP and CD86 with an N-terminal SNAP-tag. After 5 hours of transfection,
cells were incubated with 1 uM of Cy3 derivative 8 and 1 uM SNAP Alexa Fluorophore
647 (NEB). The settings for data acquisition were the same as above. To check if co-
localizations happen at clathrin-coated pits, control experiments were performed by
co-expression of Clathrin-GFP. Movies of MOP/MOP co-localizations with compound
8 and 9 were acquired as mentioned above. Immediately after, a movie of 200 frames

of Clathrin-GFP was obtained using 30% power of a 488 nm laser (Coherent).
Analysis of single-molecule experiments

Single-molecule movies were selected for low receptor density with an average of 0.85
receptors per um?, and a mask corresponding to the cell shape was applied to perform
automated single-particle detection and tracking in Matlab using u-track software as
described by Metzler et al.l116-117] Single-particles were located by fitting 2D Gaussian
functions to the diffraction-limited spots taking into account the point spread function
of the microscope. Next, the detected particles were linked in consecutive frames.
Therefore, costs were assigned for every potential event like blinking, merging, splitting
and leaving out the focal plane. The overall tracking with the lowest costs was thus
selected. The obtained single trajectories were then analyzed for their time-averaged
mean square displacement (TAMSD), which was used to categorize the particles into
four classes of motion: virtually immobile, sub-diffusive, diffusive or super-diffusive
motion.[17-119 The four classes were separated based on D, their diffusion coefficient
and o, the anomalous diffusion coefficient, whereas virtually immobile was classified
as D <0.01 ym? s, sub-diffusion as a < 0.75, normal diffusion as 0.75 < a. < 1.25 and

super- diffusion as a > 1.25. The two-color experiments were corrected for distortion
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and misalignment of the detectors using fluorescent beads. Both channels were
analyzed as described above to obtain single-particle trajectories. As a control for
random co-localization, movies with labeled CD86 and MOP were analyzed in the
same way as the movies with MOP labeled with compound 9 and 8. The obtained
trajectories for the two colors were further analyzed for co-localizations. A search
radius Ro = 265 nm was defined and each particle in channel two, falling into this Ro
for a particle in channel 1 was registered as a co-localization. This was done for each
frame and thus co-localization could be linked analogous to the single-particle tracking
taking. Overall a starting and terminating frame was obtained for each co-localization
thus the probability density function of co-localization times could be computed. Those
interaction times were further analyzed comparing those from the MOP/MOP
interactions with those from MOP/CD86. In order to isolate the true interaction times
from the co-localization times that consist in the true interaction durations plus random
ones, a deconvolution was applied using the Lucy-Richardson algorithm.[*2% The co-
localizations observed between CD86 and MOP were considered as a control for
random co-localizations. By deconvolving the MOP/MOP co-localization times with the
co-localization times from MOP/CD86, the proportion of “true” interactions (Ftue) was
deduced (for more details, see Supplementary Methods of Sungkaworn et al.
201719, The deconvolved data was normalized and the fraction of surviving

interactions after time t, noted F(t), was fitted to an exponential decay function:
Fr(t) = Ftrue e Uorr* kioss)t

The quantity kiess accounts for premature termination due to photobleaching or particle
loss from errors in detection and tracking. This was obtained previously from control
experiments. Thus the dissociation rate kot was derived from the deconvolved co-
localization data. The quantity kon was calculated from Fwue and the rate of new co-

localizations per unit of area d[D]p/dt with the following equation:

d[D], _

7 *Frrue = Kon * [.ul]p [Mz]p
whereas [ui]p and [u2], are the densities of monomers in each channel estimated as
the difference between the measured densities [u1], and [u2], in channel 1 and 2 and
the estimated concentration of dimers such that [u1], = [Ch1]p — [D]p and [uz2], = [Ch2]p
- [D]p. The density of dimers [D]p was deduced owing to the equality between

association- and dissociation rate through the formula
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1 d[D]p F
koff dt true

[D]p =

such that kon could be expressed as a function of measurable quantities

d[D]p

dt Firue
1 d[D 1 d[D
([Ch]-]p - m [dt]p ) Ftrue)([ChZ]p - m [dt]p * Frrue)

kon =

An estimation of kon has been done between each successive frame and the presented

kon was obtained by averaging the obtained kon over time. The obtained interactions

were further analyzed for co-localization with CCPs. Additional to the two channels with

MOPs, a third channel was measured with GFP-clathrin, whose images were stacked

to check for co-localization with interactions that lasted longer than 20 frames.

Therefore, the CCPs were localized by fitting a 2-D Gaussian, also giving the estimated

width L of the pits. An interaction was defined as ‘inside a CCP’ when one of the co-

localizing particles was localized once during the interaction within L of one CCP. If the

co-localizing particles were not within less than L of any CCP, then the co-localization

was considered as ‘outside CCPs’.
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1.5. Non-fluorescent Opioid Ligands selectively targeting Opioid

Receptor Heterodimers (unpublished research work)

1.5.1. Aim of the Work

Objective of this work was to synthesize and investigate morphinan-based ligands,
which were described to bind selectively on OR heterodimers with high affinity. Thus,
these ligands could represent interesting tools to study OR heterodimerization at
single-molecule level by an alternative approach. Therefore, co-transfected cells
expressing each two OR subtypes of choice could be used. When the receptors are
epitope-tagged and labeled with a pair of fluorophores, heterodimerization could be
investigated in the presence and absence of the respective, selective ligand (Fig. 19).
This approach would allow to determine the influence of the ligand on
heterodimerization and enable a statement, to which extent certain heterodimer-
binding ligands recruit two receptors to dimerize or bind to pre-formed heterodimers.
This experimental design could even represent an interesting supplement for the
respective strategy with two homomer subtype-selective, fluorescent ligands and two

wild-type receptors, expressed on the surface of co-transfected cells (cf. chapter 1.3.).

Fig. 19. Heterodimerization of two OR subtypes R1 and R2. The pair of receptors is labeled with the fluorophores F1 and F2 via
an epitope-tag, which enables imaging by SMM. The selective ligand L can either recruit the dimer or bind to the pre-

formed species.

For this purpose, three literature-known and heterodimer-selective ligands were
chosen, that target MOP/KOP and DOP/KOP heteromers with high affinity and
selectivity over the respective receptor homomers. Notably, data for monovalent
ligands, that selectively target the MOP/DOP heteromer is scarce (cf. chapter 1.2.).[66:
121-122] Nevertheless, some studies used selective antibodies and bivalent ligands
comprising spacer-bridged homomer-selective pharmacologically active parts.[68-70 123-
1241 One study identified the MOP/DOP heterodimer-biased, non-morphinan agonist

CYM51010 by high throughput screening of a small compound library.6”) This
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commercially available agonist is currently the only literature known monovalent ligand
selectively targeting MOP/DOP heterodimers.

For this work, 6"-GNTI, NNTA and N-2"-Indolylnaltrexamine (INTA) were chosen as
target compounds due to their promising attributes, which have been partly described
before (cf. chapter 1.2.).[374 771 Notably, INTA is a close derivative of NNTA and
selectively activates both KOP heteromers, while NNTA exclusively acts as a potent
agonist on MOP/KOP heterodimers.'?! However, both compounds produced potent
antinociception without pronounced side effects like tolerance, dependence and
aversive effects, which was attributed to their decreased or missing potential to recruit
B-arr to cell membranes co-expressing both of their respective target receptors in the
heterodimer.[125]

Altogether, the unique pharmacological profile of all three compounds bearing a
relation to their pronounced affinity for MOP/KOP and DOP/KOP heterodimers and
their uncomplicated synthetic access made them interesting ligands to be applied in

the experimental design described above.
1.5.2. Synthesis of Unlabeled, Heterodimer-selective Opioid Ligands

Favorably, all three heterodimer-selective opioid ligands could be constructed from
naltrexone hydrochloride (12), which is not a drug of abuse in contrast to many OR
agonists and therefore commercially easier available. At first, a literature-known
procedure was used to convert compound 12 stereospecifically into B-naltrexamine
(14), out of which NNTA 15 and INTA 16 (Scheme 2) could be obtained.!*?8 Therefore,
compound 12 was turned into its benzoate salt by reaction with silver benzoate under
light exclusion. The precipitated silver chloride could easily be removed by filtration.[126]
The benzoate salt of naltrexone, which is more soluble in toluene than the respective
hydrochloride, was subsequently condensed with dibenzylamine under azeotropic
removal of water and acid catalysis.[*?6] Notably, activation of the C6-keto group could
also be achieved by Lewis acid catalysis (e.g. with zinc(ll)chloride). This procedure
yielded the corresponding 6-dibenzyliminium salt, which was directly reduced by
sodium cyanoborohydride due to its sensitivity, especially towards water and moisture.
Thus, the 6pB-dibenzylamino derivative 13 was generated stereoselectively and
subsequently converted to B-naltrexamine (14) by catalytic hydrogenation at 1 atm
over three days. Complete removal of the N-benzyl groups was earliest accomplished

after this time.[126]
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Scheme 2. Synthesis of OR heterodimer-selective ligands NNTA 15, INTA 16 and 6"-GNTI 20. Reagents and conditions: i) 1.
Silver benzoate, MeOH : H,O (9 : 1), 40°C, 90 min; 2. Dibenzylamine, benzoic acid, p-TosOH, toluene, 120°C (reflux), 20 h; 3.
NaCNBHs;, MeOH (anh.), RT, 8 h, 40% (3 steps). ii) Hz (1 atm), 10% Pd/C, 1% v/v HClone, MeOH, 72 h, 88%. iii) 2-naphtoic acid,
HBTU, TEA (anh.), THF (anh.), RT, 18 h, 44%. iv) indole-2-carboxylic acid, HBTU, DIPEA, DMF (anh.), RT, 18 h, 42%. v) 3-
nitrophenylhydrazine, MeOH, RT, 24 h - HCI (aqu., conc.), 115°C, 90 min, 96%. vi) H,, 10% Pd/C, 10% AcOH (aqu.), RT, 24 h,
85%. vii) N,N'-Di-Boc-thiourea (22), HgCl,, pyridine, DMF, 0°C > RT, 20 h, 59%. viii) FsC-COOH, CH,Cl,, RT, 24 h, 97%. ix)
Boc,0, NaH (60%), THF, 0°C > RT, 3 h, 72%.

Finally, coupling of naphtoyl- and indolyl moieties to the 63-amino group of compound
14 was achieved by activating the respective, required acids (2-naphtoic acid for NNTA
15 and indole-2-carboxylic acid for INTA 16) with HBTU, as described before (cf.
chapter 1.4.3.).1203]

The synthesis of 6"-GNTI was started with the reaction of naltrexone hydrochloride (12)
and 3-nitrophenylhydrazine hydrochloride under the conditions of Fischer's indole
synthesis as described in literature (Scheme 2).[*27] Notably, this procedure led to the
formation of 6" -nitronaltrindole (17) as main product and the regioisomeric 4”-nitro
derivative as side product, which is a consequence of a non-regiospecific [3,3]-

sigmatropic rearrangement. Separation of these regioisomers could be achieved by



1.5.Non-fluorescent Opioid Ligands selectively targeting Opioid Receptor
Heterodimers

manual column chromatography with 4% triethylamine and mixtures of methanol and
dichloromethane according to a method described in literature.?”1 The nitro group was
subsequently reduced to the respective primary 6" -amine 18 by catalytic hydrogenation
at 1 atm using 10% palladium on activated charcoal as catalyst.[?”] 6"-aminonaltrindole
(18) was converted to the respective bis-tert-butyloxycarbonyl (Boc) protected 6°-
guanidino derivative 19 by using N,N-bis-Boc-thiourea (22) in the presence of
mercury(ll)chloride and pyridine for guanylation.['?8! Compound 22 was synthesized
beforehand by reacting thiourea (21) with di-tert-butyl dicarbonate (Boc20).1*2°1 Finally,
deprotection of both Boc-groups of compound 19 was accomplished by reaction with
trifluoroacetic acid in dichloromethane,*?8 yielding 6°-GNTI 20 as twofold
trifluoroacetate salt. Final purification of target compound 20 was performed by flash
chromatography on a reversed phase column due to the high polarity of the target

compound.

1.5.3. Binding Affinity and Intrinsic Activity of Heterodimer-selective

Opioid Ligands

All three synthesized ligands were checked for their binding affinity on all hOR
subtypes via radioligand binding studies using [*H]-diprenorphine as standard ligand.
Thus, it was controlled that the ligands exhibit the highest affinities on the respective
receptor protomers, that are part of the heterodimer on which they are described to
bind to (table 2). As expected, 6"-GNTI had the highest affinities on KOP and DOP,

Table 2. Binding affinities (Kj) of the heterodimer-selective ligands 6"-GNTI 20, INTA 16 and NNTA
15 on human OR subtypes, determined by radioligand binding with [*H]-diprenorphine. Data is

presented as mean + Standard Deviation (SD).

Compound Ki[nM] = Ki[nM] £ Ki[nM] =
P S.E.M,, hMOP S.E.M., hKOP S.E.M., hDOP
6'-GNTI20 23+4.9 0.28 + 0.035 29+1.1

INTA 16 0.16 + 0.002 0.21 +0.081 1.7 +0.83
NNTA 15 0.14 + 0.034 0.17+0.01 3.3+0.13

which is consistent with previous results.l”®l However, murine, epitope-tagged versions
of the ORs were used in this study,!”®! probably explaining the higher affinity for singly
expressed mDOP than for mKOP, which is contrary to the results presented here (table
2). Notably, in cells co-expressing both mKOP and mDOP as heterodimers the
competition curve for displacement of [*H]-diprenorphine binding was monophasic for

6" -GNTI and biphasic for the selective antagonists nor-binaltorphimine (KOP) and
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naltrindole (DOP).I”3 Thus, a homogenous population of binding sites for 6"-GNTI was
suggested, as it would be expected for a heterodimeric receptor species.

NNTA and its derivative INTA expectedly exhibited highest binding affinities on hMOP
and hKOP with Ki values in the sub-nanomolar range, whereby INTA also had a two-
fold increased affinity for DOP, when compared with NNTA.I77: 1251 Since INTA was
described to bind additionally to DOP/KOP heterodimers, this result met the
expectations as well.[12]

Since all three ligands were described to act as agonists on their respective addressed
OR heterodimers, while their pharmacological profile on the respective protomers was
different in parts, the compounds were tested in the assays for G-protein mediated
signaling and B-arr recruitment, as described before (cf. chapter 1.4.4. and 1.4.7.). 6'-
GNTI acted as agonist on the KOP (ECso = 1.2 nM, 93% of max. stimulation of
dynorphine A) and exhibited minor KOP mediated p-arr recruitment (ECso = 9.1 nM,
26% of max. stimulation), while it was not active on both other receptor subtypes (Fig.
20). These results are consistent with the functional activity of compound 20 measured
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Fig. 20. Intrinsic activity of 6"-GNTI 20 on hKOP. a) IP1 accumulation assay for G-protein mediated signaling. IP; accumulation
in percentage of dynorphine A was plotted against the logarithmic ligand concentration (range from 0.1 pM up to 10 pM). Data is
presented as means + S.E.M. for duplicates of the respective experiments. b) B-arr-2 recruitment assay with compound 20.
Recruitment of B-arr-2 in percentage relative to dynorphine A was plotted against the logarithmic ligand concentration (range from
1 pMto 10 pM).

via Ca?* release on HEK-293 cells expressing epitope-tagged mORs. However, in this
assay 6 -GNTI was most potent in cells co-expressing DOP/KOP and MOP/KOP, while
its agonist activity was weaker in cells expressing individual KOPs.[”®l On the other
hand, the presented results are also in agreement with a later study, which described
6'-GNTI as extremely G-protein biased KOP agonist, that lacks B-arr recruitment.[’4

The potency determined in a BRET-based assay for G-protein mediated signaling
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matches the data presented here (Fig. 20, ECso = 1.2 nM vs. 1.6 + 1.3 nM).["]
Additionally, a BRET-based assay measuring recruitment of B-arr-2 showed a
comparable, minor effect of compound 20.["4 Interestingly, NNTA 15 and INTA 16
exhibited a very similar profile of functional activity, what could be expected due to their
structural relationship. Importantly, both compounds acted as G-protein biased
agonists on hMOP (Fig. 21). This result seems contradictory to the characterization of
NNTA 15 as antagonist in cells expressing individual MOPs.I”/l However, in this study
it was shown in a Ca®* release assay, that compound 15 could antagonize the effect
of the standard ligand DAMGO in HEK-293 cells stably expressing individual MOPs.[""]
DAMGO is known to produce robust recruitment of B-arr on hMOP, while NNTA did
not show any effect in the respective assay (Fig. 21b). Moreover, the same study
demonstrated that compound 15 was efficacious in two independent assays (Ca?*

release and [*°*S]GTPyS) for G-protein mediated signaling on HEK-293 cells and
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Fig. 21. Functional activity of NNTA 15 and INTA 16 on hMOP. a) IP1 accumulation assay for G-protein mediated signaling. 1P,
accumulation in percentage of the maximum effect of morphine was plotted against the logarithmic ligand concentration of NNTA
15 and INTA 16 (range from 0.1 pM up to 10 uM). Data is presented as means + S.E.M. for duplicates of the respective
experiments. b) B-arr-2 recruitment assay with compound 15 and 16. Recruitment of B-arr-2 in percentage relative to the maximum
effect of DAMGO was plotted against the logarithmic ligand concentration of NNTA 15 and INTA 16 (range from 1 pM to 10 pM).
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respective cell membranes stably expressing individual MOPs, even though its efficacy
was way more pronounced at the co-transfected cell line expressing both MOPs and
KOPs.I"TINTA 16 exhibited a similar profile as NNTA 15 in the respective Ca?* release
assay, apart from its additional increased efficacy in cell lines co-expressing KOPs and
DOPs.['?% Like NNTA 15, INTA 16 acted as agonist on all hOR subtypes (Fig. 21 and
table 3) in the IP1 accumulation assay, which is consistent with the results from
previous studies.[’” 1251 Considerable recruitment of B-arr-2 was only detectable on
KOP and DOP (Fig. 21 and table 3), which seems partly contradictory to the results of
a respective assay measuring fluorescence of the cell surface membrane after
treatment of the respective cell lines with primary immunofluorescent p-arr-2
antibodies.!'?] All three cell lines expressing the individual OR subtypes were found to
recruit B-arr-2 after treatment with compound 16, even though the criterion “brightness
of cell surface membrane” for positive -arr-2 recruitment seems rather subjective and
was not quantified. Nevertheless, the cell lines co-expressing MOP/KOP and
especially DOP/KOP showed strongly reduced or abolished recruitment after treatment
with INTA.'23 Interestingly, NNTA 15 was used as control ligand for the MOP/KOP
cells and 6" -GNTI 20 for the KOP/DOP pair in this study, leading to some visible
recruitment of B-arr-2. Even though this is a rather opposing result to the studies with
6"-GNTI, that described the compound as a strongly G-protein biased KOP agonist
devoid of B-arr-signaling,[’4 139 this is in agreement with the results of the B-arr-2
recruitment assay on hKOP, where some minor efficacy was detected for both
compounds 15 and 20 (Fig. 20 and table 3).

Table 3. Intrinsic activities of the three OR heterodimer-targeting ligands 15, 16 and 20. Shown are ECs, values for IP1
accumulation and recruitment of B-arr-2 and the respective percental maximal effect relative to a standard ligand (MOP: Morphine

for IP1, DAMGO for B-arr-2; KOP: Dynorphine A; DOP: Leu-enkephalin).

ECso [nM] / % max.
effect relative to

ECso [nM] / % max.
effect relative to

ECso [nM] / % max.
effect relative to Leu-

Compound morphine (IP1) or dynorphine A enkephalin (DOP)
DAMGO (B-arr-2) (KOP)
(MOP)
6"-GNTI 20 IP1:-/20% at1uM IP1:1.2nM/93% IP1: 71 nM / 13%
B-arr: - / <5% B-arr: 9.1 nM/26%  B-arr: -/ 0%
NNTA 15 IP1: 0.96 nM/102% IP1:0.22 nM /101% IP1:9.5nM/98%
B-arr: - / <5% B-arr: 2.5 nM /102% B-arr: 98 nM / 40%
INTA 16 IP1: 0.41 nM/108% IP1:0.12nM/101% IP1:2.9 nM/96%

B-arr: 7.2 nM / 13%

B-arr: 2.0 nM / 100%

B-arr: 26 nM / 79%
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Altogether, the three opioid agonists exhibited high binding affinities on hORs,
especially on the receptor protomers, which are part of the respective heterodimer on
which they are described to bind to (cf. table 2). NNTA 15 and INTA 16 acted as
agonists on all subtypes with subnanomolar ECso values for hMOP and hKOP and
nanomolar affinities for hDOP. Consistent with the binding affinity data, the efficacy of
16 on hDOP was increased compared to NNTA 15 (cf. tables 2 and 3). Concerning the
potential to recruit B-arr-2, 6"-GNTI 20 showed only a marginal effect on KOP, while
NNTA 15 and INTA 16 exhibited non or very low B-arr-2 recruitment on MOP and their
effects were more pronounced on hDOP and especially hKOP (cf. table 3). The binding
properties and efficacies, in combination with their unique pharmacological profiles
represent these ligands as interesting tool compounds to study heterodimerization of
ORs via SMM. This approach could potentially enable new insights into the effect of
agonists on heterodimerization. Moreover, the kind of controversial debate towards the
influence of biased agonism and receptor oligomerization on the pharmacological
output of OR agonists could gain new important results. This might be of peculiar
interest, since all three ligands were described to produce significantly reduced or no

side effects at all, when compared to opioid analgesics in clinical use.[7374 77, 125, 130-131]
1.5.4. Experimental Procedures

Common reagents and methods for chemical synthesis

Common reagents and solvents were obtained from commercial suppliers (Sigma-
Aldrich, Steinheim, Germany; Merck, Darmstadt, Germany) and were used without any
further purification, unless stated otherwise. The thin layer chromatography (TLC) for
controlling reaction progress was performed on precoated plates (Silica Gel 60 F254,
Macherey-Nagel GmbH & Co. KG, Diren, Germany). The substances were either
visualized by their fluorescence, when irradiated with UV-light (254 nm), by spray-
reagents (Dragendorff’s reagent, Ehrlich’s reagent) or by their discoloration in an iodine
chamber. Silica gels with grain sizes of 0.063 - 0.2 mm (Merck, Darmstadt, Germany)
were used for manual column chromatography. The columns were packed wet. The
composition of the eluents is indicated in percentage by volume.

NMR spectra were recorded at room temperature on a Bruker AV 400 FT-NMR
Spectrometer (company Bruker Biospin, Karlsruhe, Germany) (*H: 400 MHz, *3C: 100

MHz). The residual protons and the 3C-resonance signals of the deuterated solvents
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were used as internal standards. The chemical shifts & are indicated in [ppm] and the
coupling constants in [Hz]. The signal multiplicities are abbreviated as follows: s =
singlet, d = doublet, t = triplet, g = quartet, dd = doublet of doublets, m = multiplet.
Analytical HPLC was performed on a Shimadzu LC20AB system equipped with a DGU-
20A3R controller, and a SPD-20A UV/Vis detector. The stationary phase was a Synergi
4u Fusion-RP (150%x4.6 mm) column. A MeOH/water gradient + 0.1% formic acid
(phase A/ phase B) was used as mobile phase. For analytical HPLC a flow rate of
1 mL/min was used. For semi-preparative HPLC, a Synergi 4u Fusion-RP 80A
(250%x10.0 mm) column was used as stationary phase and the flow rate was
2.5 mL/min.

ESI-MS spectral data were acquired on a Shimadzu LCMS-2020 single quadrupole
LC/MS (Shimadzu Europe, Duisburg, Germany).

Synthesis of N,N-dibenzyl-6 s-naltrexamine (13)

)

N

gli OH

HO 0 N-Bz
Bz

500 mg (1.323 mmol, 1.00 eq) of Naltrexone hydrochloride (12) were dissolved in 20
mL of MeOH : H20 (9 : 1) at room temperature while stirring and 318.1 mg (1.3892
mmol, 1.05 eq) of silver benzoate were added under light exclusion. This suspension
was stirred for 90 min at 40°C, before it was passed through a filter. The filtrate solution
was evaporated to dryness. The residue was dissolved in dry toluene and 159.1 pL
(163.2 mg, 0.827 mmol, 1.25 eq) of dibenzylamine, 101 mg (0.827 mmol, 1.25 eq) of
benzoic acid and a trace of p-toluenesulfonic acid were given to the solution. The
yellow suspension was refluxed for 20 h at 120 °C, using a Dean-Stark trap for
azeotropic removal of water. After the reaction had completed, MeOH (LC/MS-grade)
was given to the solution, until it became clear. Then 52.0 mg (0.827 mmol, 1.25 eq)
of sodium cyanoborohydride were added and the suspension was stirred for 24 h at
room temperature. After this reaction completed, it was passed through a filter and
washed with methanol. The solvent was removed, and the residue was partitioned
between chloroform and 3% ammoniac. The organic phase was washed with water
and brine, then dried over sodium sulphate. Finally, the crude product was

recrystallized from ethanol to yield a white solid.
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Yield: 278.5 mg, 0.53282 mmol, 40%.

IH-NMR (400 MHz, CDCl3) & [ppm]:  7.33 (d, 3J = 7.3 Hz, 4H, Har,82), 7.17 (1, 3] = 7.4
Hz, 4H, Har, 82), 7.08 (t, 3J = 7.2 Hz, 2H, Har, 1),
6.39 (dd, J = 52.6, 8.1 Hz, 2H, Har), 4.60 (d, 3J
= 7.8 Hz, 1H, H-5), 3.78 (d, 4J = 14.2 Hz, 2H,
CH2,82), 3.50 (d, 4J = 14.2 Hz, 2H, CH2,82), 2.88
(dd, J=28.7, 11.9 Hz, 2H, CH2), 2.52 - 2.36 (m,
3H, CH + CH2), 2.27 - 2.19 (m, 2H, N-CH:,
eycloprop), 2.11 (td, J = 12.3, 4.8 Hz, 1H, CH),
2.01 — 1.86 (M, 2H, CH2), 1.40 (dd, J = 65.5,
11.9 Hz, 2H, CH2), 1.19 — 1.08 (m, 2H, CH2),
0.77 — 0.66 (M, 1H, CHeycloprop), 0.40 (d, 33 = 7.1
Hz, 2H, CH2, cycloprop), -0.01 (d, 3J = 4.3 Hz, 2H,

CHZ, cycloprop).

13C-NMR (100 MHz, CDCls) & [ppm]: 142.52 (Cq), 140.53 (Cg), 139.42 (Cy), 131.85
(Cq), 128.64 (4x Ct Bz), 128.19 (4x Ct B2),
126.95 (2x Ct Bz), 124.79 (Cq), 118.55 (Ct, ar),
116.80 (Ct, ar), 92.38 (Ct-5), 70.54 (Cq), 62.65
(Cv), 59.76 (Ct), 59.34 (Cs), 54.56 (Cs), 47.89
(Cq), 44.13 (Cs), 30.97 (Cs), 30.60 (Cs), 22.79
(Cs), 18.24 (Cs), 9.59 (Ct, cycloprop), 3.98 (2x Cs,
cycloprop).

ESI-MS: 262.20 m/z [M+2H]?*, 523.15 m/z [M+H]*, calculated 523.30 m/z (100%).

Synthesis of f-naltrexamine (14)

)

N

gli OH

HO Y NH,

278.5 mg (533 umol, 1.00 eq) of N,N-dibenzyl-6p-naltrexamine (13) were dissolved in
14.2 mL of methanol at room temperature, while stirring. Then 112 plL (~1% v/v) of
concentrated, aqueous hydrochloric acid were added, followed by 44.6 mg (16 wt-%)

of palladium on activated charcoal (10% Pd), which was added carefully under argon
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protection. After that, the atmosphere was replaced by hydrogen gas using a balloon

and the solution was hydrogenated for three days at 1 atm, until TLC indicated

complete removal of both benzyl groups. Subsequently, the catalyst was filtered off

with a pad of celite and the solvent was evaporated to yield B-naltrexamine

dihydrochloride (14) as a white to beige solid, which was used without further

purification.
Yield: 193.9 mg, 467 umol, 88%.

H-NMR (400 MHz, CDClIz) d [ppm]:

13C-NMR (100 MHz, CDCI3) d [ppm]:

6.72 (dd, J = 8.2, 2.2 Hz, 2H, Har), 4.62 (d, 3J =
7.6 Hz, 1H, H-5), 3.35 - 3.26 (M, 2H, CHy), 3.11
- 3.05 (M, 2H, CHy), 2.97 - 2.84 (m, 2H, CHy),
2.65 (s, 1H, CH), 2.61 - 2.56 (m, 2H, CH2), 2.03
(tt, J = 13.1, 6.7 Hz, 1H), 1.81 (it, J = 9.3, 8.3 Hz,
2H, CH2), 1.58 - 1.46 (m, 2H, CH>), 1.11 - 1.01
(m, 1H, CHeycloprop), 0.78 - 0.63 (m, 2H, CH,
eycloprop), 0.45 (pd, J = 9.2, 4.9 Hz, 2H, CH:,

cycloprop).

143.12 (Cq), 143.04 (Cq), 130.28 (Cq), 122.34
(Cq), 121.71 (Ct ar), 119.71 (Ct ar), 90.13 (Ct-5),
71.10 (Cq), 63.85 (Ct), 58.90 (Cs), 54.40 (Cy),
47.94 (Cs), 47.70 (Cqg), 30.54 (Cs), 28.90 (Cs),
24.40 (Cs), 22.96 (Cs), 7.09 (Ct, cycioprop), 6.08 (Cs,
cycloprop), 3.54 (Cs, cycloprop).

ESI-MS: 343.15 m/z [M+H]*, calculated 343.20 m/z (100%).

Synthesis of N-naphtoyl-6 #-naltrexamine (NNTA, 15)

)

N

gli OH

HO

o
0 HN%{

8.03 mg (46.6 umol, 1.05 eq) of 2-naphtoic acid were dissolved in 3 mL of dry THF

under an argon atmosphere. Then 9.23 uL (66.6 umol, 1.50 eq) of dry triethylamine
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were added to the solution, followed by 18.5 mg (48.8 umol, 1.10 eq) of HBTU. Finally,
15.2 mg (44.4 umol, 1.00 eq) of B-naltrexamine (14) were given to the reaction mixture,
after everything had been dissolved and a slight color change indicated complete
activation of the acid. After that, the reaction was stirred for 18 h at room temperature.
After completion, the solvent was removed under reduced pressure and the crude
product was purified by manual column chromatography (normal phase, eluent: CH2Cl2
: MeOH =99 : 1) to yield NNTA 15 as white solid.

Yield: 9.7 mg, 19.5 umol, 44%.

IH-NMR (400 MHz, D3COD) & [ppm]: 8.47 (s, 1H, CHnapn), 7.99 (dt, J = 16.0, 8.4 Hz,
4H, CHraph), 7.66 - 7.60 (M, 2H, CHnaph), 6.81
(dd, J = 8.5, 1.4 Hz, 2H, Har), 4.92 (d, 3J = 7.9
Hz, 1H, H-5), 4.02 - 3.96 (m, 1H, CH-6), 3.28 -
3.25 (m, 1H), 3.22 - 3.15 (m, 2H), 2.96 (dd, J =
13.5, 7.6 Hz, 1H), 2.77 - 2.70 (m, 4H, 2x CH2),
2.13 (td, J=11.2, 1.7 Hz, 1H, CH-9), 1.86 - 1.84
(m, 2H, CH2), 1.69 (t, J = 13.4 Hz, 2H, CH>),
1.24 - 1.12 (m, 1H, CHeycloprop), 0.82 - 0.75 (m,
2H,CHaz, oycloprop), 0.62 - 0.52 (m, 2H, CHz,

cycloprop).

13C-NMR (100 MHz, D3COD) & [ppm]: 170.10 (Cq), 143.84 (Cq), 143.06 (Cq), 136.33
(Cq), 134.04 (Cq), 132.77 (Cq), 130.82 (Cy),
130.06 (Ct, naph), 129.34 (Ct, naph), 128.93 (Ct,
naph), 128.78 (Ct, naph), 127.89 (Ct, naph), 124.91
(Ct, naph), 121.88 (Cq), 120.97 (Ctar), 119.74
(Ct, ar), 92.06 (Ct-5), 71.43 (Cq-14), 64.35 (Ct-
6), 64.31 (Cs), 58.75 (Cs), 53.29 (Cy), 48.34
(Cs), 47.67 (Cq), 35.37 (Cv), 31.19 (Cs), 28.95
(Cs), 24.77 (Cs), 24.48 (Cs), 6.87 (Ct, cycloprop),
6.18 (Cs, cycloprop), 3.41 (Cs, cycloprop).

ESI-MS: 497.15 m/z [M+H]*, calculated 497.24 m/z (100%).
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Synthesis of N-2"-indolylnaltrexamine (INTA, 16)

)

N

OH
W O

HO O HN
NH
/

14.7 mg (91.1 umol, 1.20 eq) of indole-2-carboxylic acid were dissolved in 2 mL of dry
DMF at room temperature under an argon atmosphere and 38.7 uL (228 umol, 3.00
eq) of DIPEA were added. Then 43.2 mg (114 umol, 1.50 eq) of HBTU were given to
the solution and 26 mg (75.9 umol, 1.00 eq) of B-naltrexamine (14) were transferred to
the reaction mixture in 1 mL of dry DMF, after everything was dissolved and a slight
color change appeared. The reaction was subsequently stirred for 18 h at room
temperature. After completion, an excess of ethyl acetate was added and the organic
phase was washed with portions of agqueous, saturated sodium hydrogen carbonate
solution, water and brine. After drying over sodium sulphate, the solvent was removed
under reduced pressure and the crude residue was purified by manual column
chromatography (normal phase, eluent: CH2Cl2: MeOH + 0.1% NH3 =97 : 3 2> 96.5:
3.5) to yield INTA 16 as a white solid.

Yield: 15.45 mg, 31.8 umol, 42%.

1H-NMR (400 MHz, DsCOD) & [ppm]: 7.67 (d, 3J = 8.0 Hz, 1H, CHindoke), 7.50 (d, 3J =
8.3 Hz, 1H, CHindole), 7.28 (t, 3J = 7.6 Hz, 1H,
CHindote), 7.20 (s, 1H, CHindole), 7.13 (t, 3J = 7.5
Hz, 1H, CHindoke), 6.84 - 6.79 (M, 2H, CHar), 4.85
(s, 1H, H-5), 3.98 (d, J = 5.4 Hz, 1H, H-6), 3.42
(dd, J = 13.2, 6.3 Hz, 2H, CH2), 3.24 (d, J = 5.4
Hz, 1H), 3.17 (dd, J = 12.2, 8.1 Hz, 1H), 2.94
(dd, J = 13.5, 7.6 Hz, 1H), 2.79 - 2.65 (m, 2H,
CH2), 2.13 (td, J = 26.4, 12.1 Hz, 1H), 1.87 -
1.77 (M, 2H, CHy), 1.67 (t, J = 12.2 Hz, 3H, CHz
+ CH), 1.21 - 1.15 (m, 1H, CHeycioprop), 0.91 -
0.76 (M, 2H, CHa, cycloprop), 0.62 - 0.52 (m, 2H,

CHZ, cycloprop).
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13C-NMR (100 MHz, DsCOD) & [ppm]: 163.91 (Cq), 143.77 (Cq), 142.95 (Cq), 138.30
(Cq), 132.08 (Cg), 130.76 (Cq), 128.96 (Cq),
125.16 (Cy), 122.81 (Cy), 121.92 (Cq), 121.23
(Cy, 121.00 (Cy), 119.73 (Cy), 113.09 (C),
104.50 (Cy), 92.09 (Cy), 71.37 (Cq), 64.35 (Cy),
58.74 (Cs), 52.71 (Cy), 48.26 (Cs), 47.62 (Cq),
31.10 (Cs), 28.94 (Cs), 24.90 (Cs), 24.38 (Cs),
6.82 (Ct, cycloprop), 6.14 (Cs, cycloprop), 3.36 (Cs,
cycloprop).

ESI-MS: 486.15 m/z [M+H]*, calculated 486.24 m/z (100%).

Synthesis of 6 -nitronaltrindole (17)

<g

N
OH
aless
O NO.
(6] N 2
HO N

750 mg (1.99 mmol, 1.00 eq) of naltrexone hydrochloride (12) were dissolved in MeOH
and 395 mg (2.08 mmol, 1.05 eq) of 3-nitrophenylhydrazine hydrochloride were added.
This solution was stirred at room temperature for 24 h before the solvent was
evaporated and the mixture was heated up to 115°C in 20 mL of concentrated
hydrochloric acid for 90 min. Then the solution was cooled to 0°C and concentrated,
aqueous sodium hydroxide was added, until the pH value was basic. The aqueous
phase was extracted with five portions of a mixture of 25% EtOH in CH2Cl2 and the
combined, organic phases were dried over sodium sulphate. After evaporation of the
solvent, the crude product was purified by manual column chromatography (normal
phase, eluent = CH2Cl2 : MeOH =9.5: 0.5 - 9: 1) to yield a yellow solid.

Yield: 881 mg, 1.92 mmol, 96%.

IH-NMR (400 MHz, D3sCOD) & [ppm]: 0.16 - 0.26 (m, 2H, CH2, cycioprop), 0.52 - 0.64 (m,
2H, CH2, cycloprop), 0.85 - 1.00 (m, 1H,
CHeycloprop), 1.21 - 1.27 (m, 2H, CH2-15), 2.01
(S, 1H, -OHten), 2.56 (d, 3J = 15.8 Hz, 1H, H-8),
3.20 (d, 3J = 18.8 Hz, 1H, H-8), 2.31 - 3.09 (m,
6H, N-CHz, H-16, H-10), 5.60 (s, 1H, H-5), 6.58
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- 6.64 (M, 2H, H-1 & H-2), 7.28 (d, 3J = 8.8 Hz,
1H, H-4), 7.72 (dd, 3] = 8.8 Hz, 4J = 2.0 Hz,
1H, H-5°), 8.03 (d, 4J = 1.9 Hz, 1H, H-7").

13C-NMR (100 MHz, DsCOD) & [ppm]: 4.10 (Cs, cycloprop), 4.70 (Cs, cycloprop), 10.0 (Ct,
eycloprop), 24.10 (Cs-10), 29.50 (Cs-8), 32.51 (Cs-
15), 44.92 (Cs-16), 49.18 (Cq-13), 60.37 (N-Cs,
eycloprop), 63.39 (Cr-9), 74.18 (Cq-14), 85.15 (Ct-
5), 108.81 (C-7"), 112.23 (Cq-7), 114.90 (C+-5"),
118.53 (Cr-4"), 119.34 (Cr-2), 120.32 (Ct-1),
126.20 (Cq-11), 131.85 (Cq-12), 132.30 (Cq-3"),
136.69 (Cq-6), 137.43 (Cq-3), 141.08 (Cq-2),
144.34 (Cq-6"), 144.72 (Co-4).

ESI-MS: 460.15 m/z [M+H]*, calculated 460.19 m/z (100%).

Synthesis of 6 -aminonaltrindole (18)

)

N
OH
O
O\“ N NH2
HO N

138 mg (0.30 mmol, 1.00 eq) of 6" -nitronaltrindole (17) were dissolved in 36 mL of 10%
aqueous acetic acid and 14.0 mg (~ 10 wt.-%) of palladium on activated charcoal (10%
Pd) were added, while stirring under an argon atmosphere. The solution was
hydrogenated at room temperature with a balloon for 24 h, then the catalyst was filtered
off through a small pad of celite under suction. The filtrate was made alkaline by
addition of 0.1 M aqueous sodium hydroxide and the basic phase was extracted with
five portions of a mixture of 25% EtOH in CH2Cl2. After drying over sodium sulphate,
the solvents were removed under reduced pressure and the crude product was purified
by manual column chromatography (normal phase, eluent = CH2Cl2 : MeOH =9.5:0.5
+ 0.1% NHs3) to yield a brown solid.

Yield: 110 mg, 256 umol, 85%.

H-NMR (400 MHz, DMSO-ds) d [ppm]: 0.19 (brs, 2H, CHz2, cycloprop), 0.48—-0.57 (m, 2H,
CHo, cycloprop), 0.82-0.89 (m, 1H, CHcycIoprop),
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5.44 (s, 1H, H-5), 6.32 (dd, J1 = 8.4 Hz, J2 =
1.9 Hz, 1H, H-5"), 6.49 (d, 4J = 1.7 Hz, 1H, H-
7°), 6.50 (dd, J1 = 26.3 Hz, J2 = 8.1 Hz, 2H, H-
1/H-2), 6.98 (d, 3J = 8.3 Hz, 1H, H-4").

13C-NMR (100 MHz, DsCOD) & [ppm]: 3.88 (Cs, cycloprop), 4.31 (Cs, cycioprop), 9.58 (Ct,
eycloprop), 23.45 (Cs-10), 29.11 (Cs-8), 31.75
(Cs-15), 44.14 (Cs-16), 48.13 (Cq-13), 59.74
(N-Cs, cycloprop), 62.62 (C-9), 73.42 (Cq-14),
85.61 (Ct-5), 98.03 (C+7"), 110.68 (Ci-5),
110.90 (Cq-7), 117.35 (C-2), 118.96 (C-4"),
119.60 (Cr-1), 121.19 (C¢-3"), 124.91 (Cq-11),
127.85 (Cq-6), 131.24 (C4-12), 139.00 (Cq-2"),
139.95 (Cq-3), 142.24 (Cq-4), 143.65 (Cq-6).

ESI-MS: 430.20 m/z [M+H]*, calculated 430.21 m/z (100%).

Synthesis of N,N"-bis-Boc-6"-guanidinonaltrindole (19)

)

N
OH
_Boc
N
Xy Ko
HO o N N H

30 mg (69.9 umol, 1.00 eq) of 6 -aminonaltrindole (18) were dissolved in 2 mL of DMF
at room temperature and 30 mg (109 umol, 1.55 eq) of N,N"-di-Boc-thiourea (22) were
added to the solution, before it was cooled down to 0°C. Then 18.6 uL (231 umol, 3.30
eq) of pyridine were added, followed by 21 mg (76.8 umol, 1.10 eq) of
mercury(ll)chloride. The reaction mixture was allowed to warm up to room temperature
and stirred for 20 h. After completion, an excess of ethyl acetate was added and the
solution was filtered. The filtrate solution was washed with water and brine and the
organic phase was dried over sodium sulphate. After removal of the solvent under
reduced pressure, the crude product was purified by manual column chromatography
(normal phase, eluent = CH2Cl2 : MeOH = 9.5 : 0.5 = 9 : 1) to yield the product as

beige solid.

Yield: 27.7 mg, 41.2 umol, 59%.
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!H-NMR (400 MHz, D3COD) & [ppm]:

13C-NMR (100 MHz, D3COD) 3 [ppm]:

7.77 (s, 1H, CHindoke), 7.34 (d, 3J = 8.4 Hz, 1H,
CHindole), 6.95 (dd, 3J1 = 8.4, 4Jo= 1.6 Hz, 1H,
CHindole), 6.63 - 6.58 (m, 2H, CHar), 5.62 (s,
1H, H-5), 3.67 - 3.54 (m, 2H, CH2) 3.38 (s,
15H, CHs, Boc), 3.24 (d, J = 18.8 Hz, 1H), 2.96
(dd, J = 18.8, 6.2 Hz, 1H), 2.87 (d, J = 4.8 Hz,
1H), 2.82 (s, 2H, CH2), 2.63 (d, J = 15.9 Hz,
3H), 2.43 (d, J = 7.4 Hz, 2H), 1.76 (d, J = 9.6
Hz, 2H, CHz), 1.05 - 0.95 (m, 1H, CHcycloprop),
0.71 - 0.58 (M, 2H, CHz, cycloprop), 0.29 (d, J =
4.1 Hz, 2H, CHz, cycloprop).

217.52 (Cqg), 180.18 (Cq), 144.73 (Cq), 138.66
(Cq), 131.58 (Cq), 125.86 (Cq), 119.95 (Ct, ar),
119.68 (Ct, ar), 118.53 (C, ar), 115.98 (Ct, a),
107.36 (Ct, ar), 85.80 (Ct-5), 74.21 (Cq), 72.60
(Cq), 63.57 (Ct-9), 60.89 (Cq), 60.08 (N-Cs,
eycloprop), 49.85 (Cp, Boc), 45.50 (Cs), 31.95 (Cs),
30.73 (Cs), 29.87 (Cs), 28.38 (Cp, Boc), 24.27
(Cs), 9.44 (Ct, cycioprop), 4.99 (Cs, cycloprop), 3.93

(Cs, cycloprop).

ESI-MS: 672.25 m/z [M+H]*, 336.75 [M+2H]?*, calculated 672.34 m/z (100%).

Synthesis of 6 -guanidinonaltrindole (6" -GNTI, 20)

)

OH
XL
WP
o N~ ~NH,
HO N H

20.3 mg (30.2 umol, 1.00 eq) of N,N’-bis-Boc-6"-guanidinonaltrindole (19) were

dissolved in 3 mL of dichloromethane at room temperature, while stirring. Then 0.5 mL

of trifluoroacetic acid were added carefully and an immediate color change from orange

to brown appeared. The solution was stirred for 18 h at room temperature. After

completion, the solvent was evaporated under reduced pressure. The crude residue

was directly purified by flash chromatography on a reversed phase column (eluent:
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MeOH : H20 + 0.1% formic acid) to obtain the pure product as its twofold

trifluoroacetate salt.
Yield: 20.59 mg, 43.7 umol, 97%.

1H-NMR (400 MHz, DsCOD) & [ppm]: 7.57 (d, 3J = 8.3 Hz, 1H, Har, indole), 7.38 (S, 1H,
H-77), 6.97 (d, 3J = 8.0 Hz, 1H, Har, indole), 6.74
(g, 3 = 8.2 Hz, 2H, H-1, H-2), 5.81 (s, 1H, H-
5), 3.54 - 3.40 (M, 4H, 2x CH2), 3.29 (dd, J =
12.8, 3.1 Hz, 1H), 3.09 (d, J = 16.1 Hz, 2H,
CHa), 3.04 - 2.97 (m, 1H), 2.84 (dd, J = 13.5,
4.5 Hz, 1H), 2.77 (d, J = 16.3 Hz, 1H), 2.02 (d,
J=12.6 Hz, 1H), 1.27 - 1.18 (M, 1H, CHeycioprop),
0.89 (ddd, J = 17.3, 12.6, 8.3 Hz, 2H, CH,
cycloprop), 0.61 (d, J = 4.3 Hz, 2H, CH2, cycloprop).

13C-NMR (100 MHz, DMSO-ds) & [ppm]: 156.80 (Cq), 143.04 (Cq), 139.94 (Co),
136.88 (Cg), 130.91 (Cq), 130.80 (Cy),
129.54 (Cq), 125.05 (Cqg), 119.31 (Cy), 118.42
(Cy), 116.94 (Cy), 116.66 (Cy), 109.99 (Cq),
108.65 (Ci), 83.68 (Ct-5), 72.11 (Cq-14),
61.57 (C-9), 58.44 (N-Cs, cycloprop), 47.13 (Cq-
13), 45.39 (Cs), 43.58 (Cs), 28.72 (Cs), 22.78
(Cs), 9.03 (Ct, cycloprop), 4.00 (Cs, eycioprop), 3.38

(Cs, cycloprop).

ESI-MS: 472.30 m/z [M+H]*, 236.60 [M+2H]?*, calculated 472.23 m/z (100%).

Synthesis of N,N"-Di-Boc-thiourea (22)

S
Boc\N)kN/Boc
H H

50.0 mg (657 umol, 1.00 eq) of thiourea (21) were dissolved in dry THF at room
temperature. This solution was cooled to 0°C, before 71.0 mg (2.96 mmol, 4.50 eq) of
sodium hydride were added. The solution was allowed to warm up to room temperature
and stirred for 10 min. After that, it was cooled to 0°C again and 315.4 mg (1.45 mmol,
2.20 eq) of di-tert-butyl dicarbonate (Boc20) were given to the solution. Then the

reaction mixture was stirred for 2 h at room temperature, before agueous, saturated
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sodium hydrogen carbonate was added. The solution was poured into water, before it
was extracted with three portions of ethyl acetate. The combined organic layers were
dried over magnesium sulphate. Finally, the solvent was evaporated to yield a white
solid, which was pure enough to be used without further purification.

Yield: 131.4 mg, 475 umol, 72%.

!H-NMR (400 MHz, acetone-ds) d [ppm]: 1.51 (s, 18H, CHs3, Boc),
10.80 (brs, 1H, -NH-).

13C-NMR (100 MHz, acetone-ds) d [ppm]: 28.09 (Cp, Boc), 83.67 (Cq, Boc), 151.58 (C=0),
179.01 (C=S).

Binding affinity (radioligand binding studies)

Binding affinities towards hDOP, hKOP and hMOP were determined as follows:
Membranes were prepared from HEK293T cells each transiently transfected with the
cDNAs for DOP, KOP (both cDNAs obtained from the cDNA resource center,
www.cdna.org) and MOP, respectively (generous gift from the Ernest Gallo Clinic and
Research Center, UCSF, CA). Receptor densities (Bmax value) and specific binding
affinities (Ko value) for the radioligand [3H]diprenorphine (specific activity 31 Ci/mmol,
PerkinElmer, Rodgau, Germany) were determined to be 1,700 fmol/mg protein, 0.25
nM for DOP, 6,500 fmol/mg protein, 0.13 nM for KOP, and 1,400 + 780 fmol/mg protein,
0.078 = 0.002 nM for MOP, respectively. Competition binding experiments were
performed by incubating membranes in binding buffer (50 mM Tris, 5 mM MgClz, 0.1
mM EDTA, 5 pg/mL bacitracin and 5 pg/mL soybean trypsin inhibitor at pH 7.4) at a
final protein concentration of 2-14 pg/well, together with the radioligand (final
concentration 0.3 nM for DOP, KOP, 0.2-0.3 nM for MOP) and varying concentrations
of the competing ligands for 60 minutes at 37°C. Non-specific binding was determined
in the presence of naloxone at a final concentration of 10 uM. The protein concentration
was established using the method of Lowry.['32 The resulting competition curves were
analyzed by nonlinear regression using the algorithms implemented in PRISM 6.0
(GraphPad Software, San Diego, CA) to provide an ICso value, which was
subsequently transformed into the Ki value employing the equation of Cheng and

Prusoff.[133]


http://www.cdna.org/
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Intrinsic activity

Accumulation of inositol monophosphate (IP1): Determination of the activation of MOP,

KOP and DOP was measured applying the IP-One HTRF® assay (Cisbio, Codolet,
France) according to the manufacturer’s protocol. HEK-293T cells were grown to a
confluence of approx. 70% and transiently co-transfected with the cDNA of the human
DOP, KOP (both from the cDNA Resource Center, Bloomsberg, PA) or MOP (gift from
Ernest Gallo Clinic and Research Center, UCSF, CA) and of the hybrid G-protein Gai
(Gog protein with the last five amino acids at the C-terminus replaced by the
corresponding sequence of Gai; gift from The J. David Gladstone Institutes, San
Francisco, CA) applying the Mirus TransIT-293 transfection reagent (Peglab, Erlangen,
Germany). After one day cells were detached from the culture dish with Versene (Life
Technologies, Darmstadt, Germany), seeded into black 384-well plates (10000
cells/well) (Greiner Bio-One, Frickenhausen, Germany) and maintained for 24 h at
37°C. Agonist properties were determined by incubating the test compounds (final
range of concentration from 0.1 pM up to 10 yM) in duplicates for 180 min at 37°C.
Incubation was stopped by addition of the detection reagents (IP1-d2 conjugate and
Anti-IP1cryptate TB conjugate each dissolved in lysis buffer) for further 60 min at room
temperature. Homogenous time resolved fluorescence resonance energy transfer
(HTRF) was measured using the Clariostar plate reader (BMG, Ortenberg, Germany).
Data analysis was performed by nonlinear regression using the algorithms for
log(agonist) vs. response of PRISM 6.0 (GraphPad, San Diego, CA) and normalization
of the raw data to basal (0%) and the maximum effect of morphine (MOP), Leu-
enkephalin (DOP), or dynorphin A (KOP) (100%).

Recruitment of B-arr-2: Measurement of p-arr-2 recruitment was done applying the

PathHunter® assay (DiscoverX, Birmingham, U.K.) according to the manufacturer’s
protocol. HEK-293 cells stably expressing the enzyme acceptor (EA) tagged B-arr-2
fusion protein were transiently transfected with the ProLink tagged MOP-PK1, DOP-
PK2, or KOP-PK2 construct, respectively, employing the Mirus TransIT-293
transfection reagent. After 24 h cells were transferred into white clear bottom 384-well
plates (5000 cells/well) (Greiner Bio-One) and maintained for further 24 h at 37°C, 5%
COo.. To start receptor stimulated p-arr-2 recruitment, the test compounds were added
to the cells to get a final concentration in a range of 1 pM to 10 pM. Incubation was
continued for 90 min (MOP-PK1, DOP-PK2) or 300 min (KOP-PK2) at 37°C.
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Stimulation was stopped by addition of the detection mix and further incubation for 60
min at room temperature. Chemiluminescence was determined using a Clariostar plate
reader. Data analysis was done by nonlinear regression using the algorithms for
log(agonist) vs. response of PRISM 6.0 (GraphPad, San Diego, CA) and normalization
of the raw data to basal (0%) and the maximum effect of DAMGO (MOP-PK1), Leu-
enkephalin (DOP-PK2), or dynorphin A (KOP-PK2) (100%).



2. Imaging of Butyrylcholinesterase Activity by
Positron Emission Tomography with 8F-

Radiotracers

The enzyme butyrylcholinesterase (BChE) is a serine hydrolase and an isoenzyme of
acetylcholinesterase (AChE). While AChE specifically catalyzes the hydrolysis of
acetylcholine, BChE exhibits a broader acceptance of substrates and hydrolyzes also
non-choline esters, e.g. cocaine, heroin or acetylsalicylic acid.[34-137] After its discovery
in 1932, BChE gained interest in the field of anesthesia, since it essentially regulates
the degradation of the muscle relaxants succinylcholine and mivacurium.
Consequently, patients with BChE variants of reduced or missing catalytic activity got
into critical apnea after administration.l'38 Moreover, BChE contributes to the
scavenging of toxic parasympathomimetics such as organophosphates or naturally
occurring alkaloids like physostigmine.[134

The catalytic activity of hBChE basically results from three amino acids, called the
catalytic triad, which are serine 226, glutamic acid 353 and histidine 466.1*%° This
sequence is positioned in an active site-gorge, which additionally contains an anionic
site composed of tryptophan 82, that interacts with the positively charged, quaternary
nitrogen of choline.'*?! Moreover, the active site is equipped with an acyl binding
pocket composed of lysine 286 and valine 288, which directs the acyl group of choline
esters in the right position for efficient catalysis.[4?l Interestingly, the side chains of
these amino acids are sterically less demanding than the respective phenylalanine-
comprised acyl binding pocket of AChE. Thus, the decreased substrate specificity of
BChE can be explained.!*34

The distribution of BChE in various human tissues is significantly different to AChE,
which can be found predominantly in the nervous system and in muscles, obviously
due to its main task of regulating cholinergic neurotransmission. While BChE is present
there in minor levels, too, it also occurs in the liver, from where it is secreted into blood
plasma.l*% Additionally, high levels of BChE can be found in heart and lung, which
was revealed by Northern blot analysis of hBChE mRNA in different tissues. This
distribution of BChE in combination with its ability to hydrolyze and deactivate a broad
variety of ester or carbamate based substrates led to the suggestion, that the enzyme
serves as a first wall of defense against potentially harmful xenobiotics.#?! Notably,
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there are healthy humans exhibiting catalytically inactive (“silent”) forms of BChE. This
has raised a debate about the physiological role and importance of the enzyme.[134 143]
Under certain conditions BChE can serve as surrogate of AChE in the central nervous
system (CNS) and at neuromuscular junctions, which was demonstrated by studies
with AChE knock-out mice.[144146] Additionally, there is growing evidence that BChE
might contribute in some areas of the development of the nervous system.[147-149 This
finding is further supported by structural accordances of the ChEs with cell adhesion
molecules, suggesting a potential non-catalytic function. 5]

Importantly, expression levels and activity of BChE were found to be altered in the
process of several pathologies of neurodegenerative, oncologic, cardiovascular and
other diseases.'>! In Alzheimer’s disease (AD), BChE expression is elevated along
with amyloid-B (AB) plaques in the cerebral cortex.[*52-153] These A plaques can impair
neurovascular homeostasis by causing endothelial dysfunction,*>4 however, on the
other hand AP deposits are also found in up to 30% of aged adults with no symptoms
of dementia.l'>% Additionally, investigations of a BChE knock-out mouse model of AD
revealed considerably fewer fibrillar Ap plaques.[*52 1561 Consequently, these results
raised interest in the applicability of BChE activity as diagnostic biomarker for AD.
Moreover, both ChEs contribute to cellular proliferation and differentiation, which
suggests a potential influence on tumorigenesis.[148 157-158] |ndeed, certain variants of
cancer exhibit a down- and/or upregulation of BChE activity and expression levels.[151]
Notably, a distinctive decrease of BChE expression was observed in large-cell- and
squamous-cell lung carcinoma.l*>®! Moreover, advanced cancer patients have
decreased plasma BChE levels, which seems to be independent of hepatic
involvement. Interestingly, most strongly decreased BChE activities were found in
patients with liver metastases, despite otherwise unremarkable liver function tests.[15%
160-1611 Thus, it seems promising to employ BChE activity values and levels in
prognosis, diagnosis and disease monitoring of the mentioned cancer types.
Concerning cardiovascular pathologies, low BChE activities were evaluated for their
prognostic value of mortality in acute myocardial infarction and interestingly, the
predictive value seemed to be associated to the relationship of low enzyme activity
with poor cardiac function.[162

Due to this variety of BChE involvements in different pathologic conditions and
diseases, tracers for positron emission tomography were developed, however, most of

them with the aim to target the enzyme in the CNS and thus, to enable diagnosis or
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disease monitoring of neurodegenerative diseases like AD. PET is an imaging
technique enabling to determine the spatial and temporal distribution of an injected,
radiolabeled compound with high sensitivity.[1631 Therefore, the compound requires a
positron-emitting radionuclide, since PET detects high energy photons emitted into
opposite directions upon positron annihilation, therefore enabling the localization of the
event by coincident detection.['63] A PET tracer targeting BChE can be designed as
substrate or inhibitor of the enzyme, while the latter can be further categorized into
reversibly or irreversibly acting compounds. Notably, substrates usually have high
rates of hydrolysis, which can be disadvantageous due to poor delivery into the desired
tissue.['%4 Consequently, the PET results rather represent the plasma delivery rate of
the tracer than the tissue enzyme distribution in this case.l'®% On the other hand,
substrate-based PET tracers are usually blood-brain barrier (BBB) permeable, which
is essential for a BChE PET tracer in CNS imaging. Concerning inhibitor based BChE
PET tracers, a common problem is a complex mechanism of enzyme inactivation,
which hampers the precise determination of in vivo kinetics and biodistribution.[164. 166]
Examples of literature-known substrate-type BChE PET tracers include 1-*C-Methyl-
4-piperidinyl n-butyrate (*'C-MP4B), N-[*®F]fluoroethylpiperidin-4-ylmethyl butyrate
and N-methylpiperidin-4-yl 4-['23|liodobenzoate ([*23I]]MP4Bz) (Fig. 22).1167-169]
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C-MP4B N-['8FIfluoroethylpiperidin-4-ylmethyl butyrate ['2%MP4Bz

Fig. 22. Substrate-based, specific radiotracers for hBChE, labeled with different radionuclides for PET (in red).

Expectedly, 11C-MP4B exhibited quick hydrolysis rates, followed by fast excretion
through the renal system, but the tracer was able to enter the brain. However, brain
uptake was highest in regions beyond cortical areas, where BChE associated
AB plaques develop during AD.[*68] N-[*8F]fluoroethylpiperidin-4-ylmethyl butyrate
represents an optimized derivative of 11C-MP4B concerning hydrolysis rates, specificity
for BChE and the chosen radionuclide. However, the in vivo characterization in this
study was preliminary and the hydrolysis rates were still elevated.l'®9 Thus, further
studies would be required to evaluate the tracer as diagnostic tool in
neurodegenerative diseases. Notably, the substrate-based tracer [*?°I]MP4Bz
demonstrated slow and specific hydrolysis by BChE and could enter the brain, which

indicated good BBB permeability. Interestingly, brain retention was significantly more
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pronounced in an AD mouse model (5XFAD) than in its wild-type counterpart,
especially in the cerebral cortex, as indicated by single photon emission computed
tomography (SPECT) studies.[671 Thus, evidence for the potential diagnostic value of
BChE in AD was provided.

Concerning inhibitor-based radiotracers for labeling of ChEs, it must be mentioned
beforehand, that real irreversible inhibition of ChEs is often accompanied by high
toxicity. Prominent examples are organophosphates and some of them were even
developed as nerve agents for war purposes (e.g. “G-series” of nerve agents: Tabun,
soman, sarin, GV, cyclosarin). Nevertheless, an organophosphate-based 8F-labeled
PET tracer was investigated to gain deeper insights into temporal in vivo mechanisms
of actions of this class of compounds.[*’% Better candidates for clinically applicable
PET tracers are carbamate-based ChE inhibitors, particularly because of their
“‘pseudo-irreversible” binding mode. This means the enzyme is only inhibited
transiently by covalent bond formation with the catalytically active serine 226.171 The
resulting functional group after reaction with this serine is a new enzyme-bound
carbamate, which is hydrolyzing over time and enzyme activity is subsequently
regenerated. An example of such a tracer is phenyl 4-23|-iodophenylcarbamate (*%3I-
PIP, Fig. 23), which was used in autoradiographic studies on human brain tissue.[172]
Indeed, accumulation of radioactivity occurred in AD brain tissue, where AB plaques
had ChE activity.['”?1 On the other hand, this tracer is not selective for BChE and was
not investigated in vivo. An example of a selective and highly affine pseudo-irreversible
BChE inhibitor as PET tracer was based on a tetracyclic carbamate (Fig. 23).1164 This
compound was labeled at the carbamate site either with **C or 18F to achieve transient
covalent labeling of the enzyme, when the radioactive moiety is transferred by reaction

with serine 226.[173-174]

H

2).pip

8F_ and "' C derivatives of tetracyclic
tetrahydroquinazoline-based carbamates

Fig. 23. Carbamate-based PET tracers for ChE imaging: Non-selective inhibitor 12I-PIP (left)*’? and selective BChE inhibitors

based on tetrahydroquinazoline (middle, right).[t64

Concerning reversible BChE inhibitors as PET tracers, it must be noted that the few

literature described compounds published at that date were not selective for BChE and



designed as AChE PET tracers, respectively (e.g. [*!C]galantamine, [*!C]donepezil,
[*1C]Jtacrine).[*75-1771 However, a recent study used an 'C-labeled radiotracer based on
a potent and selective sulfonamide-type BChE inhibitor with reversible binding
mode.[78 This inhibitor also represented the scaffold of an '8F-labeled derivative in a
previous study, which is part of this thesis (cf. chapter 2.1.).179 The respective 1C-
labeled tracer was assessed as early in vivo biomarker in a mouse model of AD. BBB
permeability was confirmed by dynamic whole-body PET imaging studies.
Biodistribution data revealed fast clearance of radioactivity from the blood and
accumulation of radioactivity in liver and kidneys, followed by an increase in the
bladder. Importantly, significantly higher initial brain uptake of the tracer was observed
in the AD mouse model as compared to the wild-type counterpart. Moreover,
longitudinal, dynamic PET imaging studies demonstrated an increased uptake of the
tracer in AD mice, when compared to wild-type counterparts, but only after late time
points (6-8 months). No differences were detected at the age of 4 months and
interestingly, differences disappeared again after 10 and 12 months, which was
however partly contradictory to ex vivo staining results. Despite some drawbacks, like
the quick appearance of some metabolites and a rapid wash-out from the brain, the

results with this tracer mostly confirmed BChE as a promising biomarker in AD.[178]

2.1. Synthesis and Initial Characterization of a Reversible, Selective
18F-Labeled Radiotracer for Human Butyrylcholinesterase

(published research work)*]

The content of this chapter has been published!*”! (Gentzsch, C.; Chen, X.; Spatz, P.;
Kosak, U.; Knez, D.; Nose, N.; Gobec, S.; Higuchi, T.; Decker, M. Synthesis and Initial
Characterization of a Reversible, Selective ®F-Labeled Radiotracer for Human
Butyrylcholinesterase. Mol. Imaging Biol. 2021, https://doi.org/10.1007/s11307-021-
01584-2.) and is adapted with permission from the respective authors.

Author contributions:

- C. Gentzsch performed synthesis and analytical characterization of the precursor for
BE-labeling and the respective non-radioactive BChE inhibitor under the supervision
of M. Decker

- U. KoSak and D. Knez (working group of S. Gobec) provided a synthetic building

block, contributed with ideas regarding the tracer design and performed assays to
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2.1.Synthesis and Initial Characterization of a Reversible, Selective 8F-Labeled
Radiotracer for Human Butyrylcholinesterase

characterize binding kinetics and inhibitory potency. P. Spatz performed additional
assays to characterize inhibitory potency (Ellman’s assay) under the supervision of M.

Decker

- X. Chen (working group of T. Higuchi) performed radiolabeling and ex vivo / in vivo

studies with the help of N. Nose
2.1.1. Aim of the Study

The objective of the presented work was to design and synthesize a reversible inhibitor
of hBChE for evaluation as PET tracer after *F-labeling. The compound should have
high inhibitory potency as well as pronounced selectivity over hAChE to enable a
preferable precise in vivo mapping of the target enzyme. Further requirements on the
compound were a lipophilic character and low molecular weight (<500 g/mol) to
potentially enable PET imaging of BChE in the human brain, if the compound exhibited
BBB permeability. Quick and uncomplicated radiolabeling in preferably few steps
should be enabled by a suitable tosylate precursor for labeling with 8F, which is a
common radionuclide for PET studies due to advantageous properties (e.g. long half-
life, high positron vyields, low positron energies). Finally, the radiotracer should be
investigated in ex vivo autoradiography and in vivo microPET studies to initially

evaluate its properties as PET tracer and its suitability to monitor BChE activity.
2.1.2. Design and Synthesis

The design of the radiotracer was based on a novel, reversible sulfonamide-type BChE
inhibitor, which exhibited promising characteristics for PET tracer development in
previous studies (Fig. 24).118% These include high inhibitory potency (ICso = 4.9 + 0.3
nM) in combination with excellent selectivity over hAChE (percental residual activity at
10 UM = 97% + 2%).18 Moreover, pharmacokinetics of the relatively small and
lipophilic compound had been investigated. Interestingly, an in vitro assay on Caco-2

cells expressing membrane transport proteins like P-glycoprotein or breast cancer

Modifications not tolerated

Modifications well
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Fig. 24. Structure and SARs of the potent, selective sulfonamide-based hBChE inhibitor, which served as template for PET

tracer design.



2.1.Synthesis and Initial Characterization of a Reversible, Selective 8F-Labeled
Radiotracer for Human Butyrylcholinesterase

resistance protein demonstrated that the compound is not a substrate of active efflux
mechanisms.['8 However, incubation of human blood plasma with the inhibitor and
subsequent equilibrium dialysis showed high plasma protein binding (96%).118% The
compound was degraded in plasma with a half-life ti2 > 120 min, while hepatic
clearance happened faster (tu2 = 54 min).l*81 Importantly, in vivo measurements of the
compound’s distribution between blood plasma and brain indicated a modest, but
existing BBB permeability.l*8 Favorably, the described structure-activity relationships
(SARs) facilitated the important decision, where fluorine should be introduced in the
molecule (Fig. 24).[18% Consequently, the methoxy-group at the end of the ethylene-
chain on the sulfonamidic nitrogen was replaced with fluorine to obtain the non-
radioactive, “cold” inhibitor, which served as reference compound during radiolabeling
and for in vitro assays. This position was chosen, because the methoxyethylene moiety
had been described to point out of the binding pocket, as indicated by the hBChE
crystal structure in complex with the inhibitor. Consequently, modifications had the
slightest impact on inhibitory potencies, which was verified by measuring inhibitory
potencies of several derivatives. 1€

The synthesis of both precursor 27 and cold, fluorinated inhibitor 26 is presented in
scheme 3 and was performed by Christian Gentzsch under the supervision of Prof. Dr.
Michael Decker (Julius-Maximilian-University of Wrzburg, Institute of Pharmacy and
Food Chemistry). Starting point was the building block 23, which is not commercially
available and was provided as precursor from the laboratory of Prof. Dr. Stanislav
Gobec (Chair of Pharmaceutical Chemistry, Faculty of Pharmacy, University of
Ljubljana). It enabled the facile synthesis of the parent compound 24 as intermediate,
which was favorable for comparison purposes with fluorinated derivative 26. Synthesis
of compound 24 was carried out by reductive amination of benzaldehyde under
Leuckart-Wallach conditions in formic acid, leading to benzylation of the secondary
piperidine nitrogen in low yields.[*® The use of freshly distilled benzaldehyde is
advantageous due to its slow autoxidation.[*®2 Demethylation of the methoxy group
was achieved with boron trifluoride etherate in propane-1-thiol in satisfying yields.[183]
This reaction progressed very slowly, however, slightly elevated temperatures
accelerated the conversion to a more reasonable time of 60 h. Advantageously, the
resulting alcohol 25 could be subsequently used to generate both precursor 27 and
cold inhibitor 26. Fluorination of 25 was achieved with diethylaminosulfur trifluoride

(DAST) in low yields,!'84 which is likely due to the described, slow decomposition of
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Scheme 3. Synthesis of non-radioactive, fluorinated hBChE inhibitor 26 and a respective precursor 27 for 8F-radiolabeling.
Reagents and conditions: i) benzaldehyde, formic acid, 6 h, 180°C, 44%; ii) BF; - Et,O, propane-1-thiol, 50°C, 60 h, 60%; iii)
DAST, CH.Cl,, -10°C > RT, 24%; iv) 1. TosCl, NEts, CH,Cl,, RT, 18 h, 98%, 2. p-TosOH, MeOH; (v) benzoyl chloride, K,COs,
THF/H,0, 0°C = RT, 20 h, 88 %; (vi) ethanolamine, HBTU, NEt;, DMF, RT, 18 h, 88%,; (vii) TBDMS-CI, imidazole, DMF, RT, 24
h, 69%; (viii) 1. LiAlH,, THF, reflux, 1 h; 2. naphthalene-2-sulfonyl chloride, DIPEA, CH,Cl,, 0°C > RT, 54% (two steps).

the DAST reagent, especially in the presence of moisture. Moreover, DAST is known
to cause side reactions possibly decreasing yields (e.g. eliminations, carbonium-ion
type rearrangements).84 In contrast, tosylation of the alcohol under standard
conditions using tosyl chloride (TosCl) proceeded almost quantitatively,!18] however,
the tosylated precursor was slowly decomposing due to intramolecular cyclization by
nucleophilic attack of the tertiary piperidine nitrogen, as indicated by LC/MS analysis.
Consequently, the precursor was stabilized by salt formation with toluenesulfonic acid.
Since building block 23 is not commercially available, an alternative synthesis of
alcohol 25 was established, which started from nipecotic acid 28 (scheme 3).[186] At
first, the piperidine nitrogen was benzoylated applying Schotten-Baumann conditions,
which gave N-benzoylnipecotic acid 29 in excellent yields.['86] Next, the carboxylic acid
was activated and coupled to 2-aminoethanol using the HBTU method, as described
before (cf. chapters 1.4.3. and 1.5.2.).003 The resulting N-benzoylnipecotic
ethanolamide 30 was subsequently protected with the tert butyldimethylsilyl (TBDMS)
group at the primary hydroxy group, which gave the respective silyl ether 31 in good
yields.!'8] Interestingly, the subsequent reduction of both amide carbonyl groups with
lithium aluminum hydride could be combined with the coupling to naphthalene-2-
sulfonyl chloride in a one-pot manner, which additionally included TBDMS

deprotection, likely due to the harsh basic conditions during the reduction step.[180. 186]
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Subsequently, this procedure directly gave alcohol 25 in satisfying yields over two

steps.
2.1.3. Inhibitory Potency and Binding Kinetics

To control for retained, high inhibitory potency of the synthesized, cold fluorinated
inhibitor 26 (scheme 3), a colorimetric assay was performed by Dr. Urban KosSak and
Assist. Prof. Dr. Damijan Knez (University of Ljubljana, Faculty of Pharmacy, Chair of
Pharmaceutical Chemistry, Head: Prof. Dr. Stanislav Gobec) according to the method
of Ellman.[88] Therefore, hBChE in phosphate buffer was incubated with the stock
solution of inhibitor 26 and Ellman’s reagent (5,5 -dithiobis-(2-nitrobenzoic acid) =
DTNB). Then the synthetic substrate butyrylthiocholine iodide (BTCI) was added to
start hydrolysis reactions. Thereby DTNB reacts with the hydrolyzed thiols and allows
their photochemical quantification. Finally, after plotting residual enzyme activities
against seven different concentrations of inhibitor 26, the 1Cso value was calculated.
Compared to the parent compound, methoxy-derivative 24, the inhibitory potency
dropped significantly, resulting in a low, submicromolar ICso value of 118.3 = 19.6 nM
(cf. ICs0 (24) = 4.9 £ 0.3 nM[*8%), Based on the crystal structure of hBChE in complex
with the parent inhibitor 24 (scheme 3), it was shown that the methoxy-oxygen can act
as H-bond acceptor with a structural water and Asn68.18% Since the methoxy group
was replaced with fluorine to obtain the cold inhibitor 26, the potency drop could be
explained and still represented a good compromise, because substitutions on other
positions caused a way more pronounced decrease of potency. This had been
demonstrated based on several derivatives with substituted benzyl- or naphtyl-
moieties.l*® Moreover, a derivative with 4-fluoromethyl-substitution on the benzyl
group was synthesized (Fig. 25) and exhibited no relevant inhibitory effect on hBChE.

F
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Fig. 25. Derivative of parent hBChE inhibitor 24 (scheme 3) with 4-fluoromethyl-substitution on the benzyl group (red), which

caused almost complete loss of inhibitory potency.

Consequently, the work was continued with compound 26 and its binding kinetics were

investigated by Assist. Prof. Dr. Damijan Knez with the help of Dr. Jure Stojan



72

2.1.Synthesis and Initial Characterization of a Reversible, Selective 8F-Labeled
Radiotracer for Human Butyrylcholinesterase

(University of Ljubljana, Medical Faculty). Therefore, the dissociation constants K;
(binding to the free enzyme) and K> (binding to the acylated enzyme) were measured
based on time-dependent progress curves of product formation with BTCI as substrate
according to Ellman’s method.['88 DTNB served again as detecting reagent for the
hydrolyzed thiols. The underlying mechanism of reversible BChE inhibition is

presented in scheme 4.

Scheme 4. Reversible inhibition of BChE-catalyzed BTCI hydrolysis by inhibitor 26. Abbreviations: E = free enzyme, EA =
intermediately acylated enzyme, S = substrate BTCI, P = stoichiometrically released products (thiocholine-TNB, TNB"), | = inhibitor
26 (scheme 3). Constants: k1 = catalytic constant for BTCI turnover (Kca), kO = Michaelis constant (Kn), k3/k2 = K, = inhibition
constant for binding of the product thiocholine-TNB, k5/k4 = K; = dissociation constant for inhibitor binding to the free enzyme,

k7/k6 = K, = dissociation constant for inhibitor binding to the acylated enzyme.

Hydrolysis of BTCI was measured until completion in the absence and presence of

three different concentrations of inhibitor 26 (Fig. 26). Additionally, experimental

60
Bl Experimental Data

Il Fitted Data

50

40

BTCI
[uM]

50 100 150 200 250 300 350 400 450 500 550 600
TIME (s)

Fig. 26. Time-dependent product formation for the hydrolysis of ~46 uM BTCI by hBChE (1 nM) in the absence (a) and presence
of inhibitor 26 (b: 40 nM, c: 80 nM, d: 160 nM). Experimental data (blue) was fitted to a theoretical model (red) for a
mixed, reversible inhibition mechanism of the free and acylated enzyme.

progress curves were compared with a theoretical model, that describes a mixed

reaction mechanism for binding of the inhibitor 26 to both the free and acylated BChE
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(Fig. 26). Consequently, both dissociation constants could be determined and showed
high, nanomolar binding potential of the inhibitor 26 to hBChE (K1 = 32.9 nM, K> =68.0

nM) with an approximately two-fold higher constant for binding to the acylated enzyme.

2.1.4. ®F-Radiolabeling and preliminary ex vivo and in vivo

Characterization

Due to the promising characteristics of the cold, fluorinated inhibitor 26 (scheme 3),
the respective tosylate precursor 27 was subjected to '®F-radiolabeling in an
established procedure based on nucleophilic substitution of the tosylate leaving group
with [*8F]F (scheme 5). Labeling was performed by Dr. Xinyu Chen (University Hospital
of Wiirzburg, Department of Nuclear Medicine, Prof. Dr. Takahiro Higuchi).

K['®F], Kryptofix
K© OTos ["°F], Kryptofixp; K©18F
® KCos
O~ NH
TosO H H3C -CN (anh.) H
N 110°C, 10 min
°S

o o
27 [18F]-26

Scheme 5. Procedure for the radiolabeling of tosylate precursor 27 with [*F]F- to generate the respective radiotracer
[1%F]-26.

Labeling was carried out in dry acetonitrile at elevated temperatures for 10 min in the
presence of a cryptand to generate nucleophilic fluoride ions. Purification of the crude
product was achieved by semi-preparative HPLC on a reversed phase column, yielding
the sufficiently pure radiotracer ['8F]-26 in an average radiochemical yield of 20 + 3%
(n = 2, corrected for decay). The identity and radiochemical purity were controlled by
TLC autoradiography (purity = 95.3%). The whole labeling process including
identification and purification was completed manually in approximately 120 min.
Notably, a fluorination progress of more than 33% was measured in a previous
radiolabeling attempt by TLC autoradiography. Moreover, the retention time of the cold
compound 26 on analytical HPLC with UV detection corresponded to that of the
radiotracer ['8F]-26 using y detection.

After the successful and quick radiolabeling with good yields and sufficient purities, the
tracer was subsequently investigated ex vivo for its binding to mice brain tissue using
freshly prepared horizontal slices (performed by Dr. Xinyu Chen with the help of Naoko
Nose, Okayama University, Graduate School of Medicine, Dentistry and

Pharmaceutical Sciences). The frozen slices of mice brain were incubated with tracer
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[*8F]-26 in a phosphate buffer (pH = 8.0) in the presence and absence of
ethopropazine hydrochloride as BChE-selective blocking agent to prove the specificity
of binding. Finally, the brain slices were imaged using an autoradiographic system (Fig.
27).

without blocking
blocking (ethopropazine HCI)
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Fig. 27. Images of brain slices of a healthy mouse after incubation with BChE selective radiotracer [*3F]-26 and subsequent
autoradiography. Left: Image recorded without preincubation with the selective BChE inhibitor ethopropazine
hydrochloride, right: Image recorded after previous preincubation with ethopropazine hydrochloride as blocking agent.

Interestingly, the tracer demonstrated good binding to brain tissue, which was indicated

by high intensities in most of the brain area, especially at the cerebral cortex.

Considering the known BChE distribution in mice brain, this result was in good

agreement.[146. 189-190] Expectedly, binding of the tracer to ethopropazine-preincubated

mice brain tissue was significantly decreased, which suggests the specific binding to

BChE. However, some significant intensity was still observed despite preincubation

with ethopropazine hydrochloride. This could indicate possible non-specific binding

promoted by the high lipophilicity of the tracer and/or potential off-target effects.

Finally, an initial micro-PET study was performed by Dr. Xinyu Chen with the help of

Naoko Nose to investigate the distribution of radiotracer ['8F]-26 in vivo. Therefore, a

solution of the tracer in saline was prepared and injected via tail vein to a male Wistar

rat, which was anesthetized and maintained beforehand. Immediately after that, the rat
was scanned in a micro-PET system using a dynamic imaging protocol of 60 min. The

resulting PET images were analyzed with a software for medical imaging data
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examination (cf. chapter 2.1.5. for details) and time-activity curves of respective

regions of interest were obtained (Fig. 28).
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Fig. 28. a) Dynamic, sagittal PET images of a healthy, male Wistar rat after tail vein injection of tracer [*®F]-26 and subsequent
imaging over 60 min in a micro-PET system. Dark-green areas correspond to a high tracer uptake, light-green areas represent
low tracer uptake. b) Time-activity curves resulting from the respective PET images above (initial 5 min). c) Time-activity curves
over the whole 60 min.

The PET images revealed a quick uptake in heart and lung during the first two minutes.
Expectedly, these organs should be reached first after intravenous injection, but they
also express BChE in an elevated manner (cf. chapter 2).1142 After this initial blood pool
circulation, high activity was found in liver and kidneys and finally, the tracer (or its
metabolites) were secreted into intestine and urine. Importantly, uptake in the brain
was - unexpectedly - very low, which precludes an application as CNS PET tracer,
especially since there are selective substrate-type tracers, that had been shown to
enter the brain (cf. chapter 2).1167-16%1 Nevertheless, possible reasons for the limited

brain uptake should be investigated, since the parent compound 24 is not a substrate

75
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of efflux pumps and could passively permeate the BBB with moderate efficiency.[!8%
The lipophilicity of compound 24 is pronounced, while the molar mass is rather small
(< 500 g/mol). On the other hand, the parent compound 24 demonstrated high plasma
protein binding.[8% Notably, a close derivative of the alcohol 25 (scheme 3), which
carries a propylene chain in contrast to the ethylene chain on the sulfonamidic nitrogen
of compound 24, was used as precursor for *C-labeling with [**C]H3Cl (cf. chapter
2).1781 Even though C has a much shorter half-life than 18F, which complicates
radiolabeling procedures and subsequent investigations, this approach enabled
studies with a structurally more similar radiotracer compared to parent compound 24.
In contrast, this tracer exhibited better BBB permeability, but was rapidly washed out
from the brain. The specificity of binding, as assessed in blocking studies with
ethopropazine hydrochloride, was comparable to [*8F]-26. Moreover, a comparison of
tracer accumulation in AD- and wild type mice in longitudinal PET studies revealed
increased activities in AD affected brain areas during the early disease stage. The
biodistribution profile was almost identical to [*8F]-26 apart from the brain uptake (e.g.
high activities in liver and kidneys).l'78 Thus, an application of the tracer [*8F]-26 could
be conceivable in diagnosis, prognosis or monitoring of diseases without involvement
of CNS BChE (cf. chapter 2). However, future studies should also focus on
investigating the reasons for the different brain uptake of ['8F]-26 and the 1'C-labeled

close derivative.

2.1.5. Experimental Procedures

The following section describes detailed procedures for all performed experiments in
the published research work of chapter 2.1.07%1 These experimental details were

published separately as electronic supplementary material.
Common reagents and methods for chemical synthesis

TLC for reaction control was performed on precoated sheets (ALUGRAM® Xtra SIL
G/UVa2s4, Layer: 0.20 mm silica gel 60 with fluorescent indicator UV2s4) of the company
Macherey-Nagel GmbH & Co. KG, 52355 Diren, Germany. The substances were
visualized by their fluorescence, when irradiated with UV light (254 nm).

Silica gel with a grain size of 0.04 - 0.063 mm (company Macherey-Nagel GmbH & Co.
KG, 52355 Diren, Germany) was used for manual column chromatography. The
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columns were packed wet. The composition of the eluents is indicated in percentage
by volume.

NMR spectra were recorded at room temperature on a Bruker AV 400 FT-NMR-
Spectrometer (company Bruker Biospin, Karlsruhe, Germany) (*H: 400 MHz, *3C: 100
MHz). The residual protons and the *3C resonance signals of the deuterated solvents
were used as internal standard. The chemical shifts & were indicated in [ppm] and the
coupling constants in [Hz]. The signal multiplicities were abbreviated as follows: s =
singlet, brs = broad singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets,
m = multiplet.

Analytical HPLC was performed on a Shimadzu LC20AB system equipped with a DGU-
20A3R controller, and a SPD-20A UV/Vis detector. Stationary phase was a Synergi 4u
Fusion-RP (150%4.6 mm) column. A gradient of MeOH/water + 0.1% formic acid
(phase A/ phase B) was used as mobile phase. For analytical HPLC a flow rate of 1
mL/min was used.

ESI-MS spectral data were acquired on a Shimadzu LCMS-2020 single quadrupole
LC/MS (Shimadzu Europe, Duisburg, Germany).

Synthesis of N-((1-benzylpiperidin-3-yl)methyl)-N-(2-methoxyethyl)naphthalene-2-

( : OMe
Py 90
Lk,

o o

sulfonamide (24)

250 mg (0.69 mmol, 1.00 eq) of N-(2-methoxyethyl)-N-(piperidin-3-
ylmethyl)naphthalene-2-sulfonamide (23) were dissolved in 1.00 mL (26.5 mmol, 38.4
eq) of formic acid at room temperature, while vigorous stirring. Then 348.6 mL (3.45
mmol, 5.00 eq) of freshly distilled benzaldehyde were added to the solution, before the
mixture was heated up to 180°C for 6 h. After cooling down to room temperature,
distilled water was added and the pH value was adjusted below 3 by addition of
aqueous hydrochloric acid (2 M). After that, the aqueous phase was washed with
diethylether to remove unpolar byproducts. Then the agueous phase was adjusted to
a ph value above 10 by addition of sodium hydroxide, before it was extracted with each
two portions of diethylether and chloroform. The combined organic phases were dried
over sodium sulphate, concentrated in vacuo and the crude product was purified by
column chromatography (eluent = CH2Cl2 : MeOH : NH3=98.5:1.4:0.1 > 98:1.9:
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0.1) to vyield N-((1-benzylpiperidin-3-yl)methyl)-N-(2-methoxyethyl)naphthalene-2-

sulfon-amide (24) as a transparent, viscid gel.
Yield: 138 mg, 305 umol, 44%.

IH-NMR (400 MHz, CDCl3) & [ppm]: 8.39 (s, 1H, Hnapn), 7.94 (td, J = 11.7, 7.6 Hz, 3H,
Hnaph), 7.78 (dd, J = 8.6, 1.7 Hz, 1H, Hnaph), 7.66-
7.60 (M, 2H, Hnaph), 7.33-7.22 (M, 5H, Hben2),
3.51-3.43 (M, 4H), 3.32 (t, J = 6.2 Hz, 2H, CH2-
OMe), 3.23 (s, 3H, -OCHa), 3.13 (qd, 2H, J =
13.7, 7.5 Hz), 2.77 (dd, J = 35.3, 10.6 Hz, 2H),
2.00 (t, J = 9.6 Hz, 2H), 1.80-1.66 (m, 3H), 1.59-
1.49 (m, 1H), 1.28 (s, 1H).

13C-NMR (100 MHz, CDCls) & [ppm]: 138.49 (Cq), 136.68 (Cq), 134.80 (Cq), 132.29
(Ca), 129.31 (Cy), 129.30 (Ci), 129.24 (Cy),
128.73 (Cy), 128.55 (Cy), 128.24 (Cy), 127.97 (Cy),
127.57 (Cy), 127.02 (Cy), 122.74 (Cy), 71.31 (Cs),
63.52 (Cs), 58.83 (Cp), 57.81 (Cs), 54.09 (Cs),
53.38 (Cs), 48.24 (Cs), 35.03 (Cy), 28.41 (Cs),
24.72 (Cs).

ESI-MS: 453.20 [M+H]*, calculated: 453.22 (100%).

Synthesis of N-((1-benzylpiperidin-3-yl)methyl)-N-(2-hydroxyethyl)naphthalene-2-

D,
QL0

N
N

sulfonamide (25)

138 mg (0.305 mmol, 1.00 eq) of N-((1-benzylpiperidin-3-yl)methyl)-N-(2-
methoxyethyl)naphthalene-2-sulfonamide (24) were dissolved in 1.5 mL of propane-1-
thiol at room temperature, while vigorous stirring. Then 1.5 mL of borontrifluoride
etherate were added dropwise to the solution. After foaming had stopped, the clear
solution was heated up to 50°C for 60 h. Then saturated, aqueous sodium
hydrogencarbonate solution was added to the reaction mixture and the aqueous phase

was extracted with three portions of dichloromethane. After that, the organic phase
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was washed with water and brine, then dried over sodium sulphate. After removal of
the solvent under reduced pressure, the crude product was purified by column
chromatography (eluent = CH2Cl2 : MeOH : NH3 = 96.5 : 3.4 : 0.1) to obtain N-((1-
benzylpiperidin-3-yl)methyl)-N-(2-hydroxyethyl)naphthalene-2-sulfonamide (25) as a

transparent, viscid gel.
Yield: 80 mg, 182 umol, 60%.

IH-NMR (400 MHz, CDCl3) & [ppm]: 8.32 (S, 1H, Hnaph), 7.94 — 7.86 (m, 3H, Hnaph),
7.71 (dd, J = 8.6, 1.4 Hz, 1H, Hnaph), 7.63 — 7.56
(M, 2H, Hnaph), 7.28 — 7.20 (M, 5H, Hbenz), 3.69 (1,
J = 5.2 Hz, 2H, -H2C-OH), 3.47 (dd, J = 13, 5.5
Hz, 2H, CH2), 3.28 (dt, J = 12, 4.8 Hz, 1H, CH>),
3.19 — 3.04 (m, 4H, 2xCHy>), 2.66 (d, J = 9.1 Hz,
1H), 2.48 (brs, 1H), 2.16 (d, J = 27.6 Hz, 3H),
1.64 — 1.44 (m, 4H).

13C-NMR (100 MHz, CDCl3) & [ppm]: 137.00 (Cq), 135.42 (Cq), 134.95 (Cq), 132.32
(Cq), 129.81 (Cy), 129.56 (Cy), 129.38 (Co),
128.95 (Cy), 128.90 (Cy), 128.37 (Cy), 128.04 (Cy),
127.74 (Cy), 127.47 (Cy), 122.70 (Cy), 63.61 (Cs),
62.06 (Cs), 56.78 (Cs), 53.85 (Cs), 53.57 (Cs),
52.49 (Cs), 34.76 (Cy), 27.70 (Cs), 23.58 (Cs).

ESI-MS: 439.20 [M+H]*, calculated 439.20 (100%).

Synthesis of N-((1-benzylpiperidin-3-yl)methyl)-N-(2-fluoroethyl)naphthalene-2-

2,
QLT

o

sulfonamide (26)

50 mg (0.114 mmol, 1.00 eq) of N-((2-benzylpiperidin-3-yl)methyl)-N-(2-
hydroxyethyl)naphthalene-2-sulfonamide (25) in 1 mL of dry dichloromethane were
given to a solution of 18.1 pL (0.137 mmol, 1.20 eq) diethylaminosulfur trifluoride
(DAST) in 1 mL of dry dichloromethane, while stirring at -10°C. The reaction was
allowed to warm up to room temperature and stirred for 24 h. Then the organic phase
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was washed with aqueous, saturated sodium hydrogencarbonate solution, water and
brine and dried over sodium sulphate. The crude product was purified by manual
column chromatography (eluent = CH2Cl2 : MeOH : NH3=98.5:1.4:0.1 > 98:1.9:
0.1). The product was obtained as slight yellow, transparent viscid gel.

Yield: 12 mg, 27.2 umol, 24%.

IH-NMR (400 MHz, CDCls) & [ppm]: 8.38 (s, 1H, Hnapn), 7.98 — 7.90 (m, 3H, Hnapn),
7.75 (dd, 1H, J = 8.6, 1.8 Hz, Hnapn), 7.64 (pd,
2H, J = 6.9, 1.5 Hz, Hnaph), 7.31 — 7.23 (m, 5H,
Hoenz), 4.57 (t, 1H, J = 5.4 Hz, -CH2F), 4.45 (t,
1H, J=5.4 Hz, -CH2F), 3.54 - 3.37 (m, 4H), 3.14
(ddd, 2H, J = 34.8, 13.8, 7.5 Hz), 2.72 (dd, 2H, J
=27.9,10.4 Hz), 2.10 - 1.89 (m, 2H), 1.81 - 1.64
(m, 5H).

13C-NMR (100 MHz, CDCl3) & [ppm]: 24.56 (Cs), 29.84 (Cs), 34.79 (Cy), 48.58 (Cs),
48.81 (Cs), 53.31 (Cs), 53.56 (Cs), 63.50 (Cs),
82.54 (Cs), 122.60 (Cy), 127.10 (Cy), 127.75 (Cy),
128.05 (Cy), 128.29 (Cy), 128.75 (C), 128.95 (Cy),
129.31 (Cy), 129.38 (Co), 129.59 (Cy), 132.32
(Cq), 134.94 (Cg), 136.29 (Cq).

ESI-MS: 441.20 [M+H]*, calculated 441.20 (100%).

Synthesis of 1-benzyl-3-((N-(2-(tosyloxy)ethyl)naphthalene-2-sulfonamido)methyl)-
piperidin-1-ium-4-methylbenzenesulfonate (27)

OTos

NHWosOH /“l l
O\/N;/S\\
[OJNe]

53 mg (0.121 mmol, 1.00 eq) of N-((1-benzylpiperidin-3-yl)methyl)-N-(2-
hydroxyethyl)naphthalene-2-sulfonamide (25) were dissolved in 5 mL of dry
dichloromethane at room temperature, while stirring and 33.5 pL (0.2426 mmol, 2.00
eq) of dry triethylamine were added, followed by 34.5 mg (0.181 mmol, 1.50 eq) of p-
toluenesulfonyl chloride. The reaction was stirred for 18 h at room temperature. After
that, the organic phase was washed with aqueous, saturated sodium hydrogen
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carbonate solution, water and brine and dried over sodium sulphate. After removal of
the solvent under reduced pressure, the crude product was purified by manual column
chromatography (eluent = CH2Cl2 : MeOH : NH3=97.75:2.15:0.1 > 97.5:2.4:0.1)
to obtain 2-(N-((1-benzylpiperidin-3-yl)methyl)naphthalene-2-sulfonamido)ethyl 4-
methylbenzenesulfonate as a transparent, viscid gel. Yield and analytical data were
determined for the free base (M = 592.77 g/mol), afterwards the compound was
dissolved in purified methanol and an equimolar amount of p-toluenesulfonic acid was
added to stabilize the precursor as tosylate salt. Finally, the solvent was removed

under reduced pressure and the compound was stored in the desiccator.
Yield: 70 mg, 118 pmol, 98%.

IH-NMR (400 MHz, CDCl3) & [ppm]: 8.30 (s, 1H, Hnaph), 7.86 — 7.94 (m, 3H, Hnaph),
7.57 — 7.69 (M, 5H, Hnaph/Hios), 7.18 — 7.26 (m,
7H, Hoenz/Hros), 4.09 (t, 2H, J = 6.3 Hz, -CH20Ts),
3.31—3.43 (m, 4H), 2.91 — 3.09 (m, 2H), 2.62 (d,
2H, 3] = 8.3 Hz), 2.39 (s, 3H, -CHayos), 1.94 —
1.99 (m, 1H), 1.85 (s, 1H), 1.69 -1.74 (m, 1H),
1.60 (d, 3H, 3J = 10 Hz).

13C-NMR (100 MHz, CDCl3) & [ppm]: 21.79 (Cp), 24.39 (Cs), 29.83 (Cs), 34.76 (Cy),
47.45 (Cs), 53.36 (Cs), 53.99 (Cs), 57.52 (Cs),
63.42 (Cs), 68.18 (Cs), 122.56 (Cy), 127.09 (Cy),
127.77 (Cy), 128.04 (Cy), 128.08 (Cy), 128.29 (Cy),
128.82 (Cy), 129.02 (Cy), 129.21 (Cy), 129.41 (Cy),
129.65 (Cy), 130.06 (Ci), 132.29 (Cq), 132.72
(Cq), 134.97 (Cq), 135.76 (Cq), 145.18 (Cq).

ESI-MS: 593.15 [M+H]", calculated 593.21 (100%).
Synthesis of 1-benzoylpiperidine-3-carboxylic acid (29)

Ve

N

Q\COOH

500 mg (3.87 mmol, 1.00 eq) of nipecotic acid (28) were dissolved in a mixture of
tetrahydrofuran and water (10 mL of each) and the solution was cooled down to 0°C.
Then 2.86 g (19.36 mmol, 5.00 eq) of potassium carbonate were added, followed by
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535.2 uL (4.65 mmol, 1.20 eq) of benzoyl chloride, which was added dropwise while
vigorous stirring. The reaction mixture was allowed to warm up to room temperature
and stirred for 20 h. Then the agueous phase was washed with three portions of ethyl
acetate, before it was acidified to pH = 1-2 by addition of 2 M hydrochloric acid, while
cooling with ice. A solid precipitated slowly and the aqueous phase was kept at 3°C
over night, after which time more crystalline solid appeared. The product was collected

by suction filtration and dried in the desiccator.
Yield: 793.2 mg, 3.4 mmol, 88%.

IH-NMR (400 MHz, DMSO-ds) & [ppm]: 12.49 (brs, 1H, COOH), 7.37-7.96 (m, 5H,
Har), 4.14-4.42 (m, 1H), 3.17-3.64 (m, 2H),
3.01 (t, J=11.2 Hz, 1H), 2.43-2.46 (m, 1H),
2.01-1.97 (m, 1H), 1.66-1.45 (m, 3H).

13C-NMR (100 MHz, DMSO-ds) & [ppm]: 8.91 (Cy), 26.97 (Cs), 45.14 (Cs), 126.66 (Cy),
128.36 (Cy), 128.56 (Cy), 129.22 (Cy), 129.33
(C1), 136.34 (Cq), 169.17 (Cq), 174.39 (Cq).

ESI-MS: 234.05 [M+H]*, calculated 234.11 (100%).

Synthesis of 1-benzoyl-N-(2-hydroxyethyl)piperidine-3-carboxamide (30)

e

N

H
%NwOH

(0]

788.3 mg (3.38 mmol, 1.00 eq) of 1-benzoylpiperidine-3-carboxylic acid (29) were
dissolved in dry DMF at room temperature, while stirring. 1.72 mL (10.14 mmol, 3.00
eq) of DIPEA and 1.92 g (5.07 mmol, 1.50 eq) of HBTU were added to the solution,
before 354 uL (5.91 mmol, 1.75 eq) of 2-aminoethanol were added dropwise. The
reaction mixture was stirred for 18 h at room temperature. After that, the solvent was
removed under reduced pressure by a high-vacuum pump and the residue was taken
up in dichloromethane. The organic phase was washed with agueous, saturated
sodium hydrogencarbonate solution, water and brine, then dried over sodium sulphate.
Finally, the crude product was purified by manual column chromatography (normal
phase, eluent = CH2Cl2: MeOH : NH3 =9.65 : 0.34 : 0.01 - 9.60: 0.39: 0.01 - 9.50
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: 0.49 : 0.01) to yield 1-benzoyl-N-(2-hydroxyethyl)piperidine-3-carboxamide (30) as

transparent, viscid gel.
Yield: 818.7 mg, 2.96 mmol, 88%.

1H-NMR (400 MHz, CDCl3) & [ppm]: 7.36-7.42 (m, 5H, Har), 4.10 (d, J=10.7 Hz, 1H),
3.42-3.75 (m, 6H), 3.30 (dd, 2H, J1=13.7, J2=4.9
Hz), 2.52 (brs, 1H), 2.06-2.16 (m, 1H), 1.88 (brs,
1H), 1.63 (brs, 1H), 1.32-1.36 (m, 2H).

13C-NMR (100 MHz, CDCl3) & [ppm]: 24.76 (Cs), 27.24 (Cs), 42.40 (Cy), 42.62 (Cs),
44.96 (Cs), 48.77 (Cs), 62.18 (Cs), 126.92 (Cy),
128.76 (Cy), 130.13 (Cy), 135.47 (Cq), 171.21
(Cq), 173.58 (Cq).

ESI-MS: 277.15 [M+H]", calculated 277.15 (100%).

Synthesis of 1-benzoyl-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)piperidine-3-

0

N

H
%N$OTBDMS

(0]

carboxamide (31)

513 mg (1.86 mmol, 1.00 eq) of 1-benzoyl-N-(2-hydroxyethyl)piperidine-3-
carboxamide (30) were dissolved in 2.5 mL of dry DMF at room temperature, while
vigorous stirring. Then 759.8 mg (11.16 mmol, 6.00 eq) of imidazole were added to the
solution, followed by 841 mg (5.58 mmol, 3.00 eq) of tert-butyldimethylsilyl chloride.
After that, the reaction mixture was stirred at room temperature for 24 h. Ethylacetate
was added to the solution and the organic phase was washed with aqueous, saturated
sodium bicarbonate solution, water and brine. Finally, the organic phase was dried
over sodium sulfate. The crude product was purified by manual column
chromatography (normal phase, eluent = CH2Cl2: MeOH : NEt3 =99 : 0.8 : 0.2).

Yield: 503 mg, 1.29 mmol, 69%.

IH-NMR (400 MHz, CDCl3) & [ppm]: 7.38 (s, 5H, Har), 6.32-5.82 (m, 1H), 4.56 (d, J =
77.0 Hz, 1H), 3.66 (brs, 3H), 3.36-3.23 (m, 3H),
2.94 (s, 2H), 2.87 (s, 2H), 2.31 (d, J = 74.9 Hz,
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1H), 1.95 (s, 3H), 1.54 (d, J = 72.4 Hz, 2H),
0.88 (s, 9H, Hiu), 0.05 (s, 6H, Hsive).

13C-NMR (100 MHz, CDCl3) & [ppm]: 172.63 (Cq), 170.73 (Cq), 135.97 (Cq), 129.84
(Cy), 128.62 (Cy), 127.02 (Cy), 61.89 (Cs), 41.82
(Cs), 36.57 (Cy), 31.53 (Cp), 26.03 (Cp), 18.41
(Cq), -5.22 (Cp).

ESI-MS: 391.70 [M+H]*, calculated 391.24 (100%).

Alternative synthesis of N-((1-benzylpiperidin-3-yl)methyl)-N-(2-hydroxyethyl)-

(© OH
o

O
Ik,
o

0

naphthalene-2-sulfonamide (25)

53.13 mg (1.40 mmol, 5.00 eq) of lithium aluminum hydride were suspended in 4 mL
of dry tetrahydrofuran at room temperature, while vigorous stirring. After that, 100 mg
(0.28 mmol, 1.00 eq) 1-benzoyl-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)piperidine-3-
carboxamide 31 were dissolved in 1 mL of dry tetrahydrofuran and added dropwise to
the reaction mixture. The solution was heated up to reflux (70°C) for 1 h. Then, the
reaction mixture was cooled down to 0°C and water was added dropwise to quench
excessive lithium aluminum hydride. Finally, the suspension was filtered and the
residue was carefully washed with each five portions of tetrahydrofuran and
dichloromethane. After removal of the solvents, the crude product was dissolved in 5
mL of dry dichloromethane and the solution was cooled down to 0°C. Then 47.6 mL
(0.28 mmol, 1.00 eq) of diisopropylethylamine were added, followed by 63.5 mg (0.28
mmol, 1.00 eq) of naphthalene-2-sulfonylchloride. The solution was allowed to warm
up to room temperature and stirred for 20 h. Then the organic phase was washed with
aqueous, saturated sodium hydrogen carbonate, water and brine and dried over
sodium sulfate. The crude product was purified by manual column chromatography
(normal phase, eluent = CH2Cl2 : MeOH : NH3 = 9.65 : 0.34 : 0.01) to obtain N-((1-
benzylpiperidin-3-yl)methyl)-N-(2-hydroxyethyl)naphthalene-2-sulfonamide (25) as a

transparent, viscid gel.

Yield: 64 mg, 146 umol, 54% (two steps).
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Analytical data (*H-, $3C-NMR, ESI-MS) for compound 25 was presented after the first
synthetic procedure (p. 79).

Colorimetric Ellman’s assay

The inhibitory potency of compound 26 against hBChE was determined using the
method of Ellman.['88 The compound stock solution (100% in DMSO) was incubated
with Ellman’s reagent (DTNB) and the hBChE (final concentrations: 370 uM Ellman's
reagent, ~1nM hBChE, in 0.1 M phosphate buffer, pH 8.0) for 5min at room
temperature. The reactions were started by addition of the synthetic substrate (final
concentration: 500 uM butyrylthiocholine iodide). The final content of DMSO was
always 1%. The increase in absorbance at 412 nm was monitored for 1 min using a
96-well microplate reader (Synergy H4 and Synergy HT; BioTek Instruments, Inc.,
USA). The initial velocities in the presence (v) and absence (o) of the test compound
were calculated. The inhibitory potency was expressed as the residual activity,
according to the following equation:
RA=(vi—-b)/(w-b),

where b is the blank value using phosphate buffer instead of hBChE. For
ICs0 determinations, seven different concentrations of each compound were used. The
ICs0 values were obtained by plotting the residual hBChE activities against the applied
inhibitor concentrations, with the experimental data fitted to a four-parameter logistic
function. For the fitting procedure, GraphPad Prism 8.4.3 was used. Tacrine served as

the positive control.
Kinetic studies

Compound 26 was tested by measuring the progress curves for BTCI hydrolysis by
hBChE in the absence and presence of the compound at three concentrations (i.e.
40 nM, 80 nM, 160 nM). Assays were carried out over 10 min, in a 0.6 mL cuvette,
using the method of Ellman.['88 The experiments were carried out at 25°C in 25 mM
phosphate buffer, pH = 7.0. The concentration of purified hBChE, which was always
the final addition to these assays, was approximately 1 nM. The hydrolysis of 46 uM
BTCI was followed until completion, in the presence of 1 mM DTNB. Reaching the

plateau was important to get a precise estimate of the actual added BTCI

1
mol-cm

used. All the measurements were performed using a conventional UV/Vis

concentration. For the calculation, the molar absorption coefficient of 13800

was
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spectrophotometer (Cary 3500 UV-Vis spectrophotometer; Agilent). Due to the
experimental manipulation, a dead time of 15 s was added to each measurement, and
all progress curves were extrapolated accordingly prior to the analysis.

The progress-curve analysis was performed using the ENZO web application,
implemented at www.enzo.cmm.ki.si.'®l' This program is designed to generate
differential equations from drawn reaction schemes and subsequently to fit the
coefficients of these equations according to least squares methodology to reproduce
the experimental data using a numerical integration algorithm. For determination of the
kinetics mechanisms and parameters, the van Slyke-Cullen single intermediate
reaction schemel'®? for substrate hydrolysis by hBChE was combined with a reversible
mixed inhibition mechanism (scheme 4). In all of the evaluations, the ki of 814 s, the
substrate specificity constant ki/Km of 1-108 M—1s—, and the inhibition constant of 38.3
MM for the binding of thiocholine-TNB (ks/kz2) in the hydrolysis of BTCI by purified

hBChE were constrained, as these values had been determined previously.[19]
Radiochemistry

[*8F]HF in [*80]H20 was trapped on a QMA cartridge. The cartridge was eluted with 66
mM K2COz aq. (300 L) into a v-vial containing a solution of Kryptofixzz2 (15 mg) in
acetonitrile (500 pL), which was then dried azeotropically at 120°C. The drying was
repeated twice with anhydrous acetonitrile (2 x 500 pL). After the drying procedure, a
solution of the precursor 27 (1 mg) in anhydrous acetonitrile (400 pL) was added to the
v-vial and reacted at 110°C for 10 min. After cooling the reaction mixture with a nitrogen
flow, 5% acetic acid (300 pL) was added to neutralize the base. It was diluted with
water (10 mL) and slowly applied to a Sep-Pak light C18 cartridge to remove the free
fluorine-18. The trapped compound was eluted with ethanol (0.5 mL) and was purified
via preparative HPLC. The collected fraction (Rt = 8.7-9.7 min) was diluted with water
(10 mL) and slowly applied to a Sep-Pak light C18 cartridge. The cartridge was washed
with water (5 mL), then eluted with ethanol (0.5 mL). The [‘®F]-labeled tracer [*8F]-26
was diluted with saline for further ex vivo and in vivo applications.

Prep. HPLC: Shimadzu HPLC with COSMOSIL C18 ARII 6.0x150 mm column, eluent:
Phase A H20 (with 0.1% TFA), Phase B MeCN (with 0.1% TFA). Method: B conc. 0-2
min: 40%, 2-15 min: 40-65%, 15-17 min: 65-96%, 17-20 min: 95%, 20-22 min: 95-40%,
22-30 min: 40%, flow rate = 1.7 mL/min. The radiolabeling was finished manually within

approximately 120 min. The average radiochemical yield was 20 + 3% (decay-
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corrected, n = 2) without reaction condition optimization. Both the tracer identity and

the radiochemical purity (= 95%) were confirmed by TLC autoradiography.
Ex vivo autoradiography on mice brain slices

In the ex vivo autoradiography study, frozen mice brain slices were incubated in a
buffer at pH = 8.0 (150 mM NaCl, 5 mM EDTA, 50 mM NazHPOQ4) containing the tracer
[*8F]-26 (1.44 MBq each) with or without ethopropazine (60 uM) for 30 min at 25°C.
The slices were rinsed subsequently in PBS five times, 1 min each time. The slices
were dried at room temperature with a hairdryer and then exposed to a phosphor
imaging plate (Fuji SR-type image plate, Fujifilm Corporation, Tokyo, Japan) for 30
min. The film was scanned in a GE Amersham Typhoon biomolecular imager (Typhoon
FLA 7000). The obtained images were processed using AMIDE medical imaging
software (version 1.01 for Mac).

In vivo PET imaging

A male Wistar rat (weight 195 g) was anaesthetized using 2% isoflurane. Immediately
after the injection of a solution of radiotracer [8F]-26 in 5% ethanol in saline (6.3 MBQ)
via tail vein, a 60 min dynamic imaging protocol was started using a dedicated small-
animal PET system (microPET FOCUS 120, SIEMENS, Munich, Germany). The data
was sorted into 3-dimensional sinograms, which were then reconstructed with a
Fourier transform to produce dynamic images using a 2-dimensional ordered-subset
expectation maximization (OSEM) algorithm. The obtained PET images were analyzed
with the public domain tool AMIDE. Time-activity curves of regions of interest derived
from the dynamic images were generated. All applicable international, national, and/or
institutional guidelines for the care and use of animals were followed. Animal protocols
were approved by the local Animal Care and Use Committee and conducted according

to the Guide for the Care and Use of Laboratory Animals.
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Selective Inhibitor of Human Butyrylcholinesterase as PET

Tracer (published research work)*%4

The content of this chapter has been published™® (Gentzsch, C.; Hoffmann, M.;
Ohshima, Y.; Nose, N.; Chen, X.; Higuchi, T.; Decker, M. Synthesis and Initial
Characterization of a Selective, Pseudo-irreversible Inhibitor of Human
Butyrylcholinesterase as PET Tracer, ChemMedChem 2021, 16, 1427-1437,
https://doi.org/10.1002/cmdc.202000942) and is adapted with permission from the

respective authors.
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2.2.1. Aim of the Study

This work focused on the design and synthesis of a carbamate-based, 8F-labeled PET
tracer inhibiting hBChE in a pseudo-irreversible manner and especially with long
residence time on the enzyme. The characterization of the compound’s inhibitory
potency and binding kinetics with a subsequent comparison of those attributes with the
non-fluorinated parent compound should enable a first estimation of the compound’s
suitability as radiotracer for hBChE. Importantly, the respective precursor for BF-
radiolabeling should be designed in a way, that enables the radiolabeling process,
since carbamates can easily decompose under the harsh radiolabeling conditions.[164
If a successful radiolabeling can be performed in reasonable time and without
excessive efforts for isolation and purification, the respective radiotracer should be

investigated in preliminary ex vivo autoradiography and in vivo PET studies, as
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described before (cf. chapter 2.1.4.). Consequently, the tracer could be evaluated for
a potential application in BChE-involved diseases as diagnostic or prognostic tool
and/or for disease monitoring (cf. chapter 2). Additionally, a comparison of selective
BChE inhibitors as PET tracers with different binding modes could be made by
comparison to the results of the previous study with a reversible BChE PET tracer (cf.
chapter 2.1.).

2.2.2. Design and Synthesis

For the design of a pseudo-irreversible BChE PET tracer with preferably long duration
of action, a carbamate with a tetracyclic tetrahydroquinazoline-based “carrier” scaffold
and an alkylene linker with a morpholine moiety at its end was chosen as template
(Figure 29).

carbamate group

tetracyclic, tetrahydroquinazoline-
based "carrier" scaffold

Fig. 29. Parent BChE inhibitor, that served as design schedule for a PET tracer with pseudo-irreversible binding mode and long
duration of action.

Even though this compound exhibited slightly decreased inhibitory potency (ICso=49.3
nMI1%5]) on hBChE compared to a respective derivative with an unsubstituted heptyl
chain on the carbamate nitrogen (scheme 6, ICso = 6.4 nMI[164]) extraordinary selectivity
over hAChE was retained (selectivity index >1000[°%l) and even more importantly, the
duration of enzyme inhibition was strongly increased, since the morpholino-hexylene
moiety is transferred on the enzyme by reaction with the catalytically active serine
226,119 as described before (cf. chapter 2). The mechanism of pseudo-irreversible
hBChE inhibition is presented in scheme 6. At first, the formation of a reversible

Carbamate

H Ke
YN Pseudoirreversible
BChE inhibition

/k\ k k
° N [ DE+L-C == [EL-C] —2» EL —2>E
ks -C -
N

C = Carrier

O

Scheme 6. Potent, selective hBChE inhibitor with unsubstituted heptyl chain on the carbamate nitrogen (left) and pseudo-
irreversible mechanism of BChE inhibition (right); E = enzyme (BChE).



2.2.Synthesis and Initial Characterization of a Pseudo-irreversible, Selective
Inhibitor of Human Butyrylcholinesterase as PET Tracer

complex [EL-C] of the respective carbamate-based inhibitor L-C with the enzyme E
occurs, which is described by the equilibrium constant Kc. Importantly, the affinity of
such an inhibitor can only be described by Kc, if the complex formation (described by
rate constant ki) is distinctly faster than the subsequent transfer of the carbamate-
linker group L to the enzyme. This step leads to the covalently inhibited enzyme E-L
and is kinetically described by rate constant ks. Consequently, the carrier scaffold C is
released as free phenol. However, since the covalent inhibition happens due to a
nucleophilic substitution reaction of the serine 226 hydroxy group with the carbamate
functionality, a new carbamate is formed on the enzyme. Because of the sensitivity of
carbamates against hydrolysis, the covalent inhibition is only transient and enzyme
activity is regenerated again, while the linker is released as L~ (likely a carbamic acid
decomposing to the respective primary amine). This step is kinetically characterized
by rate constant ks and reproduces the catalytically active enzyme E.[173-174, 195-196]
Consequently, there are two additional important criteria for the design of a pseudo-
irreversible BChE PET tracer: 1) An appropriate carbamoylation rate ks. Excessive
rates can lead to a premature labeling of BChE in the bloodstream, thus causing an
imaging of vascularized areas (“perfusion scan”). However, true BChE tissue
distribution would not be reflected this way. On the other hand, low ks rates can lead
to a metabolization of the tracer before it actually binds to the target enzyme in the
tissue. Hence, a suitable ks rate should be a compromise to obtain a “molecular scan”
as PET result. 2) A preferably low decarbamoylation rate k4 and thus, a long half-life
tiz of enzyme reactivation. After labeling, the enzyme should remain in the
carbamoylated state for a preferably long time to enable increased times of PET
observation in the interesting areas and thus, a flexible study design with precise
mapping of BChE'’s tissue distribution. As mentioned above, the morpholino-
substituted derivative exhibited way better kinetic characteristics for a suitable PET
tracer than the unsubstituted n-heptyl compound, concerning its ks, ka and ti2 values
(table 4).1164, 199]

Table 4. Kinetic rate constants for carbamoylation k; and decarbamoylation k, and respective half-life t,, of enzyme reactivation
of hBChE of two tetracyclic carbamates with n-heptyl- (scheme 6) and morpholino-hexylene (Fig. 29) substitution on the carbamate

nitrogen. Data is presented with SEM (standard error of the mean) for three independent experiments.

F%fnsl']zM ka+ SEM [h] tua [h]

Morpholino-hexylene 0.16 £ 0.02 0.042 + 0.004 16.50
n-heptyl 0.66 £ 0.32 0.62 £ 0.04 1.12

Linker moiety L




2.2.Synthesis and Initial Characterization of a Pseudo-irreversible, Selective
Inhibitor of Human Butyrylcholinesterase as PET Tracer

Moreover, an 8F- and C-PET tracer derived from the n-heptyl carbamate (Fig. 23
and scheme 6) required quite complicated, harsh and time consuming radiolabeling
procedures, while the !®F-derivative retained the characteristics of its parent
compound, concerning kinetics and inhibitory potency.!'64 Notably, a decreased rate
of carbamoylation ks, which avoids a perfusion PET scan, and a strongly decreased
decarbamoylation rate ka, allowing for prolonged observation times with a long half-life
of enzyme reactivation, represented the motivation to design a respective PET tracer.
Consequently, syntheses for a respective fluorinated, cold compound and a tosylate
precursor were developed (scheme 7 and 8) and performed by Christian Gentzsch and
Dr. Matthias Hoffmann under the supervision of Prof. Dr. Michael Decker (Julius-
Maximilian-University of Wurzburg, Institute of Pharmacy and Food Chemistry). A
fluoromethyl group was introduced on the morpholine ring, since this moiety is
transferred to the enzyme (cf. scheme 6) and the respective compound was

synthetically most easily accessible.

F

Vg H

37

.

[
& e kS

Scheme 7. Synthesis of the cold, fluorinated pseudo-irreversible hBChE inhibitor 37. Reagents and conditions: i) 1.
epifluorohydrine, RT, 3 h; 2. H,SO,4, 140°C, 1 h, 67%; ii) H, (1 atm), Pd/C, MeOH, RT, 1 h, quant.; iii) 2-(6-bromohexyl)isoindoline-
1,3-dione, NEt;, DMF, 105°C, 4 h, 63%; iv) H4N; = H,O, EtOH, 85°C, 4 h, 77 %; v) 1. p-nitrophenyl chloroformate, NEt;, CH,Cl,,
2 h, RT, 67 %; 2. 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]

quinazolin-10-ol, NaH, CH.Cl,, 1 h, RT, 75%.

At first, 4-benzyl-2-(fluoromethyl)morpholine (33) was synthesized using N-benzyl-2-
aminoethanol (32), which was reacted with epifluorohydrin at room temperature and
directly cyclized intramolecularly using sulfuric acid at elevated temperatures to
generate the morpholine heterocycle in satisfying yields.[197-1%8] The benzyl group was
removed quantitatively by catalytic hydrogenation (1 atm) to vyield 2-
(fluoromethyl)morpholine (34).1° This building block was reacted with 2-(6-
bromohexyl)isoindoline-1,3-dione in a nucleophilic substitution reaction to obtain the

respective alkylated phtalimide 35 in satisfying yields. Hydrazinolysis of compound 35
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according to the conditions of Gabriel synthesis gave the respective primary amine 36
in good yields. Activation of compound 36 as reactive carbamate was achieved with p-
nitrophenyl chloroformate in satisfying yields and the activated compound was directly
reacted with the carrier scaffold 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-
b]quinazolin-10-ol, to obtain the desired target compound, 13-methyl-5,8,13,13a-
tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl(6-(2-(fluoromethyl)morpholino)-
hexyl)carbamate (37) in good yields. The detailed synthesis of 13-methyl-5,8,13,13a-
tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-ol itself was previously described in
literature (Sawatzky et al., 2014).[200 As described before (chapter 2.1.2.), the cold
compound 37 was essential to investigate its inhibitory potency and binding kinetics
for comparison with the non-fluorinated derivative (Fig. 29) and it served as reference
during radiolabeling.

Synthesis of a respective tosylate precursor for 8F-radiolabeling was achieved in a
similar way including methoxymethyl (MOM) protection of the carbamate nitrogen
(scheme 8), because direct radiolabeling of the unprotected carbamate precursor can’t
be accomplished due to decomposition (cf. chapter 2.2.1.).1164]

OTos
OTos

OH N
I [ o) N ~
NH i N i [: ii iv v,
[:::]// [:::]/J N I :]
H
o=N0
32 38 39 HN__O
Y

40 41 42
OTos OTos
\/ MeO N
43 44

Scheme 8. Synthesis of tosylated, MOM-protected precursor 44 for ®F-radiolabeling. Reagents and conditions: i) 1.
epichlorohydrine, RT, 3 h; 2. H,SO,, 140°C, 1 h, 67% over two steps; 3. H,O, CHONH,, 145°C, 20 h, 93%; ii) H, (1 atm), Pd/C,
MeOH, RT, 1 h, quant.; iii) 1. 2-(6-bromohexyl)isoindoline-1,3-dione, N,N-diisopropylethylamine (DIPEA), DMF, 100°C, 20 h, 66%;
2. TosCl, NEt;, CH,Cl,, RT, 20 h, 71%; iv) H4N, - H,O, EtOH, 80°C, 1.5 h, 88%; v) 1. p-nitrophenyl chloroformate, NEts;, CH,Cl,,
3 h, RT, 55%; 2. 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-ol, NaH, CH,Cl,, 2 h, RT, 94%; vi) TMS-CI,
paraformaldehyde, CH,Cl,, RT, 18 h; vii) MeOH, RT, 1 h, 85% (two steps).
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N-Benzyl-2-aminoethanol (32) was reacted with epichlorohydrin, followed by
intramolecular, acid-mediated cyclization as described above with epifluorohydrin.[1°7-
198] This procedure yielded 4-benzyl-2-(chloromethyl)morpholine in satisfying yields.
Chlorine was subsequently replaced by a hydroxy group in a nucleophilic substitution
reaction with water at high temperatures, which gave (4-benzylmorpholin-2-
yl)methanol (38) in excellent yields.[%! Catalytic hydrogenation of compound 38 at 1
atm with 10% palladium on activated charcoal as catalyst proceeded quantitatively to
yield morpholin-2-ylmethanol (39). This building block was reacted with 2-(6-
bromohexyl)isoindoline-1,3-dione as described above, yielding the respective N-
alkylated phtalimide for an upcoming Gabriel synthesis. However, first the hydroxy
group was tosylated to avoid reaction of the primary amine after hydrazinolysis with
the applied tosyl chloride.[*®% This gave the respective, tosylated phtalimide 40 in good
yields, which was then subjected to a hydrazinolysis to obtain the respective primary
amine 41 in very good yields. Activation of amine 41 with p-nitrophenyl chloroformate
and subsequent transfer on the phenolic, tetracyclic carrier scaffold was conducted as
described above and gave the unprotected tosylate precursor 42 in excellent yields.
For MOM protection of the carbamate nitrogen, a method was chosen, that avoids the
use of methoxymethyl chloride, which is highly cancerogenic.[?°l The procedure
included the in situ attachment of a chloromethyl group to the carbamate nitrogen with
trimethylsilyl chloride (TMS-CI) and paraformaldehyde to produce the reactive
intermediate 43, which was directly quenched in solution with methanol to give the

desired, MOM-protected precursor 44 in very good yields.
2.2.3. Inhibitory Potency and Binding Kinetics

The fluoromethylated, non-radioactive compound 37 was investigated for its inhibitory
potency on hBChE and hAChE by Dr. Matthias Hoffmann under the supervision of
Prof. Dr. Michael Decker (Julius-Maximilian-University of Wurzburg) using Ellman’s
colorimetric assay, as described previously (cf. chapter 2.1.3 and 2.1.5.).[188] A solution
of DTNB and the respective hChE was incubated with solutions of inhibitor 37 in
different concentrations. Hydrolysis reactions were started by adding the respective
synthetic substrate for each ChE (BTCI for hBChE and acetylthiocholine iodide ATCI
for hAChE). Subsequently, the hydrolyzed thiols were quantified photometrically and
enzyme activity was calculated. 1Cso values were determined after plotting percental

enzyme activities against the logarithmic concentrations of compound 37. The ICso
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value of inhibitor 37 on hBChE was determined as 66.6 nM, while no activity on hAChE
was observed (ICso > 100 uM). As expected, these values were in good accordance
with the parent, non-fluorinated compound (Fig. 29, ICso = 49.3 nM on hBChE, ICso >
100 uM on hAChEI®)), since the introduction of the fluoromethyl group was just a
minor alteration of the molecular structure.

Consequently, kinetic studies with inhibitor 37 were performed by Dr. Matthias
Hoffmann to determine Kc, ks, ks and ti2 (scheme 6). The equilibrium constant K¢ and
the rate constant of carbamoylation ks were measured with the same general setup as
for ICso determination, but the enzyme was pre-incubated for certain times during 40
min with different inhibitor concentrations, before the synthetic substrate BTCI was
added. The resulting, time-dependent plots of enzyme activities allowed for
determination of the first-order rate constant kobs according to the following equation:

A=Ay-e Foost 4 A

In that respect, A is the enzyme activity at the time “t” (Ao at the beginning t = 0 and A«
at infinite time). Consequently, rate constants kobs were obtained for the different
concentrations of inhibitor 37, whose reciprocals were plotted against the inverse

concentration according to the next equation:
1 K. 1 1

= — + —
kobs k3 [37] k3

The linear equation allowed determining ks from the y-intercept and K¢ from the slope.

The equilibrium constant was measured as Kc = 199.9 + 160.4 nM and the rate
constant of carbamoylation ks = 0.42 + 0.25 mint. The ks value was a bit higher than
that of the parent compound (Fig. 29, k3 = 0.16 + 0.02 min-1)[1%] but lower than that of
the n-heptyl derivative (scheme 6, k3 = 0.66 + 0.32 min1)t64 1951 The K. value was in
good accordance with the parent compound (K¢ = 202 + 55 nM).[1%] Generally, these
values were in a promising range to potentially achieve a molecular PET scan with the
respective radiolabeled tracer. The decarbamoylation rate constant ks and the
respective half-life of enzyme reactivation were measured in dilution experiments after
incubation of the enzyme solution with a saturating concentration of 37 to inhibit > 85%
of hBChE by carbamoylation. Subsequent dilution of 1 : 1000 should prevent further
enzyme inhibition and lead to a regeneration of enzyme activity by time-dependent
decarbamoylation (cf. scheme 6). Thus, enzyme activity was measured at several time
points after dilution. The plot was fitted to a first-order exponential curve allowing to

calculate ks from the following equation:
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A=(1—-eF)-(1-4) + A4,
In this way, the decarbamoylation rate constant was determined as ks = 0.043 *
0.003 h't and the corresponding half-life of enzyme regeneration was ti2 = 16.13 h.
These values were in excellent agreement with those of the parent compound (ks =
0.042 + 0.004 ht, ti2 = 16.50 h, cf. table 4).11%! Importantly, a comparison with the
respective values of the n-heptyl derivative (scheme 6) revealed, that the enzyme is
carbamoylated significantly longer (ka = 0.62 + 0.04 h't, ti2=1.12 h, cf. table 4).[164 1%]

2.2.4. ®F-Radiolabeling and preliminary ex vivo and in vivo

Characterization

Due to the promising binding kinetics and inhibitory potency of the cold, fluorinated
hBChE inhibitor 37, radiolabeling of the respective MOM protected tosylate precursor
44 (scheme 8) was attempted in a two-step procedure by Dr. Xinyu Chen under the
supervision of Prof. Dr. Takahiro Higuchi (University Hospital of Wiirzburg, Department
of Nuclear Medicine), including nucleophilic substitution with [*®F]F-, as described
before (chapter 2.1.4. and 2.1.5.) and subsequent MOM deprotection with hydrochloric

acid (scheme 9).
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Scheme 9. ®F-radiolabeling of MOM protected tosylate precursor 44 and subsequent deprotection yielding the respective

radiotracer [*®F]-37.

Precursor 44 was reacted for 10 min with [*®F]KF at elevated temperatures and in the
presence of a [2.2.2.]Jcryptand (Kryptofixzz = K222). Next, removal of the MOM
protecting group was accomplished by adding 6 M aqueous hydrochloric acid and
heating for further 5 min. Purification after radiolabeling was conducted with semi-
preparative HPLC. In this way, radiotracer [*®F]-37 was obtained in a radiochemical
yield of 13% after decay correction and a radiochemical purity of 95.3%, as indicated
by TLC autoradiography. The whole radiolabeling process was feasible in a time frame
of 180 min. This process was an obvious improvement compared to the complicated
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and time-consuming 4-step radiolabeling of the “first generation” carbamate PET
tracers, that had been developed based on the n-heptyl derivative (scheme 6, Fig.
23).1164 Thus, this procedure represents an advantageous, novel strategy for 18F-
radiolabeling of carbamates in general.

Consequently, the radiotracers binding to mice brain tissue was investigated by Dr.
Xinyu Chen with the help of Naoko Nose (Okayama University, Graduate School of
Medicine, Dentistry and Pharmaceutical Sciences) in ex vivo autoradiography
experiments in an identical way as described before (chapter 2.1.4. and 2.1.5.). Freshly
prepared horizontal slices of mice brain were prepared and incubated with a solution
of [*8F]-37 in a phosphate buffer at pH = 8. Ethopropazine hydrochloride served again
as blocking agent to prove the specificity of binding (Fig. 30).
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Fig. 30. Images after ex vivo autoradiography on horizontal slices of mice brain tissue incubated with radiotracer ['®F]-37. Right:

Pre-incubation with ethopropazine hydrochloride as BChE-specific blocking agent, left: Without blocking agent.

The tracer exhibited good binding to the tissue, as indicated by high levels of
radioactivity in relevant brain areas like white matter bundles, thalamus, upper
brainstem and cerebral cortex. Pre-incubation with ethopropazine hydrochloride led to
a strongly decreased binding, however, as some intensity was still detectable, the
tracer could have off-target effects or at least exhibit non-specific binding due to its
pronounced lipophilicity. Notably, these results are similar to the analogous experiment
with the reversible ¥F-labeled radiotracer [18F]-26 (chapter 2.1.4.).
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Finally, the radiotracer’s in vivo distribution was initially investigated in micro-PET
studies by Dr. Xinyu Chen with the help of Naoko Nose, as described before (chapter
2.1.4. and 2.1.5.). After injection of a solution of the tracer in saline to a healthy, male
Wistar rat via tail vein, the anesthetized rat was scanned in a small-animal PET system
to obtain dynamic PET images, which were subsequently analyzed to generate time-

activity curves of regions of interest (Fig. 31).
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Fig 31. Preliminary characterization of in vivo distribution of radiotracer [*®F]-37 via micro-PET with a healthy, male Wistar rat. a)
Dynamic PET images after scanning for 40 min directly after tail vein injection. b) Time-activity curves of regions of interest
generated from the images above, left: Initial 250 s, right: Complete 40 min.

Interestingly, the images and corresponding curves revealed a similar distribution

profile as for the analogous experiment with the reversible radiotracer [*8F]-26. A rapid

enrichment in heart and lung occurred after initial blood pool circulation during the first
minute. Then an accumulation of activity was mainly observed in the liver, while brain

uptake was comparably very low. It is noteworthy, that the parent compound (Fig. 29)

exhibited pro-cognitive and neuroprotective effects in a mouse model of AD with i.c.v.

injected AP25-35.119%1 However, the respective behavioral assays were carried out after

seven days of daily i.p. injections of the compound, consequently a minor brain uptake
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represents no comparable limitation of use as for a PET tracer to target BChE in the
CNS for diagnostic purposes. Thus, both in vivo distribution results with the reversible
tracer [*®F]-26 (chapter 2.1.4.) and the pseudo-irreversible tracer [*8F]-37 might be
indicative of a limited use of inhibitor-type PET tracers targeting CNS BChE. Substrate-
type tracers should likely be more appropriate in this context, even though they must
be designed properly, too, considering their partly quick hydrolysis (cf. chapter 2).
Nevertheless, an application of both tracers in diagnosis, prognosis or disease
monitoring of pathologies with altered BChE activities outside the CNS (e.g. certain
lung cancer types or cardiovascular diseases, cf. chapter 2) is conceivable, especially
since both tracers quickly reach heart and lung. Additionally, reasons for the limited
brain uptake of both tracers should be ascertained (e.g. limited BBB penetration due
to low passive diffusion or extrusion by efflux pumps) to enable the design of more
convenient CNS PET tracers for BChE.

2.2.5. Experimental Procedures

The following section describes detailed procedures for all performed experiments in
the published research work of chapter 2.2.119 Some of the experimental details were

published separately as Supporting Information.
Common reagents and methods for chemical synthesis

Reagents and solvents were obtained from commercial suppliers in reagent grade and
were used without further purification unless stated otherwise. Dichloromethane as
solvent was distilled from CaH2 under argon.

The reaction progress was controlled with analytical thin-layer chromatography (TLC)
on precoated silica gel GF2s4 plates (Macherey Nagel, Duren, Germany). Compounds
were detected under UV light (254 and 366 nm) or through staining with iodine, KMnOa4,
or Ehrlich’s reagent.

Crude products were purified after work-up by manual flash column chromatography.

Silica gel (particle size of 40-63 uM; VWR chemicals, Leuven, Belgium) was used as

the stationary phase and mixtures from petroleum ether/ethyl acetate or
dichloromethane/methanol as eluent systems.

The pure compounds were submitted for nuclear magnetic resonance spectra on an
AV-400 NMR instrument (Bruker) in deuterated solvents (DMSO-ds, CDCls, CD2Cl>,
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CD30OD). Chemical shifts are expressed in ppm relative to DMSO-ds, CDCl3, CD2Clz,
or CD30D (2.50/7.26/5.32/3.31 for *H; 39.5/77.2/53.5/49.0 for 13C).

Purity of the compounds was controlled with analytical HPLC on a Shimadzu system
equipped with a DGU-20A3R controller, LC20AB liquid chromatograph, and SPD-20 A
UV/Vis detector (Shimadzu): Stationary phase: Synergi 4 U fusion RP (Synerqi,
Aschaffenburg, Germany) column; mobile phase: water + 0.1% formic acid (phase

A) and methanol + 0.1% formic acid (phase B) with a flow of 1.0 mL/min. Method: conc.
B, gradient 5 2 90% from O to 8 min, 90% isocratic from 8 to 13 min, gradient 90 ->
5% from 13 to 15 min, 5% isocratic from 15 to 18 min. Compounds were detected at A

= 254 nm, and target compounds were = 95% pure.

Synthesis of 4-benzyl-2-(fluoromethyl)morpholine (33)
F
Y
Cy

In a flask, 2-(benzylamino)ethan-1-ol (32; 1.866 mL, 1.988 g, 13.15 mmol, 1 eq) and
epifluorohydrin (1 g, 13.15 mmol, 1 eq) were mixed and stirred for 3 h at room
temperature. Then concentrated sulfuric acid (5 mL) was added carefully and the
mixture was heated up to 140°C for 1 h. Afterwards, the reaction mixture was allowed
to cool down to room temperature and was poured onto ice. The aqueous layer was

basified with aqueous sodium hydroxide (10 M) and extracted with three portions of
ethyl acetate. The combined organic layers were washed with water and brine, dried
over sodium sulphate, filtered, and evaporated to dryness under reduced pressure.
The residue was purified by manual flash column chromatography (petroleum ether/

ethyl acetate = 3:1, Rr = 0.35) to yield 4-benzyl-2-(fluoromethyl)morpholine (33; 1.31

g, 6.26 mmol, 48%) as colorless oil.

IH-NMR (400 MHz, CDCI): & [ppm] = 7.29-7.14 (m, 5H), 4.41-4.31 (m, 1H), 4.29-4.21
(m, 1H), 3.89-3.58 (m, 3H), 3.53-3.35 (M, 2H),
2.74-2.55 (m, 2H), 2.14 (td, J = 11.4, 3.3 Hz,
1H), 2.04-1.86 (m, 1H).

13C NMR (101 MHz, CDCl3): & [ppm] = 137.7 (1 C), 129.3 (2 C), 128.5 (2 C), 127.4 (1
C), 85.0 (1 C), 83.3 (1 C), 74.5 (0.5 C), 74.3
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(0.5C),66.9 (1 C), 63.5 (1 C), 53.9 (1 C), 53.8
(1 C), 53.0 (1 C).

MS (ESI): [M+H]" calculated for C12H1sNOF = 210.13, found 210.10.

Synthesis of 2-(fluoromethyl)morpholine (34)
Y
[N
A solution of 4-benzyl-2-(fluoromethyl)morpholine (33; 1.3 g, 6.21 mmol, 1 eq) in MeOH
(30 mL) was prepared and formic acid (0.5 mL) was added. No precipitation was
observed. Then palladium on activated charcoal (10 wt-%, 130 mg) was added and
the atmosphere was replaced with hydrogen. The mixture was stirred for 1 h at room
temperature. After that, the catalyst was filtered off by a pad of celite, which was
washed with methanol. The filtrate was evaporated to dryness in vacuo to yield 2-
(fluoromethyl)morpholine as its formiate salt (34; 1.025 g, 6.21 mmol, quant.) as
colorless oll.
!H-NMR (400 MHz, CD30OD): & [ppm] = 8.37 (s, 1H), 4.57-4.49 (m, 1H), 4.44-4.37 (m,
1H), 4.15-4.06 (m, 1H), 4.04-3.90 (m, 1H),
3.90-3.80 (m, 1H), 3.39-3.32 (m, 1H), 3.29-
3.26 (m, 1H), 3.25 (dt, J = 2.5, 1.3 Hz, 1H),
3.18-3.12 (m, 1H), 3.10-2.99 (m, 1H).

13C-NMR (101 MHz, CDz0D): & [ppm] = 168.2 (1 C), 84.8 (1 C), 83.1 (1 C), 73.6 (0.5
C), 73.4 (0.5 C), 64.9 (1 C), 43.8 (1 C).

MS (ESI): [M+H]* calculated for CsH10FNO = 120.08; found 120.15.

Synthesis of 2-(6-(2-(fluoromethyl)morpholino)hexyl)isoindoline-1,3-dione (35)

b
A

2-(Fluoromethyl)morpholine hydroformiate (34; 1001 mg, 6.06 mmol, 1 eq) was

F

dissolved in dry dimethylformamide (10 mL) and triethylamine (3 mL) was added. Then

2-(6-bromohexyl)isoindoline-1,3-dione (2 g, 6,45 mmol, 1.06 eq) was added and the
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resulting solution was heated to 105°C for 4 h. The mixture was allowed to cool down

to room temperature and water was added. The aqueous layer was extracted with

three portions of ethyl acetate. Then the combined organic layers were washed with
water and brine, dried over sodium sulphate, filtered, and the solvent was evaporated
under reduced pressure. The residue was purified by manual column chromatography

(CH2CIl2/MeOH = 98:2, Rt = 0.33) to yield 2-(6-[2-(fluoromethyl)morpholino]-

hexyl}isoindoline-1,3-dione (35; 1.334 g, 3.83 mmol, 63%) as colorless oil.

IH-NMR (400 MHz, CDCls): & [ppm] = 7.80-7.74 (m, 2H), 7.66-7.61 (m, 2H), 4.41-
4.36 (M, 1H), 4.29-4.24 (m, 1H), 3.83 (ddd, J
= 11.3, 3.3, 1.7 Hz, 1H), 3.66-3.50 (m, 4H),
2.74-2.67 (m, 1H), 2.61 (dd, J = 11.5, 1.9 Hz,
1H), 2.34-2.22 (m, 2H), 2.05 (td, J = 11.4, 3.3
Hz, 1H), 1.94-1.82 (m, 1H), 1.69-1.56 (m,
3H), 1.50-1.36 (m, 3H), 1.37-1.24 (m, 4H).

13C-NMR (101 MHz, CDCls): & [ppm] = 168.4 (1 C), 133.9 (2 C), 132.2 (1 C), 123.3 (2
C), 84.9 (1 C), 83.1 (1 C), 74.3 (0.5 C), 74.1
(0.5C), 66.8 (1 C), 58.8 (1 C), 54.0 (1 C), 52.9
(1 C), 37.9 (1 C), 28.5 (1 C), 27.0 (1 C), 26.7
(1 C), 26.4 (1 C).

MS (ESI): [M+H]* calculated for C19H26N204 = 349.19, found 349.15.

Synthesis of 6-(2-(fluoromethyl)morpholino)hexan-1-amine (36)
HoN
4\_\_\»
N O
=

To a solution of 2-{6-[2-(fluoromethyl)morpholino]hexyl}isoindoline-1,3-dione (35; 1.2

F

g, 3.44 mmol, 1 eq) in ethanol (50 mL), hydrazine hydrate (1 mL, > 5 eq) was added.
The solution was heated to 85°C for 4 h. Then the mixture was allowed to cool down
to room temperature and the precipitate was filtered off. The filtrate was evaporated to
dryness under reduced pressure. The residue was triturated with dichloromethane,

filtered, and the filtrate was evaporated under reduced pressure to yield 6-[2-
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(fluoromethyl)morpholinolhexan-1-amine (36; 577 mg, 2.64 mmol, 77%) as colorless

oil without further purification.

IH-NMR (400 MHz, CDCls): & [ppm] = 4.48-4.42 (m, 1H), 3.95-3.86 (m, 1H), 3.72-
3.64 (m, 1H), 3.64-3.58 (m, 1H), 2.80-2.74
(m, 1H), 2.71-2.63 (m, 3H), 2.37-2.29 (m,
2H), 2.12 (td, J=11.5, 3.4 Hz, 1H), 2.01-1.89
(m, 1H), 1.55-1.41 (m, 4H), 1.39-1.27 (m,
4H).

13C-NMR (101 MHz, CDCls): & [ppm] = 85.0 (1 C), 83.3 (1 C), 74.4 (0.5 C), 74.2
(0.5 C),67.0(1C),59.1 (1 C),54.2 (1 C), 54.1

(1C),53.1(1C),42.2(1C),33.7(1C), 27.4
(1 C), 26.9 (1 C), 26.6 (1 C).

MS (ESI): [M+H]* calculated for C11H23FN20OH = 219.19; found 219.20.

Synthesis of 4-Nitrophenyl-{6-[2-(fluoromethyl)morpholino]hexyl}carbamate

NO,

(6] (0]

F/\O/J/\/\/\/NH
To a solution of 6-[2-(fluoromethyl)morpholinolhexan-1-amine (36; 500 mg, 2.29 mmol)
in dry dichloromethane (10 mL), triethylamine (0.5 mL) and 4-nitrophenylchloroformiate
(508 mg, 2.52 mmol) were added. The resulting solution was stirred for 2 h at room
temperature. Then the solvent was evaporated under reduced pressure and the
residue was purified by manual flash column chromatography (eluent = CH2Cl2/MeOH
99:1, Rr= 0.11) to yield 4-nitrophenyl! {6-[2-(fluoromethyl)morpholino]hexyl}carbamate
(588 mg, 1.53 mmol, 67%) as yellow oil.

MS (ESI): [M+H]* calculated for CisH26FN30s = 384.20, found 384.05.

Due to high instability of the title compound only LC/MS data was measured, before

directly reacting it in the next step.
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Synthesis of 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl
(6-(2-(fluoromethyl)morpholino)hexyl)carbamate (37)

HN
0=
(0] N\

To a solution of 4-nitrophenyl [6-(2-(fluoromethyl)morpholino)hexyl]carbamate (86 mg,
0.23 mmol, 1.2 eq) and 13-methyl-5,8,13,13atetrahydro-6H-isoquinolino[1,2-
b]quinazolin-10-ol (50 mg, 0.19 mmol, 1 eq), sodium hydride (60% suspension in
paraffin oil, 9 mg, 0.23 mmol, 1 eq) was added. The resulting mixture was stirred for
1 h at room temperature. Then water was added and the aqueous layer was extracted
with three portions of dichloromethane. The combined organic layers were washed
with water, saturated aqueous sodium hydrogen carbonate solution and brine, dried
over sodium sulphate, filtered, and evaporated to dryness under reduced pressure.
The residue was purified by manual flash column chromatography (CH2Cl2/MeOH =
98:2, Rt = 0.14) to yield 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-
b]quinazolin-10-y{6-[2-(fluoromethyl)morpholino]hexyl}carbamate (37; 72 mg, 0.14
pmol, 75%) as colorless oil.

IH-NMR (400 MHz, CD2Cl2): & [ppm] = 7.38-7.32 (m, 1H), 7.22-7.15 (m, 2H), 7.14-
7.09 (m, 1H), 6.89-6.81 (m, 2H), 6.74-6.68
(m, 1H), 4.77 (s, 1H), 4.42-4.35 (m, 1H),
4.30-4.22 (m, 1H), 3.94 (d, J = 15.6 Hz, 1H),
3.89-3.79 (m, 2H), 3.78-3.58 (m, 2H), 3.24-
3.11 (m, 3H), 3.10-2.98 (m, 1H), 2.83-2.60
(m, 4H), 2.51 (s, 3H), 2.34-2.26 (m, 2H), 2.06
(td, J = 11.4, 3.3 Hz, 1H), 1.94-1.82 (m, 1H),
1.55-1.39 (m, 4H), 1.37-1.26 (m, 4H).

13C-NMR (101 MHz, CD2Cl2): & [ppm] = 155.5 (1 C), 146.3 (1 C), 144.9 (1 C), 136.7 (1
C), 1345 (1 C), 129.1 (1 C), 128.9 (1 C),
127.7 (1 C), 126.1 (1 C), 120.7 (1 C), 120.5 (1

C), 120.0 (1 C), 85.5 (1 C), 83.8 (1 C), 76.8 (1
C), 74.8 (0.5 C), 74.6 (0.5 C), 67.0 (1 C), 56.5
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(1 C), 54.38 (1 C), 54.33 (1 C), 54.26 (1 C),
53.8 (1 C), 53.4 (1 C), 48.3 (1 C), 41.5 (1 C),
38.2 (1 C), 30.2 (1 C), 29.0 (1 C), 27.4 (1 C),
27.0 (1 C), 26.8 (1 C).

MS (ESI): [M+H]* calculated for C29H39FN4O3 = 511.31, found 511.15; HPLC: tr=6.74
min, 97.5% purity.

Synthesis of 4-Benzyl-2-(chloromethyl)morpholine

Cl
O

Y

N

o

2-(benzylamino)ethan-1-ol (32) (4.72 mL, 5 g, 33.7 mmol, 1 eq) and epichlorohydrin
(2.59 mL, 3.06 g, 33.7 mmol, 1 eq) were mixed and stirred together for 3 h at room
temperature until TLC (CH2Cl2/MeOH = 95/5; Ri(intermediate) = 0.42) indicated
complete conversion. Then concentrated sulfuric acid (V = 6.5 mL) was added
dropwise and the resulting mixture was heated up to 140°C for 1 h. The mixture was
allowed to cool down to room temperature and poured onto ice. The pH value was
adjusted to pH = 9 with aqueous sodium hydroxide solution (5 M). The separated oil
was extracted with three portions of toluene. The combined organic layers were
washed with water and brine, dried over sodium sulphate, filtered, and evaporated to
dryness in vacuo. NMR data indicated sufficient purity. 4-Benzyl-2-

(chloromethyl)morpholine (5.11 g, 22.6 mmol, 67%) was obtained as pale yellow oil.

'H-NMR (400 MHz, CDClz): d [ppm] = 7.30-7.15 (m, 5H), 3.88-3.79 (m, 1H), 3.74-
3.58 (m, 2H), 3.48-3.36 (m, 4H), 2.82-2.72 (m,
1H), 2.62-2.52 (m, 1H), 2.14 (td, J = 11.3, 3.3
Hz, 1H), 1.94 (dd, J = 11.1, 9.8 Hz, 1H).

13C-NMR (101 MHz, CDCl3): & [ppm] = 137.6 (1C), 129.2 (2C), 128.4 (2C), 127.4

(1C), 75.2 (1C), 66.9 (1C), 63.3 (1C), 56.0
(1C), 52.82 (1C), 45.0 (1C).

MS (ESI): [M+H]" calculated for C12H16CINOH = 227.10; found 227.15;

TLC: petroleum ether/ethyl acetate = 1/1, Rr = 0.6.
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Synthesis of (4-benzylmorpholin-2-yl)methanol (38)

OH
O

Y

N

o

A solution of 4-benzyl-2-(chloromethyl)morpholine (2 g, 8.86 mmol, 1 eq) in formamide
(V =20 mL) was prepared and water (V =5 mL) was added. The resulting mixture was
heated up to 145°C for 20 h. Then the reaction was stopped and the reaction mixture
was cooled down to room temperature. Water was added and the aqueous layer was
extracted with three portions of ethyl acetate. The combined organic layers were
washed with water and brine, dried over sodium sulphate, filtered, and evaporated to
dryness in vacuo. The oily residue was purified by manual flash column
chromatography (CH2Cl2/MeOH = 95/5, Rt = 0.32) to yield 4-(benzylmorpholine-2-
yl)methanol (38) (1.71 g, 8.25 mmol, 93%) as colorless oil.

1H-NMR (400 MHz, CDCl3): & [ppm] = 7.26-7.14 (m, 5H), 3.86-3.78 (m, 1H), 3.68-
3.37 (M, 6H), 2.64-2.56 (m, 2H), 2.12 (td, J =
11.4, 3.3 Hz, 1H), 1.93 (dd, J = 11.4, 10.0 Hz,
1H).

13C-NMR (101 MHz, CDCl3): & [ppm] = 137.7 (1C), 129.3 (2C), 128.4 (2C), 127.4
(1C), 76.1 (1C), 66.8 (1C), 64.4 (1C), 63.5
(1C), 54.7 (1C), 53.2 (1C).

MS (ESI): [M+H]* calculated for C12H17NO2H = 208.14; found 208.05.

Synthesis of morpholin-2-yImethanol (39)

OH
O

Cy
To a solution of 4-(benzylmorpholine-2-yl)methanol (38) (700 mg, 3.38 mmol, 1 eq) in
methanol (V = 20 mL), palladium on activated charcoal (10% Pd) (100 mg, 14 wt.-%)
and formic acid (V = 0.2 mL) were added. The atmosphere was replaced with hydrogen
using a balloon (1 atm) and the resulting mixture was stirred for 1 h at room
temperature until TLC indicated the full conversion of the starting material. Then the

catalyst was filtered off over a pad of celite. The celite was washed with methanol and
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the filtrate was evaporated to dryness in vacuo. Morpholin-2-ylmethanol (39) (550 mg,
3.37 mmol, quant.) was obtained as its formiate salt (colorless oil) and was used

without further purification.
TLC: CH2Cl2/MeOH = 95/5; Rf = 0.05.
MS (ESI): [M+H]* calculated for CsH1:NO2H = 118.09; found 118.15.

Synthesis of 2-(6-(2-(hydroxymethyl)morpholino)hexyl)isoindoline-1,3-dione

T
Q

Morpholine-2-ylmethanol formiate (39) (500 mg, 3.06 mmol, 1 eq) was dissolved in

OH

dimethylformamide and diisopropylethylamine (V = 1.56 ml, 1.19 g, 9.18 mmol, 3 eq)
and 2-(6-bromohexyl)isoindoline-1,3-dione (1044 mg, 3.37 mmol, 1.1 eq) were added.
The solution was heated up to 100°C for 20 h. After that, the reaction mixture was
cooled down to room temperature and water was added. The aqueous layer was
extracted with three portions of ethyl acetate. The combined organic layers were
washed with water and brine, dried over sodium sulphate, filtered, and evaporated to
dryness under reduced pressure. The residue was purified by flash column
chromatography (@ =3 cm, h=15cm, V = 20 mL, CH2Cl2/MeOH = 95/5, Rf = 0.22) to
yield 2-{6-[2-(hydroxymethyl)morpholino]hexyl}isoindoline-1,3-dione (700 mg, 2.02
mmol, 66%) as colorless oil.

1H-NMR (400 MHz, CDCl3): & [ppm] = 7.86-7.79 (m, 2H), 7.73-7.64 (m, 2H), 3.98-
3.83 (M, 1H), 3.80-3.49 (m, 4H), 2.78-2.61 (m,
2H), 2.39-2.25 (m, 2H), 2.17-2.02 (m, 2H),
2.02-1.83 (m, 2H), 1.7-1.59 (m, 2H), 1.57-1.41
(m, 2H), 1.42-1.30 (m, 4H).

13C-NMR (101 MHz, CDCl3): & [ppm] = 168.6 (2C), 134.0 (2C), 132.3 (2C), 123.3
(2C), 76.0 (1C), 66.7 (1C), 64.5 (1C), 59.0
(1C), 54.9 (1C), 53.3 (1C), 38.1 (1C), 28.6
(1C), 27.1 (1C), 26.9 (1C), 26.5 (1C).

MS (ESI): [M+H]* calculated for C19H26N204 = 347.20, found 347.05.
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Synthesis of (4-(6-(1,3-dioxoisoindolin-2-yl)hexyl)morpholin-2-yl)methyl 4-

methylbenzenesulfonate (40)

T
2

Triethylamine (V = 197 pL, 144 mg, 1.42 mmol, 1.2 eq) was added to a solution of 2-

OTos

{6-[2-(hydroxymethyl)morpholino]hexyl}isoindoline-1,3-dione (410 mg, 1.18 mmol, 1
eq) in dry dichloromethane (V = 10 mL). After addition of p-toluenesulfonyl chloride
(271 mg, 1.42 mmol, 1.2 eq) the solution was stirred for 20 h at room temperature. The
reaction was stopped by addition of water and the layers were separated. The aqueous
phase was extracted with two portions of dichloromethane. The combined organic
layers were washed with water, saturated sodium hydrogen carbonate solution and
brine, then dried over sodium sulphate, filtered and evaporated to dryness in vacuo.
The residue was purified by manual flash column chromatography (CH2Cl2/MeOH =
98/2, R = 0.31) to yield 4-{6-[1,3-dioxoisoindolin-2-yl)hexyllmorpholin-2-yl}methyl 4-

methylbenzenesulfonate (40) (417 mg, 0.83 mmol, 71%) as colorless oil.

1H-NMR (400 MHz, CDCl3): & [ppm] = 7.86-7.81 (m, 2H), 7.81-7.76 (m, 2H), 7.74-
7.68 (m, 2H), 7.36-7.31 (m, 2H), 4.06-3.93 (m,
2H), 3.83-3.63 (m, 4H), 3.64-3.52 (m, 1H),
2.70 (d, J=11.1 Hz, 1H), 2.62 (d, J = 11.4 Hz,
1H), 2.32-2.22 (m, 2H), 2.10-2.00 (m, 1H),
1.84 (t, J = 10.6 Hz, 1H), 1.73-1.61 (m, 3H),
1.48-1.39 (m, 2H), 1.39-1.29 (m, 6H).

13C-NMR (101 MHz, CDCl3): & [ppm] = 168.6 (2C), 145.0 (1C), 134.0 (2C), 133.0
(1C), 132.3 (2C), 130.0 (2C), 128.2 (2C),
123.3 (2C), 73.0 (1C), 70.5 (1C), 66.8 (1C),
58.8 (1C), 54.8 (1C), 53.6 (1C), 52.9 (1C),
38.0 (1C), 28.6 (1C), 27.0 (1C), 26.8 (1C),
26.4 (1C), 21.8 (1C).

MS (ESI): [M+H]* calculated for C26H32N206SH = 501.21; found 501.15.
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Synthesis of (4-(6-aminohexyl)morpholin-2-yl)methyl-4-methylbenzenesulfonate (41)

HoN
4\_\_\»
N 0]

L& OTos

Hydrazine hydrate (V = 0.2 mL) was added to a solution of 4-{6-[1,3-dioxoisoindolin-2-
yl)hexyllmorpholin-2-yl}methyl 4-methylbenzenesulfonate (40) (193 mg, 0.39 mmol) in
ethanol (V =20 mL). The resulting mixture was heated up to 80°C and stirred for 1.5 h.
After that, the solution was cooled down to room temperature and the precipitated solid
was filtered off. The filtrate was evaporated to dryness under reduced pressure and
the residue was triturated with dichloromethane, filtered and evaporated to dryness
under reduced pressure to vyield [4-(6-aminohexyl)morpholin-2-yllmethyl 4-
methylbenzenesulfonate (41) (126 mg, 0.34 mmol, 88%) as colorless oil which was

used without further purification.

Synthesis of (4-(6-(((4-nitrophenoxy)carbonyl)amino)hexyl)morpholin-2-yl)methyl-4-
methylbenzenesulfonate

o
L&

A solution of [4-(6-aminohexyl)morpholin-2-ylimethyl-4-methylbenzenesulfonate (41)

OTos

(377 mg, 1.02 mmol, 1 eq) in dry dichloromethane (V = 10 mL) was prepared and
triethylamine (V = 162 pL, 123 mg, 1.22 mmol, 1.2 eq) was added. Finally 4-
nitrophenylchloroformiate was added and the resulting solution was stirred for 3 h at
room temperature. After TLC indicated the completion of reaction, the solvent was
evaporated under reduced pressure and the residue was purified by flash column
chromatography (CH2Cl2/MeOH = 98/2, Rf = 0.15) to vyield [4-(6-{[(4-
nitrophenoxy)carbonyllJamino}hexyl)morpholin-2-yljmethyl 4-methylbenzenesulfonate
(302 mg, 0.56 mmol, 55%) as yellow oil.

Due to the high instability of the title compound, the compound was used directly in the

next step.
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Synthesis of (4-(6-((((13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]-
guinazolin-10-yl)oxy)carbonyl)amino)hexyl)morpholin-2-yl)methyl 4-methyl-
benzenesulfonate (42)

To a solution of [4-(6-{[(4-nitrophenoxy)carbonyllamino}hexyl)morpholin-2-ylmethyl 4-
methylbenzenesulfonate (117 mg, 0.22 mmol, 1.2 eq) in dry dichloromethane (V = 10
mL), 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-ol (52 mg,
0.20 mmol, 1 eq) and sodium hydride (60% in paraffin oil, 13 mg, 0.33 mmol, 1.65 eq)
were added. The resulting mixture was stirred for 2 h at room temperature. After that,
water was added and the aqueous layer was extracted with three portions of
dichloromethane. The combined organic layers were washed with water, two portions
of saturated, aqueous sodium hydrogen carbonate solution, and brine, then dried over
sodium sulphate. The solvent was evaporated to dryness under reduced pressure. The
residue was purified by flash column chromatography (petroleum ether/ethyl acetate =
1/1, Rf = 0 to remove unreacted 13-methyl-5,8,13,13a-tetrahydro-6Hisoquinolino[1,2-
b]lquinazolin-10-ol (Rf = 0.5), then CH2Cl2/MeOH = 98/2, Rt = 0.12) to yield {4-[6-({[(13-
methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-yl)oxy]carbonyl}-

amino)hexyllmorpholin-2-yl}methyl 4-methylbenzenesulfonate (42) (122 mg, 0.18

mmol, 94%) as colorless oil.

1H-NMR (400 MHz, CDCl3): & [ppm] = 7.81-7.76 (m, 2H), 7.40-7.36 (m, 1H), 7.35-
7.31(m, 2H), 7.24-7.19 (m, 2H), 7.17-7.13 (m,
1H), 6.91-6.87 (m, 2H), 6.78-6.75 (m, 1H),
4.84 (s, 1H), 4.00 (qd, J = 10.4, 5.1 Hz, 3H),
3.90-3.75 (m, 3H), 3.71-3.58 (m, 2H), 3.33-
3.18 (m, 3H), 3.18-3.02 (m, 1H), 2.91-2.64 (m,
2H), 2.58 (s, 3H), 2.42 (s, 3H), 2.33 (dd, J =
7.5, 5.2 Hz, 2H), 2.17-2.06 (m, 1H), 1.99-1.87
(m, 1H), 1.61-1.43 (m, 4H), 1.42-1.28 (m, 6H).

13C-NMR (101 MHz, CDCls): & [ppm] = 155.3 (1C), 145.9 (1C), 145.0 (1C), 144.4
(1C), 136.1 (1C), 134.0 (1C), 133.0 (1C),
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130.0 (2C), 128.92 (1C), 128.86 (1C), 128.1
(2C), 127.6 (1C), 125.9 (1C), 125.3 (1C),
120.4 (1C), 120.1 (1C), 119.7 (1C), 77.4 (1C),
72.9 (1C), 70.4 (1C), 66.6 (1C), 58.8 (1C),
56.3 (1C), 54.7 (1C), 52.9 (1C), 47.9 (1C),
41.2 (1C), 38.0 (1C), 29.9 (1C), 28.7 (1C),
27.1 (1C), 26.7 (1C), 26.3 (1C), 21.8 (1C).

MS (ESI): [M+H]* calculated for CssHasN4OsSH = 663.32; found 663.20; HPLC: Rt =
6.74 min, purity = 97.5%.

Synthesis of (4-(6-((methoxymethyl)(((13-methyl-5,8,13,13a-tetrahydro-6H-
isoquinolino[1,2-b]quinazolin-10-yl)oxy)carbonyl)amino)hexyl)morpholin-2-yl)methyl
4-methylbenzenesulfonate (44)

N/—\O
<Oﬁe/—/J LQ»OTOS
piyeed
(0] N\
To a solution of {4-[6-({[(13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-
b]quinazolin-10-yl)oxy]carbonyl}amino)hexyllmorpholin-2-yl}methyl-4-methyl-
benzenesulfonate (12) (51 mg, 77 ymol, 1 eq) in dry dichloromethane (V = 5 mL),
paraformaldehyde (3.5 mg, 115 ymol, 1.5 eq) and fresh trimethylsilyl chloride (V =29.3
ML, 25.1 mg, 231 umol, 3 eq) were added. The resulting mixture was stirred for 18 h at
room temperature. After that, methanol (V = 2 mL) was added and the mixture was
stirred at room temperature for 1 h. Saturated sodium hydrogen carbonate solution
was added afterwards and the aqueous layer was extracted with three portions of
dichloromethane. The combined organic layers were washed with water and brine,
dried over sodium sulphate and filtered. The solvent was removed under reduced
pressure. The residue was purified by flash column chromatography (CH2Clz/methanol
= 98/2, Rr = 0.15) to yield (4-{6-[(methoxymethyl){[(13-methyl-5,8,13,13atetrahydro-
6H-isoquinolino[1,2-b]quinazolin-10-yl)oxy]carbonyl}amino]hexyl}morpholin-2-
yl)methyl 4-methylbenzenesulfonate (44) (46 mg, 65 pmol, 84%) as colorless oil.
IH-NMR (400 MHz, CD2Cl2): & [ppm] = 7.80-7.75 (m, 2H), 7.42-7.35 (m, 3H), 7.27-

7.20 (m, 2H), 7.19-7.14 (m, 1H), 6.95-6.85 (m,
2H), 6.79-6.74 (m, 1H), 4.88-4.73 (m, 3H),
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4.04-3.93 (m, 3H), 3.89 (d, J = 15.7 Hz, 1H),
3.78 (d, J = 11.3 Hz, 1H), 3.73-3.66 (m, 1H),
3.56 (t, J = 10.8 Hz, 1H), 3.47-3.31 (m, 5H),
3.29-3.20 (m, 1H), 3.13-3.02 (m, 1H), 2.82 (dt,
J = 9.6, 4.6 Hz, 1H), 2.76-2.59 (m, 3H), 2.56
(s, 3H), 2.45 (s, 3H), 2.33-2.24 (m, 2H), 2.05
(t, J = 10.7 Hz, 1H), 1.82 (t, J = 10.6 Hz, 1H),
1.76-1.58 (m, 2H), 1.52-1.26 (m, 6H).

13C-NMR (101 MHz, CD2Cl2): & [ppm] = 155.7 (1C), 146.1 (1C), 145.2 (1C), 144.6
(1C), 136.4 (1C), 134.2 (1C), 132.9 (1C),
129.9 (2C), 128.8 (1C), 128.6 (1C), 128.0
(2C), 127.4 (1C), 125.8 (2C), 120.3 (1C),
120.0 (1C), 119.6 (1C), 79.3 (0.5C), 79.1
(0.5C), 76.5 (1C), 73.0 (1C), 70.7 (1C), 66.6
(1C), 58.7 (1C), 56.1 (1C), 55.6 (0.5C), 55.4
(0.5C), 54.6 (1C), 52.9 (1C), 47.9 (1C), 37.8
(1C), 28.6 (1C), 27.1 (1C), 26.8 (1C), 26.5
(1C), 21.4 (1C).

MS (ESI): [M+H]* calculated for CssHsoN4O7SH = 707.35; found 707.20; HPLC: Rt =
8.66 min, purity 95.5%.

Colorimetric Ellman’s assay

hAChE (EC 3.1.1.7, from human erythrocytes), DTNB (Ellman’s reagent), ATCI and
BTCI were purchased from Sigma-Aldrich. hBChE (E.C. 3.1.1.8) was kindly donated
by Dr. Oksana Lockridge, Nebraska Medical Centre. For the assays, the inhibitors were
dissolved in ethanol (absolute, reag. Ph. Eur.) to give a concentration of 3.33 mM (100
MM in the assay) and stepwise diluted to 3.33 nM (0.1 nM in the assay). The buffer was
prepared from 3.12 g of potassium dihydrogen phosphate in 500 mL of doubly distilled
water. After the potassium dihydrogen phosphate was dissolved, the pH value was
adjusted 8.0 with 0.1 M sodium hydroxide solution. Both enzymes were dissolved in
assay buffer and diluted to 2.5 units/mL. The solutions were stabilized with 1 mg/mL of

bovine serum albumin (Sigma-Aldrich) and were stored at 7°C until usage. DTNB was

dissolved in buffer at 10 mM (0.3 mM in the assay). The substrates ATCI and BTCI
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were prepared with a concentration of 75 mM (452 uM in the assay) in assay buffer
and kept frozen until usage. The absorbance of probes was measured with a Shimadzu
UVmini-1240 spectrometer at 412 nm.

ICs0 determination: The assay was carried out at room temperature (25 °C). Thereby,
900 L of the buffer, 30 uL of DTNB solution (10 mM, 0.3 mM in the assay) and 30 uL
of enzyme solution (hRAChE or hBChE, 2.5 units/mL) were mixed in a cuvette. The
incubation was started directly after the addition of 30 yL of solutions of inhibitor 37
(scheme 7) in different concentrations. The solutions were mixed well by manual
stirring. After 20 min incubation, 6 uL of substrate solution (ATCI or BTCI; 75 mM, 452
MM in the assay) were added. The mixture was left for 2.5 min to allow substrate
hydrolysis, and the absorbance was measured at A = 412 nm, whereas enzyme activity
was determined three times for every concentration with at least seven different
concentrations. A blank value was determined by replacing the enzyme solution with
buffer, the compound solution was replaced with ethanol. The maximum enzyme
activity was determined with 30 pL of ethanol instead of the compound solution. 10%
of ethanol did not reduce enzyme activity. The enzyme activity in percent of maximum
activity was plotted against the logarithmic inhibitor concentration, from which ICso

values were calculated with the software GraphPad Prism 5.
Kinetic studies

For determination of K¢ and ks values, the same general setup was used (900 uL of
the assay buffer, 30 yL of DTNB solution (10 mM, 0.3 mM in the assay), and 30 uL of
hBChE solution (2.5 units/mL) were mixed at room temperature). Then, 30 L of
solutions of inhibitor 37 (scheme 7) in different concentrations were added, but enzyme
activity was determined after 1, 2, 4, 6, 10, 15, 20, 30, and 40 min of incubation by
addition of 6 uL of BTCI solution (75 mM, 452 uM in the assay). The absorbance at A
= 412 nm was measured after 2.5 min. All concentrations were measured three times,
at least five different concentrations were measured for at least seven time points. The
obtained enzyme activities in percent of maximum enzyme activity were plotted in a
time-dependent manner and fitted to the following equation (cf. chapter 2.2.3.) to

determine the rate constant kobs using the software GraphPad Prism 5.
A=Ay e Kobst 4 A

The obtained inverse rate constants kobs were plotted against the reciprocal

concentration [I]1, and ks was calculated from the y-intercept of the resulting curve,
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and Kc from the slope of the resulting linearization according to the following equation

(cf. chapter 2.2.3.) using the software GraphPad Prism 5.

1 K. 1

1
= — + —
kobs k3 [1] k3

For the measurement of decarbamoylation kinetics, the enzyme was incubated with
inhibitor 37 (scheme 7) to carbamoylate > 85% of the enzyme. After 1 h, the solution
was diluted 1000-fold to stop any further carbamoylation. The enzyme activity was
measured at several (at least 8) time points. For the determination of full enzyme
activity, a batch of the enzyme was treated with ethanol instead of inhibitor solution
and diluted 1000-fold in the same manner. The enzyme activity in percent was plotted
against time after dilution to give the first-order rate constant ks according to the

following equation (cf. chapter 2.2.3.) using the software GraphPad Prism 5.
A=A —e k). (1-A4y) + A4,

All experiments were carried out in triplicates.

Radiochemistry

Solvents and chemicals were purchased from Sigma-Aldrich and directly used without
further purification. [*®F]F- was produced by a cyclotron (GE Medical Systems,
Uppsala) at the Department of Nuclear Medicine of the University Hospital of
Wirzburg. Enriched [*¥O]H20 was irradiated with protons to produce ['®F]F and
radiofluorination was carried out manually. HPLC was used for purification and
analyses of radioactive products (Shimadzu system equipped with UV detector, A=220
and 254 nm, and y-detector). The purified radiotracer ['®F]-37 (scheme 9) was diluted

with either PBS or saline to the corresponding concentration for further evaluation.

13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]  quinazolin-10-yl-{6-[2-([*3F]-
fluoromethyl)morpholino]-hexyl}carbamate ([*8F]-37): [*¥F]F- was separated from
[*8O]H20 by an anion exchange cartridge (Sep-Pak QMA Cartridge) and eluted with
0.5 mL of 25 mM potassium carbonate and 50 mM Kryptofixz222 solution in MeCN/H20
(6 : 2) into a V-vial. The solution was dried at 120°C under a nitrogen flow, which was
repeated twice with 500 uL of anhydrous acetonitrile. Labeling was carried out using
1.3 mg of precursor 44 (scheme 8) dissolved in 0.4 mL of anhydrous MeCN at 110°C
for 20 min, followed by addition of 100 pL of hydrochloric acid (6 M) with further 5 min
heating at 90°C. After addition of 500 pL of 1 M aqueous sodium hydrogen carbonate
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solution and 10 mL of water to quench the reaction, the crude product was trapped on
a Sep-Pak light C18, which was washed with 5 mL of water and eluted with 0.5 mL of
ethanol. The crude radiotracer was purified via semi-preparative HPLC. Column:
10x100 mm C18 Phenomenex Onyx Monolithic, Mobile phase: Phase A: H20, Phase
B: MeCN, 0-20 min, 20% - 80% B, 20-26 min, 95% B, 28-30 min 20% B, Flow rate:
1.5 ml/min. The collected fraction was diluted with 10 mL of water and trapped on a
Sep-Pak light C18, which was dried with 5 mL of air and eluted with 0.3 mL ethanol.
The total radiolabeling procedure was feasible in 180 min in a radiochemical yield of
13% (corrected for decay). Sufficient radiochemical purity was determined by TLC

autoradiography (95.3 %).
Ex vivo autoradiography on mice brain slices

Ex vivo tissue binding studies were carried out with one C57BL/6 N mouse from
Charles River. Two series of horizontal brain slices with 20 pm thickness were
prepared for either control or blocking group. A buffer (150 mM NaCl, 5 mM EDTA, 50
mM Naz2HPOa, pH 8.0) containing [*8F]-37 (A=1.44 MBq) with or without ethopropazine
hydrochloride (60 puM) as blocking agent was prepared for incubation with the mice
brain slices. Slices were incubated for 30 min at 25°C and then rinsed five times in
PBS buffer (1 min each time). The slices were dried at room temperature and exposed
to a phosphor imaging plate (GE healthcare, BAS IP MS 2025 E, Munich, Germany).
Images were produced with a digital autoradiographic system (Typhoon FLA 7000).

In vivo PET imaging

A healthy, male Wistar rat was anesthetized and maintained with isoflurane for in vivo
PET imaging using a micro PET system (FOCUS, Siemens, Erlangen, Germany). A
60-min dynamic imaging protocol was started directly after the injection of a solution of
[18F]-37 (5% ethanol in saline, 6.3 MBq). Analysis of the obtained PET images was
performed with the public domain tool AMIDE imaging software (A Medical Imaging
Data Examiner, version 1.01) and time-activity curves of regions of interest were

generated.

All applicable international, national, and/or institutional guidelines for the care and use
of animals were followed. Animal protocols were approved by the local Animal Care
and Use Committee (approval no. 15063) and conducted according to the Guide for
the Care and Use of Laboratory Animals.
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The present thesis concerns the molecular imaging of ORs and hBChE with the aid of
tailored probes, which are suitable for the respective applied imaging techniques. The
first part focusses on imaging of ORs with selective probes using TIRF- and SM
microscopy. Initially, a pair of fluorescent probes for the MOP was designed based on
the potent and selective, irreversible ligand CACO.4 A tetraglycine linker was
attached at the C6 position of the CACO scaffold and the sulfo-cyanine dyes Cy3 and
Cy5 were coupled at the end of the linker in a synthesis of seven steps, starting from
thebaine. The dyes were chosen due to their relatively small size, high photostability,
guantum yields and absorption coefficients, and minor potential to induce non-specific
binding.!® The respective fluorescent probes exhibited retained selectivity over the
other OR subtypes, as measured in a HTRF assay for the Cy5 derivative. Binding
affinity was expectedly decreased due to the synthetic modifications on the
pharmacologically active part, but still in the nanomolar range. The Cy3 derivative of
CACO acted as partial agonist in an IP1 accumulation assay and was inactive in a 3-
arr-2 recruitment assay. Both fluorescent ligands exhibited wash resistance in a wash-
out assay, likely due to a p-nitrocinnamoylamino side chain forming a covalent bond
on the receptor.®? The Cy3 derivative of CACO was used in SMM experiments to
investigate the diffusion behavior of wild-type MOP on the surface of CHO cells.
Receptor movement was heterogenous and classified into four categories (immobile,
normal-, sub-, and super-diffusion). The percentages of receptors in each category
were in good agreement with the diffusion profile of other GPCRs.['%€¢! Finally, the pair
of fluorescent ligands was used in two-color SMM experiments to investigate the
homodimerization of wild-type MOP. The results revealed a small, consistent fraction
of homodimers (4-5%) with a lifetime of 1-2 s, that stopped diffusing during their
interaction. Importantly, the dimerization was not forced due to recruitment of two
individual receptors to CCPs, which was proved with a SMM experiment using co-
transfected CHO cells, that express wild-type MOP and GFP tagged clathrin. An
estimation of the mono- and dimeric MOP fraction in relation to the receptor density on
the plasma membrane revealed, that a density of approximately 27 receptor particles
per um? would produce a dimer-fraction of ~50%. The density of MOP expressed by

the transfected CHO cells was only 1.7 particles / um?2. The required receptor densities
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for ~50% MOP dimers can be achieved at synapses,[111-113] meaning a pronounced
fraction of dimers could exist in vivo.[*14

Next, three ligands were synthesized, that had been described to selectively target OR
heterodimers. These ligands should serve as tools to investigate the extent of
heterodimerization between the three different OR subtypes. 6"-GNTI was described
to bind to the DOP/KOP heterodimer and exhibited the highest binding affinities on the
respective homomers in radioligand binding studies.[”3! The ligand acted as agonist on
the KOP in the IP1 accumulation assay and exhibited minor potential to recruit 3-arr-
2. NNTA was described as potent agonist on MOP/KOP heterodimers.l’] Its binding
affinity was highest on the respective OR protomers. Interestingly, it acted as full
agonist on all three OR subtypes in the IP1 accumulation assay. The potential to recruit
-arr-2 was highest on the KOP and minor on the DOP, while p-arr-2 recruitment could
not be determined on the MOP. INTA was described to target both possible KOP
heterodimers and is a close derivative of NNTA.[125] Indeed, its profile of binding affinity
was similar, however, with a two-fold increased Ki value on the DOP. INTA also acted
as agonist on all three OR subtypes in the IP1 accumulation assay and B-arr-2
recruitment appeared mainly on the KOP but was also increased on the DOP
compared to NNTA. Altogether, these ligands could represent interesting tools for
SMM to investigate the role of agonists on heterodimerization and clarify the influence
of biased agonism and heterodimerization on the interesting pharmacological profile of
the three ligands, since all three compounds were described to lack certain typical side
effects of opioids.[73 77 125]

The second part of this thesis focused on the development of ¥F-labeled, selective
radiotracers for PET imaging of BChE. The first tracer was developed based on a
reversible BChE inhibitor with excellent selectivity over AChE and high, nanomolar
inhibitory potency.l*® The replacement of a methoxy group with fluorine in the
molecular structure of the sulfonamide-based inhibitor led to a significant decrease of
potency, however, the value was still in the three-digit nanomolar range. The kinetics
of the reversible binding mode were investigated and the dissociation constants for
binding to the free- and acylated enzyme were measured. Binding potential was higher
on the free enzyme and two-fold lower on the acylated enzyme with two-digit
nanomolar values. Radiolabeling of a stabilized tosylate precursor in an established
procedure based on nucleophilic substitution of the tosylate group with [*F]F- gave the
respective radiotracer in a good radiochemical yield and purity in a reasonable time
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frame. Subsequently, the tracer was investigated ex vivo for its binding to mice brain
tissue using autoradiography, where it showed high, specific binding, even though off-
target effects and/or non-specific binding could not be ruled out completely. Preliminary
in vivo imaging of the tracer via micro-PET revealed low brain uptake, rapid enrichment
in heart and lung and accumulation in liver tissue before excretion via intestine and
urine.

Additionally, a carbamate-based pseudo-irreversible 8F-PET tracer was developed
based on a potent and selective hBChE inhibitor with long duration of action on the
enzyme.[*® The parent carbamate consisted of a tetracyclic, tetrahydroquinazoline
based carrier scaffold and a morpholine moiety at the end of a hexylene linker, which
is attached to the carbamate nitrogen and transferred onto the enzyme.[1%] A
fluoromethyl-group was introduced on the morpholine moiety in a synthetic procedure
of five steps, starting from epifluorohydrin and N-benzylaminoethanol. A respective
MOM-protected tosylate precursor was developed and synthesized using a similar
approach starting from epichlorohydrin and N-benzylaminoethanol. The cold, non-
radioactive compound exhibited retained high inhibitory potency on hBChE in the two-
digit nanomolar range and the kinetic values of the carbamoylation- and
decarbamoylation step were not significantly altered as well. Radiolabeling was
achieved by nucleophilic substitution of the tosylate group with [*®F]F and subsequent
MOM deprotection, which represented a novel, facile approach for the radiolabeling of
sensitive carbamates. The tracer showed high and specific binding to mice brain tissue
in ex vivo autoradiography experiments. However, some remaining activity despite
blocking with the selective BChE inhibitor ethopropazine hydrochloride indicated
potential off-target effects or non-specific binding due to the lipophilicity of the tracer.
This result was similar as for the reversible 8F-PET tracer. Moreover, analogous in
vivo micro-PET experiments with the pseudo-irreversible tracer revealed a similar
distribution profile as for the reversible tracer with little brain uptake and rapid
enrichment in heart and lung, followed by accumulation in the liver, before excretion.
Consequently, these results suggest that the design of substrate-type tracers for PET
imaging of CNS BChE could be more straightforward since they usually can pass the
BBB. The inhibitor-type tracers might be suitable for determining altered BChE
activities in the organs with high tracer accumulation (e.g. heart and lung).
Nevertheless, investigating the reasons for the limited brain uptake of both tracers
should be the subject of future studies.



4. Zusammenfassung

Die vorliegende Arbeit beschaftigt sich mit der molekularen Bildgebung von
Opioidrezeptoren und der humanen Butyrylcholinesterase  mithilfe  von
maligeschneiderten Verbindungen, die jeweils optimal geeignet fur die angewendeten
Bildgebungstechniken sind. Der erste Teil behandelt die Bildgebung von
Opioidrezeptoren durch selektive Liganden mittels TIRF- und SM Mikroskopie.
Zunachst wurden zwei Fluoreszenzliganden fir den MOP designt, als Grundlage
diente hierbei der potente und selektive, irreversible Ligand CACO.P2 Ein Tetraglycin
Linker wurde an die C6 Position der CACO Struktur angehangt und die Sulfo-cyanin
Farbstoffe Cy3 und Cy5 wurden in einer siebenstufigen Synthese ausgehend von
Thebain an das Ende des Linkers gekuppelt. Die Fluorophore wurden wegen ihrer
relativ geringen Grol3e, ausgepragter Photostabilitdt, hohen Quantenausbeuten und
Absorptionskoeffizienten, und ihrem geringen Potenzial unspezifisch zu Binden
ausgewahlt.®’l Die entsprechenden Fluoreszenzliganden behielten ihre Selektivitat
gegentber den beiden anderen Opioidrezeptor-Subtypen bei, was mittels eines HTRF
Assays mit dem Cy5-Derivat ermittelt wurde. Die Bindungsaffinitat wurde
erwartungsgemafR durch die synthetischen Modifikationen am pharmakologisch
wirksamen Teil erniedrigt, lag aber dennoch im nanomolaren Bereich. Das Cy3 Derivat
von CACO wirkte als Partialagonist in einem IP1-Anreicherungsassay und war inaktiv
in einem B-arr-2-Rekrutierungsassay. Beide Fluoreszenzliganden wiesen Auswasch-
Stabilitat in einem entsprechenden Assay auf, was wahrscheinlich an der p-
Nitrocinnamoylamino-Seitenkette liegt, die eine kovalente Bindung am Rezeptor
ausbilden kann.’d Das Cy3-Derivat von CACO wurde in SMM Experimenten
eingesetzt, um das Diffusionsverhalten des Wildtyp-MOP auf der Oberflache von CHO
Zellen zu untersuchen. Die Rezeptorbewegung war heterogen und wurde in vier
Kategorien unterteilt (unbeweglich, normal-, sub-, und super-diffusiv). Der prozentuale
Anteil der Rezeptoren in jeder Kategorie stimmte gut mit dem Diffusionsprofil anderer
GPCRs uberein.[%] SchlieRlich wurde das Paar der Fluoreszenzliganden in Zwei-
Farben-SMM-Experimenten eingesetzt, um die Homodimerisierung des Wildtyp MOP
zu untersuchen. Die Ergebnisse offenbarten einen kleinen, bestdndigen Anteil von
Homodimeren (4-5%) mit einer Lebenszeit von 1-2 s, die ihre Diffusion wahrend der
Interaktion unterbrachen. Die Dimerisierung war nicht durch die Rekrutierung von zwei

Rezeptoren zur selben CCP forciert. Dies wurde in einem SMM Experiment mit co-
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transfizierten CHO Zellen, die den Wildtyp-MOP und GFP markiertes Clathrin
exprimieren, Uberprift. Eine Einschatzung des monomeren und dimeren MOP Anteils
bezogen auf die Rezeptordichte in der Plasmamembran zeigte, dass eine Dichte von
etwa 27 Rezeptoren pro pm? einen Dimer-Anteil von etwa 50% erzeugen wirde. Die
Dichte von MOPs, die von den transfizierten CHO Zellen exprimiert wurden, war
lediglich 1.7 Rezeptoren / um?. Die erforderliche Rezeptordichte fir ~50% MOP
Dimere kann an Synapsen erreicht werden,[11-113 weshalb ein ausgepragter Anteil von
Dimeren in vivo existieren konnte.[114

Nachfolgend wurden drei Liganden synthetisiert, die selektiv an Opioidrezeptor-
Heterodimeren binden. Diese Liganden sollten als Werkzeuge dienen, um das
Ausmal} der Heterodimerisierung zwischen den drei verschiedenen Opioidrezeptor-
Subtypen zu untersuchen. 6" -GNTI wurde als selektiver DOP/KOP Heterodimer-
Ligand beschrieben und wies in Radioligand-Bindungsstudien die héchsten Affinitaten
an den entsprechenden Rezeptor-Homomeren auf.[’3l Der Ligand stellte sich als KOP-
Agonist im IP1-Anreicherungsassay heraus und wies ein sehr geringes Potenzial auf,
B-arr-2 zu rekrutieren. NNTA wurde als potenter Agonist an MOP/KOP-Heterodimeren
beschrieben.l’”] Die Bindungsaffinitat war an den entsprechenden Protomeren am
gro3ten. Die Verbindung verhielt sich im IP1-Assay als Vollagonist an allen
Opioidrezeptor-Subtypen. Das Potenzial, p-arr-2 zu rekrutieren, war am KOP am
hochsten und geringfligig auch am DOP vorhanden, wahrend B-arr-2 Rekrutierung am
MOP nicht festgestellt werden konnte. INTA wurde als Ligand an beiden KOP-
Heterodimeren beschrieben und ist ein strukturell nahes Derivat von NNTA.[125] |n der
Tat waren die Bindungsaffinitaten ahnlich, allerdings mit einem zweifach héheren Ki
am DOP. INTA war im IP1-Assay auch ein Agonist an allen Opioidrezeptor-Subtypen
und B-arr-2 Rekrutierung wurde vor allem am KOP festgestellt, war aber im Vergleich
zu NNTA auch am DOP erhoht. Insgesamt kdnnten diese Liganden interessante
Werkzeuge fir die SMM darstellen, um die Rolle von Agonisten bei der Opioidrezeptor-
Heterodimerisierung zu untersuchen und den Einfluss von funktioneller Selektivitat und
Heterodimerisierung auf das interessante pharmakologische Profil dieser drei
Liganden zu klaren, da alle drei Verbindungen in vivo weniger typische Opioid-
Nebenwirkungen aufwiesen.[73: 77, 125]

Der zweite Teil der Arbeit beschéaftigt sich mit der Entwicklung von ¥F-markierten,
selektiven Radiotracern fur die Bildgebung der BChE mittel PET. Der erste Tracer
wurde auf Grundlage eines reversiblen BChE Inhibitors mit exzellenter Selektivitat
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tber die AChE und hoher, nanomolarer inhibitorischer Wirksamkeit entwickelt.l'8% Der
Austausch einer Methoxy-Gruppe durch Fluor in der molekularen Struktur des
sulfonamid-basierten Inhibitors flhrte zu einer signifikanten Abnahme der
Wirksamkeit, aber der ICso-Wert lag noch im dreistellig-nanomolaren Bereich. Die
Kinetik des reversiblen Bindungsmechanismus wurde untersucht und
Dissoziationskonstanten fur das Binden an das freie und acylierte Enzym wurden
gemessen. Das Bindungspotenzial war hoher am freien Enzym und zweifach niedriger
am acylierten Enzym mit jeweils zweistellig nanomolaren Werten. Die
Radiomarkierung einer stabilisierten Vorstufe wurde in einem etablierten Verfahren auf
Grundlage von nukleophiler Substitution der Tosylat-Gruppe mit [*F]F durchgefihrt
und ergab den entsprechenden Radiotracer in guter radiochemischer Ausbeute und
Reinheit bei geringem Zeitaufwand. Anschlie3end wurde der Tracer ex vivo auf seine
Bindung zu Mausehirn-Gewebeschnitten mittels Autoradiographie untersucht, und
zeigte ein hohes, spezifisches Binden, auch wenn off-target Effekte und/oder
unspezifisches Binden nicht ganz ausgeschlossen werden konnten. Die vorlaufige in
vivo Bildgebung der Verteilung des Tracers mittels micro-PET offenbarte eine geringe
Hirnaufnahme, eine schnelle Anreicherung in Herz und Lunge und Akkumulierung in
der Leber vor der Ausscheidung tber Darm und Urin.

Zusatzlich wurde ein carbamat-basierter, pseudo-irreversibler F-PET-Tracer
entwickelt, der auf einem wirksamen, selektiven Inhibitor der hBChE mit langer
Wirkdauer am Enzym basiert.['®®! Das Vorlaufer-Carbamat bestand aus einem
tetrazyklischen, Tetrahydrochinazolin-basierten “Trager’-Grundgertist und einem
Morpholin-Teil am Ende eines Hexyl-Linkers, der am Carbamat-Stickstoff angebracht
ist und auf das Enzym Ubertragen wird.[*%! Eine Fluoromethyl-gruppe wurde in einer
funfstufigen Synthese ausgehend von Epifluorhydrin und N-Benzylaminoethanol an
den Morpholin-Teil angefugt. Eine entsprechende MOM-geschitzte Tosylat-Vorstufe
wurde entwickelt und in einer &ahnlichen Herangehensweise ausgehend von
Epichlorhydrin und N-Benzylaminoethanol synthetisiert. Die kalte, nicht-radioaktive
Verbindung behielt hohe inhibitorische Wirksamkeit an der hBChE im zweistellig-
nanomolaren Bereich und die kinetischen Werte fiir den Carbamoylierungs- und
Decarbamoylierungsschritt  wurden auch nicht signifikant verandert. Die
Radiomarkierung wurde durch nucleophile Substitution der Tosylat-Gruppe durch
[*8F]F und nachfolgender MOM-Entschiitzung erreicht, was eine neuartige, schnelle

und einfache Herangehensweise fur die Radiomarkierung von sensiblen Carbamaten



4. Zusammenfassung

darstellt. Der Tracer zeigte starkes, spezifisches Binden an Mausehirn-
Gewebeschnitten in ex vivo Autoradiografie-Experimenten, aber einige verbleibende
Aktivitat trotz Blockierung des Enzyms mit dem selektiven BChE Inhibitor Ethopropazin
hydrochlorid deutete auf moégliche off-target Effekte und/oder unspezifisches Binden
wegen der hohen Lipophilie des Tracers hin. Dieses Ergebnis war vergleichbar mit
dem entsprechenden Experiment des reversiblen 8F-PET Tracers. Dariiber hinaus
zeigte ein analoges in vivo micro-PET Experiment mit dem pseudo-irreversiblen Tracer
ein &hnliches Verteilungsprofil mit geringer Hirnaufnahme und schneller Anreicherung
in Herz und Lunge, gefolgt von Akkumulation in der Leber vor der Ausscheidung.
Folglich deuten diese Ergebnisse an, dass das Design von substrat-basierten Tracern
zur Bildgebung der BChE im zentralen Nervensystem unkomplizierter sein durfte, da
sie fur gewohnlich die Blut-Hirn Schranke passieren konnen. Die inhibitor-basierten
Tracer kdnnten fur die Bestimmung veranderter BChE Aktivitaten in den Organen mit
hoher Anreicherung von Radioaktivitat geeignet sein (z.B. Herz und Lunge). Trotzdem
sollte die Untersuchung der Grinde flr die geringe Hirnaufnahme beider inhibitor-

basierten Radiotracer Gegenstand zukunftiger Studien sein.
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Selective and Wash-Resistant Fluorescent Dihydrocodeinone
tDerivatives Allow Single-Molecule Imaging of n-Opioid Receptor

Christian Gentzsch®, Kerstin Seier*, Antonios Drakopoulos, Marie-Lise Jobin, Yann Lanoiselée,
Zsombor Koszegi, Damien Maurel, Rémy Sounier, Harald Hiibner, Peter Gmeiner,
Sébastien Granier, Davide Calebiro,* and Michael Decker*

Abstract: u-Opioid receptors (u-ORs) play a critical role in the
modulation of pain and mediate the effects of the most
powerful analgesic drugs. Despite extensive efforts, it remains
insufficiently understood how u-ORs produce specific effects
in living cells. We developed new [luorescent ligands based on
the u-OR antagonist E-p-nitrocinnamoylamino-dihydrocodei-
none (CACO), that display high affinity, long residence time
and pronounced selectivity. Using these ligands, we achieved
single-molecule imaging of u-ORs on the surface of living cells
at physiological expression levels. Our results reveal a high
heterogeneity in the diffusion of u-ORs, with a relevant
immobile fraction. Using a pair of fluorescent ligands of
different color, we provide evidence that u-ORs interact with
each other to form short-lived homodimers on the plasma
membrane. This approach provides a new strategy to inves-
tigate u-OR pharmacology at single-molecule level.

Introduction

Opioid receptors (ORs) belong to the family A of
rhodopsin-like G protein-coupled receptors and occur in
three major subtypes, w, & and «.l"! They are predominantly
found in the central and peripheral nervous system, where
they modulate transmission and perception of pain. Impor-
tantly, p-ORs mediate most therapeutic effects of opioids,
which arc the most powerful, but also most addictive

analgesics known (o date” In contrast, k- and 8-OR
activation causes weaker analgesia, but has been associated
with less side effects.™! The cffects of opioids on neurons arc
mainly mediated by activation ol heterotrimeric G; proteins,
which inhibit cAMP production, while opening G protein-
coupled inward rectifying potassium channcls (GIRK) and
closing voltage-dependent N-type Ca’" channels via G,
subunits,”*!

Because of their importance as drug targets, u-ORs have
been intensively investigated both, in vitro and in vivo.* 1 A
major breakthrough in the ficld has been the determination of
high-resolution three-dimensional structures of the p-OR in
complcx with an antagonist and, later on, with an agonist and
G protein mimetic nanobodies, as well as most recently by
cryo-electron microscopy.”! These studies have provided
important insights into the mechanisms of ligand binding
and receptor activation, which might pave the way to the
rational design of new analgesics with improved efficacy and
less side effects, such as addiction. Interestingly, in the above
studies u-ORs were found to crystallize as dimers.”**! Largely
based on previous cxperiments applying resonance energy
transfer methods, these findings support the hypothesis that
u-ORs might form homodimers.!"*"% However, the nanoscale
organization and dynamics of p-ORs on the surface of living
cells remain largely unknown, mostly due to technical
limitations of conventional methods. These typically include

[*] C. Gentzsch,"! A. Drakopoulos, Prof. Dr. M. Decker
Pharmaceutical and Medicinal Chemistry, Institute of Pharmacy and
Food Chemistry, Julius Maximilian University of Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)

E-mail: michael.decker@uni-wuerzburg.de

K. Seier,'"! Dr. M. L. Jobin, Prof. Dr. D. Calebiro

Institute of Pharmacology and Toxicology,

Julius Maximilian University of Wiirzburg

Versbacher Strasse 9, 97078 Wiirzburg (Germany)

Dr. Y. Lanoiselée, Dr. Z. Koszegi, Prof. Dr. D. Calebiro

Institute of Metabolism and Systems Research & Centre of
Membrane Proteins and Receptors, University of Birmingham
IBR Tower, Level 2, Edgbaston, Birmingham, B152TT (UK)
E-mail: d.calebiro@bham.ac.uk

Dr. D. Maurel

ARPEGE (Pharmacology Screening Interactome) platform facility,
Institut de Génomique Fonctionnelle, Université de Montpellier,
CNRS, INSERM 141, rue de la Cardonille, 34094 Montpellier Cedex
05 (France)

Wiley Online Library

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Dr. R. Sounier, Dr. S. Granier

Institut de Génomique Fonctionnelle, Université de Montpellier,
CNRS, INSERM

141, rue de la Cardonille, 34094 Montpellier Cedex 05 (France)
Dr. H. Hiibner, Prof. Dr. P. Gmeiner

Medicinal Chemistry, Department of Chemistry and Pharmacy,
Friedrich-Alexander University of Erlangen-Nuremberg

91058 Erlangen (Germany)

[*] These authors contributed equally to this work.

@ Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.201912683.
© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co.
KGaA. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited.

Angew. Chem. Int. Ed. 2020, 59, 5958 —5964



GDCh
~—~

the requirement of cell disruption, insufficient spatiotemporal
resolution and/or averaging over thousands or even millions
of receptors.”!

In an attempt to overcome such limitations, we and others
have developed innovative methods based on single-molecule
microscopy, which allow imaging of individual receptors and
other molecules on the surface of living cells with a temporal
resolution of approximately 28.4 ms and a spatial resolution
of approximately 20 nm, which is at lcast 10 times below the
best theoretical resolution of conventional [luorescence
microscopy.™ This approach can provide a highly quantitative
characterization of dynamic cvents, such as protein-protein
interactions among membrane receptors,”! even when involv-
ing only a small fraction of the investigated molecules.”<"!

Here, we present the synthesis and single-molecule
microscopy application of new fluorescent, selective u-OR
ligands to study unmodificd receptors in living cells at
physiological expression levels.

Results and Discussion

The structure of the ligands consists of a pharmacologi-
cally active compound, a fluorophore, and a linker (Figure 1).

NO,

puebi| yo-

Figure 1. Structure of the fluorescent, selective p-opioid receptor
ligands (n=5, 0=4).

All three units have been chosen with regard to their
individual and specific characteristics to achieve high affinity
and selectivity as well as optimal optical properties for single-
molecule fluorescence microscopy, for example, high signal-
to-noise ratios and low blinking and bleaching rates.

The pharmacologically active moiety (parent ligand) is
based upon E-p-nitrocinnamoylamino-dihydrocodeinone
(CACO), which had been described to be a potent and
selective p-OR ligand, and to retain such properties upon
conjugation with the small organic fluorophore BODIPY
(EC5y=24.4 nM, 6/k>1000nm) through a small alkylene
linker."'! The unlabeled ligand has been described to act as
short-term agonist and long-term antagonist with an ICj,
value of 0.46 +0.003 nM for -OR (0 =4.2+13 nM, k =19+

2.8 nM). A Ky of 0.524+0.14 nm was measured by means of

saturation binding experiments with [FH]DAMGO." The
nitrocinnamoyl part of the active compound contains a Mi-
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chael acceptor, which potentially forms covalent bonds with
nucleophilic side-chains of amino acids in the p-OR binding
pocket. This has been shown in the p-OR crystal structure for
p-funaltrexamine.™!

The pentylene linker connects the pharmacologically
active moiety and the fluorophore. In our probe design, we
incorporated a tetraglycine into the linker, inspired by
previous studies based on GPCR-imaging with {luorescent
ligands, which yiclded improved results."*! Cyanine 3 and 5
(Cy3/5) were chosen as (luorophores because of their
advantageous optical properties which make them particu-
larly suited for single-molecule microscopy, including cmis-
sion in the red and near infrared regions ol the spectrum,
respectively, as well as high absorption cocfficients and
quantum yields.!"!

The synthesis shown in Scheme 1 started with a hetero-
Dicls—Alder reaction of thebaine 1 and the intermediately
oxidized N-hydroxycarbamate 11, prepared (rom the respec-
tive chloroformiate 10.""' The resulting cycloadduct 2 was
hydrogenated to give dihydrocodeinone 3" A nitrocinna-
moyl moiety was introduced by coupling the Cl4-amino
group of 3 with the respective activated acid, yiclding
compound 4." Subsequent reductive amination of the C-6-
keto group led to compound 5.'!! In a preliminary approach,
we directly used the NHS-activated dyes to couple them to
the newly introduced amino-group. However, these probes
had shown high background and a poor signal-to-noisc ratio
in single-molecule microscopy experiments (see Supporting
Information). While an alkylene chain might be sufficient to
bridge pharmacophore and fluorophore and define the
distance between the bulky residues, the tetraglycine moiety
additionally increases the polarity of the compound and
prevents sticking to the plasma membrane (Figure 1). This led
to a major increase in selectivity and reduction of back-
ground. The newly introduced amino group of 5§ was coupled
to N-Cbz-protected tetraglycine, yielding compound 6.1'")
After deprotection of Cbz with hydrobromic acid, the free
amine 7 was coupled to the NHS-activated dyes Cy3 and Cy5
to give the desired fluorescent ligands 8 and 9 (Scheme 1).

Saturation binding curves obtained for compound 9
showed its selectivity for p-OR (Figure 2 A) in a homogenous
time-resolved FRET (HTRF) assay with HEK293 cells, which
gave optimal results. No significant binding was observed to
the other OR-subtypes (Figure 2A). These findings are in
good agreement with previous binding studies on the parent
compound CACO.L"

We then tested compounds 8 (Cy3 conjugate) and 9 (Cy5
conjugate) against wild-type p-OR expressed in CHO cells,
which adhere very well to glass-coverslips, resulting in
a particularly flat plasma membrane. Compounds 8 and 9
bound to cell-surface receptors were selectively imaged by
total internal reflection fluorescence microscopy (TIRF),
which illuminates only approximately 200 nm at the interface
between the coverslip and the cells (Figure 2B). CHO cells
devoid of u-OR expression were used as control for unspecific
binding. The results confirmed a highly specitic binding of the
compounds to p-ORs, with negligible unspecific binding to
the cells or the coverslip (Figure 2B). This approach also
allowed us to obtain concentration-binding relationships for
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Scheme 1. Synthesis of the fluorescent, u-OR selective ligands 8 and 9.

both compounds. In these experiments, we incubated CHO
cells with increasing concentrations of either compound 8 or 9
for 20 min and imaged them by TIRF microscopy. The mean
intensities of at least 40 cells per condition were averaged [or
each concentration of ligand, which allowed us to estimate
their affinities (Kp) (Figure 2C). A K, value of 87 & 49 nM for
compound 8 was reached, whereas compound 9 showed
a three-fold lower affinity for p-ORs with an estimated K|,
value of 295 £ 141 nwm. The initial affinity of CACO for the p-
OR was reported to be 0.52 4 0.14 nm.["?! Intrinsic activity of
compound 8 was determined in an inositol mono phosphate-
accumulation assay for G-protein mediated signaling. In this
assay, the compound acted as a partial agonist (ECsy=
190 nm, E,. =57 % ol maximal response to morphine), while
it was inactive in the f-arrestin-2 recruitment assay (cf.
Supporting Information). Although chemical modifications
often lead to changes in the pharmacological profiles of small
molecules, both compounds retain high affinity towards p-
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OR. A 50%

wash resist-
ance of CACO has been

reported in  competition
binding experiments with
DAMGO, probably due to
the capability of the 14f-p-
nitrocinnamoylamino-side
chain of CACO to bind
covalently to the p-OR.*!
Fluorescent probes for sin-
gle-molecule  microscopy
not only neced to possess
high labeling efficiency, but
ideally, also long residence
time on the receptor. Thus,
intrigued by the possibility
that CACO may bind cova-
lently to pu-OR, we investi-
gated if compounds 8 and 9
also retained a high wash
resistance. For this purposc,
we performed washing ex-
periments in CHO cells
transiently treated with ci-
6 ther compound 8 or 9 for
20 min  and imaged by
TIRF microscopy (Fig-
ure 3). During washing, we
observed a slow decrease of
fluorescence intensity, until
it recached a platcau at ap-
proximately 33 % and 53 %
of the initial values for
compound 8 and 9, respec-
tively. Importantly, these
results indicate that both
fluorescent ligands exhibit
a long residence time on pi-
OR, with a fraction of vir-
tually non-dissociating re-
ceptors.

Next, we tested the applicability of the new fluorescent
ligands for single-molecule fluorescence microscopy. Both
compounds showed excellent photophysical propertics, giving
rise to easily detectable [luorescent spots in TIRF microscopy.
Compound 8 showed slower photobleaching in comparison to
compound 9, consistent with the known photophysical
properties of Cy5 and Cy3, respectively.”® Therefore, the
Cy3 ligand was used for subsequent single-color experiments.
CHO cells transiently transfected to express wild-type u-OR
at low physiological densitics (approximately 0.8 receptors
per pum?) were incubated with a saturating concentration of
compound 8 (1 um) and imaged by fast TIRF microscopy. The
transfected cells were easily distinguishable from the back-
ground, confirming a highly specific binding (Figure 4 A).
Individual p-ORs carrying a fluorescent ligand were detected
and tracked using an automated algorithm.”*“"l A time-
averaged mean squarce displacement (TAMSD) analysis was
performed, which allowed investigating the diffusion of the

Hs
- NH,OAc, NaCNBH;
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Figure 2. Characterization of compounds 8 and 9. A) Selectivity of
compound 9 for u-OR versus k-OR and 0-OR. HEK293 cells were
transfected with either OR subtype carrying a SNAP-tag at its N-
terminus and labeled with SNAP-Lumi4-Tb. Binding of the fluorescent
ligand was detected via HTRF. The mean £ S.E.M. of three independ-
ent experiments is shown. B) Representative TIRF images of CHO cells
either transfected with wild-type u-OR or mock transfected and treated
with increasing concentrations of compound 8. C. Concentration-
binding relationships for compounds 8 and 9 obtained from images as
in B. The mean + S.E.M. of three independent experiments is shown
(32 to 86 cells per data point).

receptors within the plasma membrane (cf. Supporting
Information). This analysis revealed a high heterogeneity in
the mobility of p-ORs on the plasma membrane. Individual p-
OR particles were classified into four categories based on the
type and speed of their motion.”! A percentage of 22 +2 % of
the receptors were virtually immobile, likely due to trapping
in small nanodomains or binding to immobile membrane
structures. Sub-diffusive motion was observed for 34 +1%,
meaning their motion was hindered by either crowding or
interactions with their environment. This phenomenon has
been previously described for other membrane receptors and
can arise from different factors, such as transient trapping in
nanodomains. ="

Another 34+ 1% of the receptors showed normal diffu-
sion, that is, Brownian motion. Super-diffusion, that is,
directional motion, was observed for the remaining 10 £1%
of particles.
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Figure 3. Wash resistance of compounds 8 and 9. A) Representative
TIRF images of CHO cells transiently transfected with wild-type u-OR
and treated with 1 um of compound 8 (top) or 9 (bottom) for 20 min
followed by washing. The same cells were imaged every minute during
the wash. B) Plots of compound 8/9 dissociation over time obtained
from image sequences as in (A). Photobleaching of compounds 8
during this time was negligible; the intensity values of compound 9
were corrected for photobleaching. The mean = S.E.M. of four
independent experiments is shown (13 and 15 cells per data point,
respectively). Data were fitted with a one phase exponential decay plus
a constant.

These results are in agreement with previous findings for
other prototypical GPCRs like the f3,- or the o,-adrenergic
receptor.”

We then explored the applicability of compounds 8 and 9
in single-molecule microscopy experiments to investigate the
dimerization of u-OR at low/physiological expression levels
in living cells. For this purpose, CHO cells were transiently
transfected with wild-type p-OR, yielding a total receptor
density of around 1.7 particles per um”. The cells were then
simultaneously labeled with a mixture of compounds 8 and 9
(1 uM and 0.5 pM, respectively) to label as many receptors as
possible (approximately 80%) with either compound, while
keeping unspecific binding to the glass-coverslip low. Then,
imaging by fast two-color TIRF microscopy was carried out.
The co-localization between receptors labeled with com-
pound 8 and 9 was analyzed by automated computer
algorithms as previously described.” Tn order to correct for
the presence of random co-localizations and to estimate the
duration of p-OR interactions, we applied a previously
developed method based on deconvolution of the co-local-
ization times.™ For this purpose, we additionally performed
the same experiment using p-ORs labeled with compound 8
and CD86, a monomeric control protein not interacting with
n-OR, labeled with Alexa Fluor 647 via a SNAP-tag fused at
its N-terminus (Figure S2 in the Supporting Information)."”!
This served as control for the co-localizations expected in the
absence of interactions. The deconvolution analysis revealed
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Figure 4. Single-molecule imaging of u-ORs on the surface of living
cells using compound 8. A) Representative results. A frame of a repre-
sentative TIRF image sequence (left) and the results of the automated
single-particle detection (middle) and tracking algorithm used to
follow individual u-ORs (right) is shown. The current position of
individual receptors (blue circles) and their trajectories (green splines)
are shown. B) Time-averaged mean square displacement (TAMSD)
analysis on the obtained p-OR trajectories. Based on the results, the
trajectories were classified into four categories: virtually immobile,
sub-diffusive, normal diffusive and super-diffusive. Shown are exam-
ples of trajectories belonging to the four categories and their corre-
sponding TAMSD curves. C) Distribution of p-ORs trajectories in the
four categories identified by the TAMSD analysis. Data are mean +
S.E.M of 29 individual cells (2,225 trajectories).

that more than 95% of p-ORs were diffusing on the plasma
membrane as monomers. However, it also revealed a small
but consistent fraction of receptors that apparently under-
went transient interactions lasting approximately 1-2 seconds.
At the low receptor densities analyzed, this fraction of u-ORs
that were interacting at any given time was approximately 4—
5% . Although this represents only a fraction of the receptors,
this value is remarkably similar to the one obscerved between
active receptors and G proteins,”™! a fundamental interaction
in GPCR signaling, suggesting that although involving only
a small fraction of receptors it might nevertheless be
biologically relevant. Even though the presence of an even
smaller fraction of higher order oligomers cannot be com-
pletely ruled out, the intensities of the majority of receptor
particles and their blcaching bchavior (i.c., number of
observed photobleaching steps) were consistent with them
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being monomers or at most dimers. By deconvolving the
distribution of the co-localization times observed between -
ORs labeled with compounds 8 and 9, and those obtained
between pu-OR and CD86, we were able to estimate the
frequency and duration of the interactions between p-ORs.
The resulting relaxation plot of p-OR interactions (Fig-
ure 5B) indicated that u-ORs were dissociating following an

HMOR-HOR Interactions
— fit

Fraction

107} E

L L L

0 0.5 1 15 2 25
Colocalisation time/s

Figure 5. Single-molecule imaging of transient u-OR interactions.

A) Example of a transient co-localization (yellow) observed between
two [-ORs, one labeled with compound 8 (green) and the other with
compound 9 (magenta). Both receptors interrupted their motion
during the co-localization event. B) Estimation of the frequency and
duration of interactions between u-ORs based on deconvolution of
their co-localization times with those obtained between p-ORs and
CD86, where no interactions are expected. Data are from 51832 co-
localizations obtained from 25 individual cells for p-OR-u-OR and
61259 co-localizations for CD86-u-OR.

exponential decay, with an estimated time constant (7) of
1.797 £ 0.487 s (corresponding to a dissociation rate constant,
ko of 0.557 4 0.207 s7'). This value is in good agreement with
previous results obtained with prototypical family A
GPCRs.["<2!I This approach also allowed us to calculate the
two-dimensional association rate (k,,) for interactions be-
tween W-ORs, that is, the formation of dimers, which we
estimated to be 0.020 = 0.004 pm*molecule 's . The estimat-
ed k,, and k. values give a dissociation equilibrium constant
(Ky) of 27.43 £ 11.75 molecules per um?, allowing to predict
the fraction of u-ORs in monomeric or dimeric state depend-
ing on their density on the plasma membrane. Based on the
obtained K, value, we estimate that a p-OR density of
approximately 27 molecules per um? would be required for
50% of them to be in dimeric state (approximately 7 dimers
and 14 monomers per um?). Since such densities might occur
at synapses,? it is possible that a relevant fraction of u-ORs
might form transient dimers in vivo.

Interestingly, the majority of receptors seemed to tran-
siently stop diffusing while interacting (Figure SA). A
possible explanation for this is that the obscrved interactions
might represent receptors being simultaneously recruited to
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the same clathrin-coated pit (CCP) before internalization. To
investigate this possibility, we repeated the same experiment
in the presence of co-transtected GFP-tagged clathrin (Fig-
ure 6). Computational analyses showed that 77+9% of all
observed p-OR interactions happen outside of CCPs, with
only 23 +£9% occurring within or near CCPs. These results
suggest that other mechanisms are involved in the observed
transient trapping ol p-ORs during their interactions.

Figure 6. Single-molecule imaging of transient |-OR interactions in
relationship to the location of clathrin coated pits (CCPs). CHO cells
were transiently transfected with wild-type u-OR and GFP-clathrin. The
cells were treated with compound 8 (1 um) and compound 9 (0.5 pm)
for 20 min. After one rapid wash, the cells were imaged by fast two-
color TIRF microscopy to track the receptors, followed by acquisition
of a CCP image. Shown are images of a representative cell (left) with
the obtained trajectories of receptors {green and magenta, respective-
ly) undergoing interactions (blue) overlaid on the CCP image (grey).
Red circles correspond to individual CCPs. Middle, enlarged views of
the regions delimited by the dashed boxes. Right, same regions
without trajectories. A) interactions occurring within or near CCPs.

B) interactions occurring outside CCPs.

Conclusion

Whereas GPCRs have long been believed to be solely
monomeric receptors, a growing body of evidence obtained
mainly using fluorescence and bioluminescence resonance
energy transfer (FRET and BRET) suggests that they might
form dimers or even higher order oligomers." '™ However,
the occurrence of GPCR dimerization at physiological
expression levels and their stability remain—with few notable
exceptions such as family C GPCRs—controversial. These
debates also extend to p-OR, for which contrasting results
have been obtained using methods relying on different
expression levels, ranging from physiological levels to over-
expression and even purification. Whereas several of the
published studies provide evidence in favor of dimeriza-
tion,[ 31 others indicate that u-ORs can function as
monomers or the fraction of dimers is negligible.?® Our data,
obtained on wild-type receptors expressed at levels in living
cells contribute to resolve this controversy by showing that
whereas most pu-ORs are monomeric, a small, though
potentially biologically relevant, fraction of receptors under-
go transient dimerization. As the receptors appear to be in

equilibrium between monomers and dimers, higher level of

dimerization might be achieved at sites of particular high
receptor density such as synapses.
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In summary, we developed two novel, fluorescent, sub-
type-selective ligands for the p-OR with binding affinities in
the nanomolar range and the advantageous property of wash
resistance. Importantly, we show that the favorable properties
of these ligands make them ideal [or single-molecule micros-
copy. We used this set of ligands to investigate the diffusion
behavior of p-ORs as well as their interactions at physio-
logical expression levels. Our results reveal the occurrence of
transicnt receptor interactions, consistent with a dynamic
equilibrium between monomers and dimers. As only a small
fraction of receptors was found to be interacting with each
other in our study, which is too small to be detected in
ensemble measurements, our results may help to reconcile
some of the apparent discrepancics between previous studics.
Importantly, our results reveal dynamic interactions among p-
ORs that occur outside CCPs that would have likely been
misscd using ensemble methods. This new approach opens up
new venues Lo investigate u-OR biology and pharmacology in
living cells with unprecedented spatiotemporal resolution.

Experimental Section

Comprehensive details of the experimental design can be [ound
in the Supporting Information.
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Abstract

Purpose: A neuropathological hallmark of Alzheimer’s disease (AD) is the presence of amyloid-3
(AB) plaques in the brain, which are observed in a significant number of cognitively normal, older
adults as well. In AD, butyrylcholinesterase (BChE) becomes associated with Ag aggregates,
making it a promising target for imaging probes to support diagnosis of AD. In this study, we
present the synthesis, radiochemistry, in vitro and preliminary ex and in vivo investigations of a
selective, reversible BChE inhibitor as PET-tracer for evaluation as an AD diagnostic.
Procedures: Radiolabeling of the inhibitor was achieved by fluorination of a respective tosylated
precursor using K['®F]. ICs values of the fluorinated compound were obtained in a colorimetric
assay using recombinant, human (h) BChE. Dissociation constants were determined by
measuring hBChE activity in the presence of different concentrations of inhibitor.

Results: Radiofluorination of the tosylate precursor gave the desired radiotracer in an average
radiochemical yield of 20 +3 %. Identity and >95.5 % radiochemical purity were confirmed by
HPLC and TLC autoradiography. The inhibitory potency determined in Ellman’s assay gave an
ICs0 value of 118.3 + 19.6 nM. Dissociation constants measured in kinetic experiments revealed
lower affinity of the inhibitor for binding to the acylated enzyme (K> = 68.0 nM) in comparison to
the free enzyme (K; =32.9 nM).

Conclusions: The reversibly acting, selective radiotracer is synthetically easily accessible and
retains promising activity and binding potential on hBChE. Radiosynthesis with '®F labeling of
tosylates was feasible in a reasonable time frame and good radiochemical yield.

Key words: Alzheimer’s disease, Enzyme inhibitor, Positron emission tomography, Biodistribu-
tion, Quaternization
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Introduction

Alzheimer’s disease (AD) is an incurable, progressive
neurodegenerative disorder and the most frequent cause of
dementia with high prevalence and a long asymptomatic
phase [1, 2]. The number of dementia-diseased individuals is
expected to further increase, due to a growing average age
and demographic change, which is hard to overcome for
health care systems and society as a whole [3]. The
definitive diagnosis of AD should no longer be solely based
on typical, clinical symptoms, since they are not conclusive
enough and begin many years after initial neuropathological
alterations [4—6]. At this point, a successful disease-
modifying or even preventive therapy is already impossible.
Due to this fact, there is an urgent need for biological targets
and biomarkers of an early disease state to help not only for
an early, conclusive diagnosis with respective imaging
probes but also to shed new light in the sequences and
significances of the various neuropathological processes
involved [7]. Three of the four FDA-approved anti-AD
medications temporarily ameliorate AD symptoms by
inhibiting cholinesterases (ChEs), whereby donepezil and
galantamine are sclective acetylcholinesterase (AChE) inhib-
itors and rivastigmine additionally binds to the isoenzyme
butyrylcholinesterase (BChE). AChE inhibition prevents
degradation of the neurotransmitter acetylcholine, levels of
which arc decreasing through cell death of cholinergic
neurons [8—10]. However, advanced progression of AD
involves a rapid decrease of AChE levels in the brain of ~
90 %, which is accompanied in later-stage AD by elevated
BChE expression. AChE and BChE exhibit very different
localisations, biochemical features, and physiological func-
tions [11]; however, BChE can take over the hydrolytic
function of AChE [12-16]. These findings make BChE an
attractive target for the development of more potent drugs
for combatting AD [8-10]. Established pathological AD
hallmarks arc the abnormal metabolism of amyloid-p (Ap),
accompanied by hyperphosphorylated tau (t) proteins,
oxidative stress, and alterations concerning microglia cells
in nervous tissue [17]. AP peptide can impair neurovascular
homeostasis by its cerebrovascular effects, causing endothe-
lial dysfunction [18]. Interestingly, AP deposits develop in
nearly 30 % of aged adults, who do not show pathologically
deteriorated cognition or memory deficits [19]. However, in
AD patients, there is an increased expression of BChE along
with AB plaques, especially in the cerebral cortex [20, 21].
In this outer layer of cerebrum, there is usually no
considerable amount of BChE in healthy people, suggesting
that the enzyme plays a potential key role in generating the
detrimental attributes of Af. This finding has been supported
in a BChE knockout mouse model, where distinctly fewer
fibrillar AP plaques have been detected [15]. In this context,
it is highly promising to apply suitable radiotracers in
positron emission tomography (PET) studies, since this
imaging technique exhibits excellent sensitivity and can
provide an accurate estimation of the radiotracers” in vivo
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concentration and biodistribution [22]. ChE PET tracers
have been developed, with the majority of them targeting
peripheral or brain AChE [23]. These compounds can be
classified in two main categories, substrate-based and
ligand-based tracers. The latter can be reversible or
irreversible inhibitors. Substrate-based tracers, which usually
have a high blood-brain barrier (BBB) permeability, can
have intrinsic drawbacks due to quick hydrolysis and
delivery limitations into the tissue [24]. In consequence,
they may not reflect the regional enzyme distribution, but
rather plasma delivery rate of the tracer [25]. Irreversible
inhibitor-derived tracers can have a complex mechanism of
enzyme inactivation and it is often complicated to accurately
determine in vivo kinetics and distribution [24, 26].
Examples of substrate-type tracers specific for BChE include
N-methylpiperidin-4-yl 4-['*I]iodobenzoate (['**1]]MP4Bz),
N-["®F]fluoroethylpiperidin-4-ylmethyl butyrate, and 1-
[''CJ-methyl-4-piperidinyl n-butyrate ([''C]MP4B) [16, 27,
28]. [''C]MP4B enters the brain, but no enhanced activity
can be seen in regions where BChE-associated plaques
typically show up in AD, which is likely the same for N-
["*F]fluoroethylpiperidin-4-ylmethyl butyrate. In preliminary
in vivo studies, the tracer showed high initial uptake in rat
cercbral cortex after intravenous injection, but the hydrolysis
rate of these ester is presumably still too high [28].
['**I]MP4Bz was applied in single-photon emission com-
puted tomography (SPECT) studies, in which it was possible
to distinguish cerebral cortical BChE activity in wild-type
mice from an AD model [16]. This represents an important
proof of concept, which demonstrates that BChE can indeed
serve as a promising biomarker in AD diagnostics [15, 21].
This could also be shown for the pseudoirreversible BChE
inhibitor phenyl 4-123l-iodophenylcarbamate ('#’1-PIP),
which accumulated specifically in AB plaques with ChE
activity in human AD brain tissue [29]. Additionally, this
tracer has been investigated very recently as a potential
diagnostic and treatment monitoring tool for BChE activity
changes in multiple sclerosis showing promising preliminary
results [30]. Regarding irreversible and highly selective
inhibitors of BChE as radiotracers, carbamate-based inhib-
itors were investigated that transfer the radiolabeled moiety
onto the enzyme, where it is covalently bound. Ex vivo
autoradiography on mice brain tissue and kinctic investiga-
tions proved such covalent transfer [24]. Furthermore,
investigations into the influence of the carbamate structure
that is transferred to BChE were made by altering spacer
lengths and attached heterocyclic moieties. This resulted in
sets of inhibitors with short, medium and long duration of
action and pronounced ncuroprotectivity in an AD mouse
model, showing also the therapeutic potential of such
inhibitors [31]. Altogether, these results support BChE not
only as a promising biomarker for an early diagnosis of AD
but also as an attractive target to be addressed by imaging
probes in order to shed the light on the complex neuropa-
thology of AD. Herein, we report on synthesis, in vitro
evaluation, radiolabeling, ex vivo autoradiography, and
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Fig. 1. a Design of the radiotracer. A potent, selective, and reversibly acting BChE inhibitor served as parent compound [32]. b

Parent ligand in the BChE binding pocket [32].

preliminary in vivo PET studies of an '®F-labeled BChE
selective tracer, based on the structure of a potent, selective
BChE inhibitor with reversible binding mode (Fig. 1a, b)
[32]. Our intention was to utilize the promising propertics of
the parent compound for a suitable radiotracer, and these
properties include the high affinity and selectivity towards
the target enzyme, accompanied by pronounced lipophilicity
and a relatively low molecular weight, which is favorable for
blood-brain barricr (BBB) penctration [33]. Additionally, we
chose a reversible inhibitor to overcome the intrinsic
problems of substrate-type and irreversible radiotracers
mentioned before, possibly enabling a more precise mapping
of BChE distribution. We decided to replace the methoxy
group on the cthylene-side chain with fluorine, because this
moiety points out of the binding pocket as observed in the
resolved crystal structure of the enzyme in complex with the
parent inhibitor [32]. We assumed that this modification

would retain most of inhibitory potency. We chose to
incorporate '*F as radioisotope to take advantage of a long
half-life and high positron yields in combination with a good
spatial resolution due to relatively low positron energics in
comparison to other radioisotopes commonly used for PET
studies (e.g., '*F: 0.65 MeV, **Ga: 1.90 MeV) [34, 35].

Materials and Methods
Chemistry

The non-radioactive “cold” inhibitor 4 and precursor 5 for
radiolabeling were synthesized as shown in Fig. 2. Briefly,
the piperidine ring of building block 1 was benzylated under
Leuckart-Wallach conditions [36]. Subsequent demethyla-
tion of the methoxy group in compound 2 applying BF; -
Et,0 in propane-1-thiol [37] gave the central building block,
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Fig. 2. Synthesis of precursor 5 and cold, reversible inhibitor of hBChE 4. Reaction conditions and yields: (i) benzaldehyde,

formic acid, 6 h, 180 °C, 44 %; (ii) BF5 -

Et,O, propane-1-thiol, 50 °C, 60 h, 60 %; (i) DAST, CHxCl,, - 10 °C - RT, 24 %; (iv) 1

TosCl, NEts, CH,Cl,, RT, 18 h, 98 %, 2. p-TosOH, MeOH; (v) benzoyl! chloride, K,COs, THF/H,0, 0 °C — RT, 20 h, 88 %; (vi)
ethanolamine, HBTU, NEt;, DMF, RT, 18 h, 88 %; (vi) TBDMS-CI, imidazole, DMF, RT, 24 h, 69 %; (viii) 1. LiAIH,4, THF, reflux,

1 h; 2.naphthalene-2-sulfonyl chloride, DIPEA, CH.Cl,, 0

the alcohol 3, which can also be obtained from commercially
available nipecotic acid (Fig. 2) [38]. Cold compound 4 was
obtained by fluorination of 3 with dicthylaminosulfur
trifluoride (DAST) [39]. For radiolabeling with K[IXF], a
tosylate-leaving group was chosen, which was introduced by
reacting 3 with p-toluenesulfonyl chloride (TosCl). We
chose this synthetic strategy to utilize the advantage of
having one central building block for generating both the
precursor 5 for radiolabeling and the cold reference
compound 4.

In Vitro Studies

The inhibitory potency of compound 4 (Fig. 2) on #ABChE
was determined in the colorimetric Ellman’s assay [40]. The
incubation time of the compound stock solution (100 % in
dimethylsulfoxide, DMSO) with Ellman’s rcagent (5,5'-
dithiobis-(2-nitrobenzoic acid), DTNB) and rccombinant
hBChE was 5 min. The final concentrations were 370 uM
of DTNB and 1 nM of the enzyme in a 0.1-M phosphate
buffer at pH=28.0. Reactions were started by addition of
butyrylthiocholine iodide (BTCI) in a concentration of
500 uM with a final DMSO content of 1 %. ICsy values
were determined by plotting residual enzyme activities
against seven respective inhibitor concentrations. Tacrine
served as a positive control (¢f. ESM for further experimen-
tal details).

Kinetic studies to measure dissociation constants K, and
K, of inhibitor 4 for binding to the free and acylated enzyme
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°C - RT, 54 % (two steps).

were performed by measuring progress curves of product
formation with ~ 50 uM BTCI as substrate. BTCI hydrolysis
by ABChE was mecasured in the absence and presence of
inhibitor 4 at three different concentrations (namely 40 nM,
80 nM, and 160 nM, respectively). The experiments were
carried out at 25 °C in 25-mM phosphate buffer (pH = 7.0)
according to the method of Ellman [40]. The concentration
of purified ABChE, which was always the final addition to
the assay probes, was approx. 1 nM. The hydrolysis of
46 uM BTCI was followed until completion in the presence
of 1 mM DTNB (c¢f. ESM for further experimental details).

Radiochemistry

Radiofluorination of tosylate precursor 5 (Fig. 2) was
performed in an established procedure. '*F-Fluoride was
separated from '®O-water by an anion-exchange cartridge,
which was cluted with 300 pl of 66-mM K,CO;
aqueous solution into a v-vial containing 15 mg of
Kryptofix,,, in 500-ul acetonitrile. The mixture was dried
azeotropically at 120 °C, which was repeated twice using
dry acetonitrile (500 pl each time). Then, 1 mg of the
precursor 5 (Fig. 2) in 400 pl of dry acetonitrile was added
to the mixture and reacted for 10 min at 110 °C. After
cooling to room temperature, the reaction mixture was
neutralized by adding 5 % acetic acid (300 pl). The labeled
compound was purified by semi-preparative, reversed
phase HPLC (¢f. ESM for further experimental details).
Tracer identity and sufficient radiochemical purity were
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confirmed by radio-thin layer chromatography (TLC). The
radiotracer was diluted with saline to the required
concentration for further investigation.

Preliminary Ex Vivo Tissue Binding Assay and
In Vivo PET Imaging

Animal protocols were approved by the local Animal Care
and Use Committee and conducted according to the Guide
for the Care and Use of Laboratory Animals. One C57BL/
6N mouse from Charles River was used for ex vivo tissue
binding studies. Horizontal slices with 20-pm thickness were
made and separated into two series for either control or
blocking group. The frozen mice brain slices were incubated
in a buffer at pH=28.0 (150-mM NaCl, 5-mM EDTA, 50-
mM Na,HPO,) containing '®F-labeled compound 4 (4=
1.44 MBq) with or without cthopropazine hydrochloride
(60 uM) as blocking agent. After incubating for 30 min at
25 °C, the slices were rinsed five times in PBS buffer (1 min
cach time). After drying at room temperature, the slices were
exposed to a phosphor imaging plate (Fuji SR-type image
plate, Fujifilm Corporation, Tokyo, Japan). The images were
obtained using a digital autoradiographic system (Typhoon
FLA 7000). For in vivo PET imaging, a healthy male Wistar
rat, which was anesthetized and maintained with isoflurane,
was scanned using a micro-PET system (FOCUS, Siemens).
Directly after the injection of tracer 4 (6.3 MBq), a 60-min
dynamic imaging protocol was started. The obtained PET
images were analyzed with the public domain tool AMIDE
imaging software (A Medical Imaging Data Examiner,
version 1.01) and used to generate time-activity curves of
regions of interest.

Results
Chemistry

The fluorinated, reversible #BChE inhibitor 4 (Fig. 2) was
synthesized in three steps with satisfying yields [36, 37, 39].
We applied the DAST fluorination method for alcohol 3 due to
the short reaction times, mild conditions, and uncomplicated
workup, despite lower yields (24 %). This compound was only
required in minor amounts as reference during radiolabeling
and for in vitro assays. The respective precursor for '®F-
labeling was synthesized using the same building block,
alcohol 3, in almost quantitative yields. However, precursor §
exhibited an instability problem, when present as free base. It
was resolved by turning S into its tosylate salt. During purity
control by liquid chromatography/mass spectrometry (LCMS),
we found a slow side reaction due to intramolecular ring
closure by nucleophilic attack of the piperidine nitrogen
(Fig. 3). This can be explained with the excellent leaving
group quality of tosylate, which is on the one hand required for
a facile radiolabeling under preferably mild conditions, but
makes the compound sensitive for this quaternization side

reaction on the other hand. Since building block 1 is not
commercially available, we synthesized alcohol 3 additionally
out of low cost and easy to handle nipecotic acid 6 (Fig. 2) [36,
37]. In the first step, the piperidine nitrogen was benzoylated in
very good yields applying benzoyl chloride. Next, the
carboxylic acid of compound 7 was activated with 3-
[bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide
hexafluorophosphate (HBTU) and coupled to 2-aminoethanol
in very good yields. Subsequently, compound 8 was protected
at its hydroxyl group with tert-butyldimethylsilyl chloride
(TBDMS-CI) in good yields. Finally, both amide groups were
reduced with lithium aluminum hydride and the crude product
was used directly in a one-pot-two-steps manner to be coupled
naphthalene-2-sulfonyl chloride at the reduced secondary
amine function. It was found that the TBDMS group is cleaved
under the applied conditions and alcohol 3 (Fig. 2) was
obtained in satisfying yields.

In Vitro Studies

Subsequently, compound 4 was tested in an Ellman’s assay
for its inhibitory potency against ZBChE [40]. We deter-
mined a low submicromolar value (ICso=118.3 +19.6 nM),
meaning a drop in inhibitory potency compared to the parent
methoxy derivative (Fig. la, b; 1C50=4.9+0.3 nM) [32].
This can be explained by means of the BChE crystal
structure in complex with the inhibitor. Although the
methoxy-ethylene moiety as a whole rather points out of
the binding pocket, the missing methoxy-oxygen has been
described to act as an additional H-bond acceptor with a
structural water and Asn68 (Fig. 1b). This is still a good
compromise, since the structure-activity relationships
revealed that other positions to introduce fluorine in the
molecule would presumably lead to a more drastic decline of
activity (c¢f. Table 1). Still, this class of compounds exhibits
high selectivity over ZAChE, which had been described also
for several derivatives thercof [32].

To gain in-depth insight into the binding potential of
inhibitor 4, the effects of different concentrations of the
compound on ABChE activity were studied by measuring
progressive curves of product formation at approximately
50 uM of BTCI (Fig. 4a). The analysis of these progressive
curves revealed good agreement between the experimental
curves (Fig. 4a, in blue) and a theoretical model (Fig. 4a, in
red) that defined a mixed reaction mechanism with binding
of the inhibitor to both the free and the acylated enzyme
(Fig. 4b). The dissociation constants revealed that the
binding affinity of compound 4 to the acylated enzyme
(K, =68.0 nM) is lower than to the free enzyme (K=
32.9 nM).

Radiochemistry

Next, precursor 5 (Fig. 2) was subjected to '*F-radio-
labeling. We obtained ['®F]-labeled tracer 4 in
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Fig. 3. Quaternization of precursor 5 when present as free base.

approximately 120 min with an average radiochemical yield
of 20+3 % (deccay-corrected, n=2) without recaction
condition optimization. The identity of the tracer and its
radiochemical purity (= 95.3 %) were confirmed by TLC
autoradiography. In a preceding '®F radiolabeling approach
of precursor 5 applying established conditions as described
before (¢f. “Materials and Methods™), we were able to verify
tracer identity by its Ry value on radio-TLC. TLC autoradi-
ography indicated a progress of fluorination by more than
33 % (Fig. 5c¢). Furthermore, the retention time of the
radiotracer (y detection, Fig. 5b) corresponded to that of the
cold compound on HPLC (UV detection, Fig. 5a).

Preliminary Ex Vivo Tissue Binding and In Vivo
PET Imaging

In the ex vivo autoradiography study, we found accumu-
lation of high radioactivity in most of the brain area,
cspecially high intensity at the cortex, where BChE
activity is elevated even more during AD progression
[41]. Ethopropazine hydrochloride, a selective and re-
versible inhibitor of BChE [42], successfully reduced
tracer uptake, suggesting specific binding of the tracer to
BChE in the brain tissue (Fig. 6a). Unfortunately,
dynamic PET images in a healthy rat indicated low
tracer retention in brain (Fig. 6b, c).

Table 1 Structures and inhibitory potencies of cold, reversible #ZBChE inhibitor 4 (Fig. 2) in contrast to respective derivatives with substituted benzyl group,
naphthalene group, and altered alkyl chain length on sulfonamidic nitrogen [32]. *SEM standard error of means, "RA residual activity

R
N i
EJVN\”S\\/RZ
OO0
ICso+ SEM® | %RA"+ SEM
R R R (nM) on at 10 pM on
KBChE mAChE
@ -(CH»)»-F 118.3+19.6 =
F
A©w ~(CH3),-OMe ~ 53000 i
@ -(CH:);-OMe 144208 95% + 5%
OMe
@ -(CH2)»-OMe 156 + 33 95% + 7%
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Fig. 4. a Time courses of product formation in the reactions between BTCI (~ 46 uM) and purified hBChE (1 nM) in the absence
(curve a) and presence of compound 4 (b, 40 nM; c, 80 nM; d, 160 nM). b Scheme for the inhibition of BTCI hydrolysis by
hBChE in the presence of DTNB by compound 4. E, free enzyme; EA, acylated intermediate; S, substrate (BTCI); P, all of the
stoichiometrically released products (thiocholine-TNB, TNB™); and |, compound 4 (inhibitor). The symbols for the constants are
keat (k1), catalytic constant for BTCI turnover; K, (ko), Michaelis constant; K, =ka/k,, inhibition constant for binding of the
product thiocholine-TNB; K5 = ks/k4 and K, = k4/kg, dissociation constants for binding of the compound to the free and acylated

enzyme, respectively.

Discussion

In our synthetic approach towards cold, reversible ZBChE
inhibitor 4, and the respective precursor 5 for '®F labeling
(Fig. 2), we were able to perform several optimizations of
reaction conditions. Yields of the Leuckart-Wallach benzyla-
tion in the first step were significantly increased, when
benzaldehyde was freshly distilled before the reaction to
remove benzoic acid, which is formed due to slow oxidation
of benzaldehyde in the presence of air [36, 43]. In the next
step, we achieved demethylation of a methoxy group with
boron trifluoride etherate in propane-1-thiol. However, at
first, this step required long reaction times (6—7 days), even
though it was described that increased amounts of BF; - Et,O
can accelerate conversion [37]. We found that slightly
elevated temperatures (up to 50 °C) significantly decreased
reaction times (60 h). Fluorination of the alcohol 3 with
DAST gave the desired product 4; however, attempts to
increase the yields failed. This is likely due to the side
reactions that can appear when DAST is applied, namely

elimination or carbonium-ion type rearrangements [39].
Tosylation of alcohol 3 proceeded almost quantitatively
under standard conditions [44]; however, the product has to
be turned into its tosylate salt to prevent slow, but continuous
quaternization (Fig. 3). In our additional synthetic approach
towards central building block 3 (Fig. 2), we found that both
amide groups of TBDMS-protected compound 9 can be
reduced by lithium aluminum hydride and the crude product
can directly be coupled to naphthalene-2-sulfonyl chloride to
obtain deprotected alcohol 3. This abbreviates the synthetic
procedure by one additional TBDMS-deprotection step.
Next, we measured the inhibitory potency of our cold,
reversible ABChE inhibitor in a colorimetric Ellman’s assay
and determined an 1Cs, value of 118.3 £ 19.6 nM, meaning a
significant drop of inhibitory activity compared to the parent
compound (Fig. la, IC50=4.9+0.3 nM). However, the
structure-activity relationships for this class of compounds
revealed that altering the N-alkyl moieties of the sulfon-
amide nitrogen led to the lowest changes in inhibitory
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Fig. 5. HPLC — and radio-TLC analysis after first ' F radiolabeling of precursor 5. a HPLC chromatogram of reference
compound 4. The UV absorption at 220 nm was detected. b HPLC chromatogram of the purified radiotracer. y-ray emission
produced by the B*-(positron-) decay of '8F and subsequent annihilation with electrons was detected. The retention time (Rt) is
in good agreement with the reference (cold compound: Rt =9.273 min; radiotracer: Rt =9.902 min). ¢ Radio-TLC analysis of
labeling progress. The R; values of cold compound (cpd. 4) and the respective spot of the tracer in the reaction mixture (r. m.)
are in good agreement. TLC autoradiography indicated a process of fluorination by more than 33 %.

potency, while substituted naphthalene or benzyl groups
significantly decreased inhibitory potency (Table 1 and Fig.
1b) [32]. As an example, we synthesized a respective
derivative with a fluoromethyl group in para position of
the benzyl ring, which turned out to be almost inactive as
hBChE inhibitor (Table 1). Even though replacement of the
methoxy group with a fluorine atom reduced inhibitory
potency more than expected considering the previously
cstablished structurc-activity relationships, the submicromo-
lar ICso value in combination with the high selectivity ratio
over AChE for this class of compounds still represent
promising attributes for a suitable radiotracer [33]. Addi-
tionally, kinetic experiments revealed a good binding
potential of compound 4 (Fig. 2) to ABChE. The dissociation
constant K, representing the binding affinity to the free
cnzyme, was generally lower than K;, the respective
constant for binding to the acylated enzyme (K;=32.9 nM,
K, =68.0 nM, c¢f. Fig. 4).

Subsequently, we performed '*F-radiolabeling of the
tosylate precursor 5 by nucleophilic substitution. Applying
an established procedure with some variations on the
technical details led to a reasonable radiochemical yield.
Importantly, the whole process including labeling, tracer
identification, and purification was feasible in approximately
120 min, considering the half-life of 18p (1.8288 h) as a
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limiting factor for time-consuming preparations of radio-
tracers [34]. In a precedent radiolabeling approach, we could
already determine a facile progress of fluorination by TLC
autoradiography. The tracer identity could be confirmed
both by radio-TLC and HPLC retention times (Fig. 5). Since
harsh radiolabeling conditions can lead to decomposition of
unstable functional groups and unexpected side reactions of
the respective precursor, our promising radiolabeling results
motivated us to perform preliminary ex vivo and in vivo
investigations.

The ex vivo autoradiography study demonstrated good
binding of our tracer to BChE rich areas in mice brain
tissues. We obscrved high intensities in cortex, which is in
good agreement with the known BChE distribution in mice
brain [45-47]. After preincubating the tissue with ethopro-
pazine hydrochloride, a sclective inhibitor of BChE [42], we
found a significant decrease of binding (Fig. 6a). This
finding met our expectations and provides further evidence
of the pronounced selectivity over AChE for this compound.
Nevertheless, a significant amount of tracer remains bound
to the tissue despite blocking. Possible reasons are non-
specific binding due to the lipophilicity of the tracer and/or
potential off-target effects.

However, in our first approach to utilize the tracer for
in vivo PET studies, we found only low brain uptake after
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Fig. 6. a Autoradiographic image of tissue binding assay
with healthy mice brain slices incubated with ['8F]-labeled
BChE — tracer 4 without (left) and with (right) ethopropazine.
Purple areas represent low binding; bright yellow areas
represent high binding. b Dynamic PET images of sagittal
sections after administration of radiotracer 4 in a healthy rat.
Dark green areas represent high tracer accumulation; light
green areas represent low accumulation. ¢ Time-activity
curves in each organ derived from the PET imaging.

administering the compound via tail vein to a male rat (Fig.
6b, c). This can reflect the compounds limited
BBB permeability, since a moderate brain-to-plasma ratio
(0.44 vs. Donepezil = 6.3) had already been described for the
parent, methoxy compound (Fig. la) after in vivo blood
plasma-brain distribution studies [32]. On the other hand,
this compound had been investigated in permeability
measurements using Caco-2 cells, where it exhibited neither
low passive permeability nor active efflux by membrane
transport proteins like P-glycoprotein or breast cancer
resistance protein [32].

Conclusion

In our study, we present design and evaluation of a novel
'"SF-PET radiotracer selectively targeting BChE with revers-
ible mode of binding. Precursor and the respective cold
compound are now synthetically easily accessible. Inhibitory
potency of the cold compound was decreased compared to
the parent compound. Therefore, future studies could
additionally focus on ''C labeling at the methoxy group to
completely retain inhibitory potency of the radiotracer.
Radiolabeling was achieved in a reasonable time frame and
a good radiochemical yield applying a standard procedure.
Preliminary ex vivo autoradiography on mice brain slices
preincubated with the tracer revealed its good binding to
brain tissue and blocking studies with ethopropazine
hydrochloride demonstrated its selectivity towards BChE.
However, future studies should focus on determining
possible reasons for the significant compound retention
despite blocking with respect to potential off-target effects
and non-specific binding. Our preliminary in vivo PET study
showed only limited brain uptake of the tracer after tail vein
injection. After the initial blood pool circulation, the tracer
was accumulated in liver and kidneys and excreted fast into
intestine and urine. The tracer’s ability to pass the
BBB might be restricted. On the other hand, the parent
compound, which served as design schedule for us,
demonstrated neither low passive permeability nor active
efflux. Due to these facts, the tracer will be applied in future
studies towards its precise biodistribution to clarify the
reason of its limited brain uptake.
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Synthesis and Initial Characterization of a Selective,
Pseudo-irreversible Inhibitor of Human
Butyrylcholinesterase as PET Tracer

Christian Gentzsch*,® Matthias Hoffmann*,”! Yasuhiro Ohshima, Naoko Nose,
Xinyu Chen,™ < Takahiro Higuchi,*“%¢ and Michael Decker*"

The enzyme butyrylcholinesterase (BChE) represents a promis-
ing target for imaging probes to potentially enable early
diagnosis of neurodegenerative diseases like Alzheimer’s dis-
ease (AD) and to monitor disease progression in some forms of
cancer. In this study, we present the design, facile synthesis,
in vitro and preliminary ex vivo and invivo evaluation of a
morpholine-based, selective inhibitor of human BChE as a
positron emission tomography (PET) tracer with a pseudo-

Introduction

Dementia and its most frequent form, Alzheimer’s disease (AD),
are increasingly challenging health-care systems all around the
world. The number of affected people doubled from 1990 to
2016, meaning that there are up to 50 million patients right
now. On the one hand, this can be correlated with a growing
and aging world population, on the other hand, there is
evidence that avoiding risk factors like high body mass index or
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irreversible binding mode. We demonstrate a novel protecting
group strategy for '®F radiolabeling of carbamate precursors
and show that the inhibitory potency as well as kinetic
properties of our unlabeled reference compound were retained
in comparison to the parent compound. In particular, the
prolonged duration of enzyme inhibition of such a morpholino-
carbamate motivated us to design a PET tracer, possibly
enabling a precise mapping of BChE distribution.

smoking can delay the onset and therefore contribute to a
reduced future number of affected people, as there is still no
chance to cure or even modify the progress of AD." Alzheimer
published the first description of histological alterations,”
namely amyloid {3 deposits (A} plaques) and neurofibrillary
tangles (NFTs), which occur during the progression of the
disease named after him and are accompanied by memory
deficits and cognitive decline.”’ These pathological markers are
still used to make a definite diagnosis of AD, which, however,
can only take place post mortem." The fatal consequences of
the disease can be ascribed to a proceeding loss of cholinergic
neurons and a decline of the neurotransmitter acetylcholine,
which is metabolized by the serine hydrolase acetylcholinester-
ase (AChE)." Apart from the N-methyl-D-aspartate receptor
antagonist memantine, all of the approved drugs on the market
to combat AD are AChE inhibitors and can ameliorate
symptoms in the early stage of the disease by preventing
further degradation of acetylcholine through enzyme hydrol-
ysis. This is far from any disease-modifying or curative treat-
ment, and, in general, the complex pathologies of AD are yet
too little understood.”™® However, there is evidence that
butyrylcholinesterase (BChE) represents an attractive target for
novel imaging probes in AD diagnostics and such imaging
probes represent tool compounds to provide further insights
into BChE’s involvement in neuropathologies and consequently
for more powerful drugs to combat the disease. It was shown
that in late-stage AD, the level of AChE dramatically decreases
by approximately 90%, while BChE activity remains unaffected
or can be elevated by up to 30%.” Furthermore, in the human
brain large amounts of BChE can be found in regions associated
with cognition and behavior, which are among the first areas
affected by neurodegeneration.® Last, there is evidence that
BChE is involved in AD pathologies by generating harmful
attributes of AP plaques.” In up to 30% of cognitively normal
older adults, AP plaques appear without being colocalized with
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BChE, which is the case in AD."® Consequently, it has been
shown in several studies that there is a positive, symptomatic
effect on memory deficits and cognitive decline, when BChE is
inactivated.""” Moreover, it is possible to reverse the effect of
injected Af,s;5 in an AD mouse model with highly selective
BChE inhibitors exhibiting a pronounced neuroprotective
profile, providing first hints that a disease-modifying treatment
can potentially be achieved."? Besides, BChE is known to play
an important physiological role in serum metabolism by
detoxifying xenobiotics or naturally occurring bioactive com-
pounds with its ability to hydrolyze ester or carbamate
functionalities. Therefore, the active site exhibits a low substrate
specificity compared to AChE." Additionally, there is evidence
that BChE contributes to other diseases, including cardiovascu-
lar pathologies, obesity or diabetes mellitus type 2."Y Interest-
ingly, both ChEs are known to be involved in cellular
proliferation and differentiation, which has raised attention to
their potential role in tumorigenesis."”” For example, the
malignancy grade of tumors in sporadic breast cancer is
positively correlated with the total number of alterations in the
BChE gene."® Furthermore, a biphasic alteration of BChE level
was observed in prostate cancer, meaning a downregulation in
the early stage and a subsequent upregulation in the late-stage
of the disease, which is additionally correlated with recurrence
and reduction of disease-free survival.'”? Consequently, there is
the need for imaging probes selectively targeting BChE not
only as potential AD diagnostics to support a diagnosis
delimiting other forms of dementia, but also to shed new light
on the pathologies of other diseases with related altered BChE
activity, expression levels and occurrence. For this reason,
positron emission tomography (PET) radiotracers have been
developed to gain information about the spatial and temporal
distribution of an injected, radiolabeled compound. Ideally, the
tracer should address the target of choice with high affinity and
selectivity."® In case of BChE, one can design either an inhibitor-
or substrate-based compound for radiolabeling, while the
former can be classified in reversibly or irreversibly acting
inhibitors. Even though substrate analogs as BChE PET tracers
can usually pass the blood-brain barrier (BBB), their hydrolysis
rate is often too high to achieve an accurate estimation of the
actual enzyme distribution in the brain." 1-""C-Methyl-4-
piperidinyl-n-butyrate (""C-MP4B) and N-["®F]
fluoroethylpiperidin-4-ylmethyl butyrate are examples of such
tracers with a pronounced rate of hydrolysis in brain and
plasma. The biodistribution of ""C-MP4B in the brains of AD
patients most widely represented the neuroanatomy of BChE
known from post mortem studies of human brain, apart from a
much higher uptake in the striatum than in the cortex. Further
studies are required to fully characterize the diagnostic value of
both tracers.®?? N-Methylpiperidin-4-yl 4-['"®lliodobenzoate
was consequently developed to overcome these problems and
indeed it exhibited slower hydrolysis and retained capability of
BBB penetration. It was possible to demonstrate increased brain
retention in an AD mouse model compared to wild type and
single-photon emission computed tomography (SPECT) studies
revealed that radioactivity accumulated in cortical and sub-
cortical brain areas in accordance with BChE activity known

ChemMedChem 2021, 16, 1-12 www.chemmedchem.org

from histochemistry.”" Thereby first preclinical evidence was
provided that it is possible to distinguish healthy and AD mice
by targeting BChE with imaging probes.

This approach was extended to an inhibitor-based, irrever-
sibly acting ChE inhibitor, phenyl 4-['*[]-iodophenylcarbamate
("2I-PIP). In ex vivo autoradiography studies using brain tissue of
AD patients, cognitively normal, Af} positive older adults and Ap
negative aged humans, this tracer could discriminate AD tissue
from the other two.*?? However, it is not selective towards
BChE, ex vivo studies are preliminary due to a limited number of
investigated brain tissues and the invivo assessment of the
tracer is still pending.”” Additionally, '*I-PIP was investigated in
a recent study for its potential ability to detect pathological
changes in multiple sclerosis (MS). In vitro autoradiography
revealed that the tracer can detect MS lesions in white matter
by binding to BChE.”»

Other irreversible ChE inhibitors are organophosphates and
a respective PET tracer was designed to target central nervous
system AChE in rats, but these compounds are highly toxic
nerve agents.” However, due to the lack of results concerning
irreversibly acting and selective BChE PET tracers as potential
in vivo AD diagnostics, we continued our previous studies, in
which we had investigated enzyme kinetics and binding,
radiolabeling and preliminary ex vivo brain tissue binding of
pseudo-irreversible, selective BChE inhibitors with high
affinity."*'°# Starting point of our investigations was heptylcar-
bamate 1a (Figure 1) bearing a tetracyclic carrier scaffold. Since
this compound turned out to be a highly potent carbamate-
based BChE inhibitor with pronounced selectivity over AChE,
we performed kinetic studies to gain information about the
complex binding mode of this class of BChE inhibitors (Fig-
ure 1). In the first binding step of a carbamate-based BChE
inhibitor [C—X] to enzyme [E] the complex [EC—X] forms
spontaneously, which may either dissociate or result in a
transfer of the carbamate group C onto the enzyme E, which is
subsequently inhibited by means of a covalent bond. Under the
presumption that the formation of [EC-X], characterized by the
kinetic rate constant k;, is considerably faster than the chemical
reaction of carbamate transfer, the affinity of carbamate-based
BChE inhibitors can be characterized by equilibrium constant K.
Dissociation of [EC-X] is kinetically characterized by the rate
constant k,. The carbamate transfer from the tetracyclic carrier
scaffold [X] onto the enzyme [E] is a nucleophilic substitution
reaction, in which the serine in the catalytically active site of
BChE attacks the activated carbon of the carbamate group,
while the carrier scaffold X is released as free alcohol. This
chemical reaction is described by the kinetic rate constant ks
and results in the formation of the carbamylated enzyme E-C,
that is, the catalytic site in the enzyme is blocked by a covalent
bond. Due to the inherent chemical instability of carbamate
bonds, the enzyme is not inhibited in an irreversible fashion,
but enzyme activity is reconstituted by hydrolysis of the
carbamate, that is, a second chemical reaction characterized
through rate constant k, and half-life t,,, of the carbamylated
state.'**? For the reason of their complex binding mode,
carbamate-based PET tracers on the one hand need to be
designed particularly carefully with respect to their kinetic
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Figure 1. Design of radiotracer 2 based on potent, selective BChE inhibitors 1a, 1b and 1¢ with (pseudo-irreversible binding mode. The mechanism of

enzyme-inactivation is presented below."*'*

behavior, but on the other hand offer great opportunities in
their application. The first aspect to be considered is the speed
of carbamylation (k;), that is, the speed at which the enzyme is
deactivated and is, hence, radiolabeled through transfer of a
carbamate group comprising a positron emitting radionuclide.
Nevertheless, the carbamylation rate requires precise tuning: If
the rate is too high, the tracer may bind to BChE circulating in
the blood immediately hampering the suitability for BChE
imaging in the CNS. PET scans thus obtained only reflect the
blood flow and highlight highly vascularized areas of the body,
such as brain, liver, heart, kidneys, lung and the like, that is,
high brain uptakes may be found although not reflecting true
BChE distribution throughout the body. If the carbamylation
rate is too slow, however, the tracer may be metabolized before
binding to BChE occurs to a considerable extent, also rendering
the tracer inappropriate. Only if the carbamylation speed is at
an appropriate level, a molecular scan representing the true
distribution of BChE throughout the body and CNS can be
obtained. Once the enzyme is labeled with the radionuclide,
however, slow hydrolysis and long half-life time of the
carbamylated enzyme state result in a prolonged retention of
radioactivity in the area of interest allowing for increased time
of observation and highly flexible study design. Therefore, the
ultimate aim for the successful design of a carbamate-based
PET tracer for BChE imaging is the provision of a radiolabeled
carbamate that is stably transferred to BChE to a considerable
extent within a short period of time, such as 5 minutes, but
remains bound to BChE for a preferably long time.

Due to the scarcity of highly selective and nanomolar BChE
inhibitors, especially with pseudo-irreversible binding mode
meeting the demanding requirements, we developed a first '*F-
or ""C-labeled PET tracer by attaching fluorine at the end of the

ChemMedChem 2021, 16, 1-12 www.chemmedchem.org

heptyl chain (compound 1b, Figure 1) or introducing ''C as the
carbamate carbonyl group ([''C]-1a, Figure 1)."

Even though the affinity of the fluorinated compound was
not significantly altered, a harsh and complicated radiolabeling
procedure of four steps and a short half-life of enzyme
reactivation forced us to develop a new generation of
carbamates with heterocyclic moieties at the end of alkylene
chains of different lengths to examine their influence on
inhibition times. Thus, we found out that a morpholine
substitution at the end of a hexylene chain substantially
increases the time of enzyme inactivation and beneficially
increases water solubility of this highly lipophilic class of
compounds."? Consequently, in this study, we present a second
generation BChE-selective 'F-PET tracer with significantly
prolonged duration of action, which most widely retains its
inhibitory potency. Additionally, we demonstrate a new radio-
labeling strategy for carbamates leading to improved radio-
chemical yields. Last, we show preliminary ex vivo and in vivo
results of the tracer.

Results and Discussion

For the design of an advanced, pseudo-irreversible PET radio-
tracer, we chose highly selective and potent, carbamate-based
BChE inhibitor 1c (Figure 1, 1Cs,=49.3 nM, residual activity on
hAChE at 10 ptM=26.1£1.0%) as scaffold, mainly due to its
pronounced decelerated speed of enzyme regeneration (1c: t,,
,=16.50h, 1a: t;,=1.12 h, 1b: t;;,=0.86 h).">'¥ Our aim was to
take advantage of a preferably long carbamoylated enzyme,
since this would presumably result in representative, precise
in vivo distribution of BChEs by PET imaging, when the radio-

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH
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nuclide is part of the transferred carbamate moiety (Figure 1).
Previously described structure-activity relationships revealed
that a hexylene-sized linker between the carbamate and
morpholine is best for both retaining inhibitory potency and a
prolonged duration of action." In contrast, the unsubstituted
carbamate bearing a heptyl chain attached at the carbamate
nitrogen exhibited a much shorter half-life of enzyme inhibition
(t,,=1.12h).*" This obvious influence of the morpholine
moiety on the duration of enzyme inhibition has been well
investigated using ChE inhibitors carrying either a morpholine
or dimethylmorpholine moiety at the end of alkylene chain.””
The carrier X is responsible for generating selectivity over AChE
and contributes to BChE binding."? Considering the design of
the radiotracer, we chose to introduce '*F in the compound,
because it has advantageous properties over other radio-
isotopes commonly used for nuclear imaging techniques like
PET. These include a long half-life (t,,=110 min, t,,, (**Ga)=
68 min), high positron yields (96.86 %, **Ga: 89.14 %) and a good
spatial resolution, which is a result of relatively low positron
energies (0.65 MeV, ®Ga: 1.90 MeV).?® Consequently, we aimed
at the synthesis of the cold, fluorinated inhibitor 2 at first to
investigate its binding properties and kinetics. Moreover, this
compound was essential as reference during radiolabeling. Our
first investigated radiotracer ["®F]-1b (Figure 1) required an
inconvenient radiolabeling procedure of four steps and the
respective cold reference had an even shorter half-life of
enzyme reactivation (t,,=0.86 h) than heptyl carbamate 1a (t,
,=1.12 h). The synthetic procedure is shown in Scheme 1. The
synthesis started from N-benzylaminoethanol 3, which was
reacted with epifluorohydrin and cyclized in an acid-mediated
intramolecular ether formation to give 4-benzylated 2-
fluoromethylmorpholine 4 in satisfying yield (Scheme 1).*
Subsequent deprotection of the benzylamine by catalytic
hydrogenation,®® and Gabriel synthesis with 2-(6-bromohexyl)
isoindoline-1,3-dione, were followed by a hydrazinolysis, which
gave hexylamine 7 in very good yields. The resulting amine was
activated with p-nitrophenyl chloroformate and subsequently
transferred onto the 13-methyl-5,8,13,13a-tetrahydro-6H-isoqui-

F
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- 4
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nolino[1,2-blquinazolin-10-ol carrier scaffold to yield the non-
radioactive compound 2 as a racemic mixture, which was used
for in vitro evaluation of hAChE and hBChE binding properties
and as a reference compound for analysis and purification after
'8F-labeling. Synthesis of the carrier scaffold has been described
before in detail®" Because radiolabeling with "*F requires a
precursor bearing a suitable leaving group to be replaced by
the radionuclide, we developed a similar synthesis as presented
in Scheme 1 leading to a respective tosylated compound 14
(Scheme 2). N-benzylaminoethanol 3 was reacted with epichlor-
ohydrin, followed by an acid-mediated ether condensation
giving  4-benzyl-2-(chloromethyl)morpholine in  satisfying
yield.” After that, the chlorine atom was replaced by a hydroxy
group in a nucleophilic substitution reaction with excellent
yield®¥ and the benzyl protecting group was subsequently
removed by catalytic hydrogenation to yield morpholine-2-yl
methanol 9 quantitatively (Scheme 2). Compound 9 was N-
alkylated with 2-(6-bromohexyl)isoindoline-1,3-dione in satisfy-
ing yields for an upcoming hydrazinolysis (Gabriel synthesis).
Then the hydroxy group on the morpholine moiety was
activated by tosylation with 4-toluenesulfonyl chloride (TosCl)
in good vyield. The resulting tosylate 10 was subjected to a
hydrazinolysis, and the amine 11 was subsequently activated
with p-nitrophenyl chloroformate and transferred onto 13-
methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-blquinazolin-

10-ol to give the desired tosyl carbamate 12 as precursor again
in excellent yields (Scheme 2). As carbamates can easily
decompose under the harsh conditions of 'F labeling, it is
necessary to employ a protecting group strategy."? We
adopted a facile method by introducing a methoxymethyl ether
(MOM) group at the carbamate nitrogen, without using highly
cancerogenic methoxymethyl chloride.*” In the first step, a
chloromethyl group was attached insitu at the carbamate
yielding compound 13. The reaction mixture was subsequently
quenched with methanol to give the desired MOM-protected
precursor in very good yields (Scheme 2). However, this
inevitable modification of our precursor forced us to perform an
additional deprotection step after radiolabeling, which might
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Scheme 1. Synthesis of nonradioactive compound 2 for in vitro ChE testing and as reference compound for HPLC purification after '®F labeling. i) 1.
epifluorohydrine, RT, 3 h; 2. H,SO,, 140°C, 1 h, 67 %; ii) H,, Pd/C, MeOH, RT, 1 h, quant.; iii) 2-(6-bromohexyl)isoindoline-1,3-dione, NEt,, DMF, 105°C, 4 h, 63 %;
iv) H:N>H,0, EtOH, 85°C, 4 h, 77 %; v) 1. p-nitrophenyl chloroformate, NEts;, CH,Cl,, 2 h, RT, 67 %; 2. 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]

quinazolin-10-ol, NaH, CH,Cl,, 1 h, RT, 75 %.
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Scheme 2. Synthesis of MOM-protected, tosylated precursor 14 for '*F labeling to ['*F]-2. i) 1. epichlorohydrine, RT, 3 h; 2. H,50,, 140°C, 1 h, 67 % over two
steps; 3. H,0, CHONH,, 145°C, 20 h, 93 %; ii) H,, Pd/C, MeOH, RT, 1 h, quant.; iii) 1. 2-(6-bromohexyl)isoindoline-1,3-dione, N,N-diisopropylethylamine (DIPEA),
DMF, 100°C, 20 h, 66 %; 2. TosCl, NEt;, CH,Cl,, RT, 20 h, 71 %; iv) H:N,-H,0, EtOH, 80°C, 1.5 h, 88%; V) 1. p-nitrophenyl chloroformate, NEt;, CH,Cl,, 3 h, RT, 55 %;
2. 13-methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-blquinazolin-10-ol, NaH, CH,Cl,, 2 h, RT, 94 %; vi) TMS—CI, para-formaldehyde, CH,Cl,, RT, 18 h; vii)

MeOH, RT, 1 h, 85% (two steps); viii) 1. ['*FIKF, Ky, MeCN, 110°C, 10 min; 2.6 M HCIaq, 90°C, 5 min.

Table 1. Inhibitory potencies and kinetic parameters of heptylcarbamate 1a, and cold reference compound 2. K, k, and k, are presented with SEM (standard
error of the mean) for triplicates of the respective experiments (n= 3).
Cmpd. 1C5, (hBChE [nM]) 1Csy (hAChE [nM]) K. = SEM (hBChE [nM])
1a 6.4“2‘]9] 3800H2,19] 28'SjT 17'2|IZ,|9'\
1b 521 3600™ 243+19.3"
1c 493" >100000" 202.L 55"
2 66.6 > 100000 199.9 £160.4
k; 4 SEM (hBChE [min~"]) k44 SEM (hBChE [h~"]) t,, [h]
1a 0.66+0.32"2™ 0.62+0.04"'¥ o ot
1b 0.78:0.48"" 0.81+0.04"™ 0.86"
1c 0.16+0.02" 0.042+0.004" 16.50"%
2 042-+0.25 0.043+0.003 16.13

be disadvantageous due to additional time investment for
reaction and work-up. Even though the introduction of a
fluoromethyl group might represent just a minor modification
on the parent BChE inhibitor 1c (Figure 1), we fully charac-
terized cold reference compound 2 for its retained inhibitory
potency in colorimetric Ellman’s assay and performed an
additional thorough kinetic study to compare the results.">'* 3!
Thus, we have proven that both the binding properties and
kinetic characteristics are in excellent accordance with the
parent compound 1c and greatly exceed the properties of
heptylcarbamate 1a (Table 1). The colorimetric assay (Ellman’s
assay) was performed by incubation of a solution of 5,5-
dithiobis-(2-nitrobenzoic acid) (DTNB) and the respective hu-
man ChE with the inhibitor. After 20 min, enzyme activity was

ChemMedChem 2021, 16, 1-12 www.chemmedchem.org

measured by adding the synthetic substrate of each ChE
(acetylthiocholine for AChE and butyrylthiocholine for BChE).
After reaction of the hydrolyzed thiols with DTNB and their
photometric quantification, enzyme activity was calculated. The
evaluation in kinetic studies revealed that the pseudo-irrever-
sible binding of carbamate 2 is comparable to that of
compound 1c. K. and k; representing kinetic values for the
carbamoylation step appear to be in the suitable range to allow
for molecular scans reflecting the true BChE distribution among
the whole body. The decarbamoylation step is kinetically
characterized by &, and the half-life of enzyme reactivation, t,.
Dilution experiments (Figure 2)'*'* *¥ revealed a time-depend-
ent plot of enzyme activity characterized by a first-order

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Figure 2. Recovery of hBChE activity after pseudo-irreversible inhibition with
compounds 1a, 1b, 1¢, and 2 and subsequent dilution. Normalized enzyme
activity (1= full activity) was measured in triplicate for each time point
(mean =SD).

exponential curve and the related Equation (1), out of which t,,,
and k, were calculated (Figure 2).
A=(1-e") (1-A)+A (1)
In summary, we found that our cold inhibitor 2 shows a
very minor decrease in its inhibitory potency compared to
parent compound 1c (Table 1 and Figure 2), but still exhibits
binding affinity in the two-digit nanomolar range. Importantly,
it retains long duration of action considering the half-life (t;,,=
16.13 h) and rate constant k, (Table 1, Figure 2), which met our
expectations. Altogether, the pronounced selectivity over
hAChE, the sufficiently fast transfer of the carbamate onto the
enzyme and long binding represent promising attributes for a
suitable BChE PET tracer. Consequently, we used precursor 14
(Scheme 2) for ®F radiolabeling to generate the respective
radiotracer. In the first step, we adopted an established
procedure for "*F labeling of tosylates by nucleophilic substitu-
tion. ['"®FIKF was reacted with the precursor at elevated temper-
atures in the presence of a [2.2.2]cryptand (K,,,). Finally, the
MOM group was deprotected with 6 M hydrochloric acid.
Purification of the tracer was achieved by semi-preparative
high-performance liquid chromatography (HPLC). Thus, we
obtained the tracer in a time frame of 180 min and a
radiochemical yield of 13% after decay correction (specific
activity a=191 GBg/mmol). Autoradiography of a thin-layer
chromatogram (TLC) indicated sufficient purity (95.3%) of our
tracer for subsequent preliminary ex vivo and in vivo experi-
ments.

ChemMedChem 2021, 16, 1-12 www.chemmedchem.org

In the next step, we characterized the radiotracer’s in vitro
properties in protein binding assays on hBChE. First, the time
course of binding was investigated by incubating a mixture of
hBChE and radiotracer ['*F]-2 in PBS for 5, 10 and 20 min at
37°C. A maximum of tracer-bound hBChE was reached after
20 min (Figure 3). This demonstrates the specificity of tracer
binding to hBChE and the maximum after 20 min is in good
agreement with previous kinetic studies of compounds 1a, 1b
and 1c (Figure 1), where equilibrium constant K. and rate
constant of carbamoylation k; were determined."?'**! Addition-
ally, we studied the blocking of tracer binding in vitro by the
known reversible BChE-selective inhibitor ethopropazine and
nonselective, reversible ChE inhibitor tacrine.*® Therefore, a
solution of hBChE in PBS was preincubated with ethopropazine
hydrochloride (60 pM) or tacrine (1 uM), respectively. Subse-
quently, ['®F]-2 was added to each of the inhibitors and
incubated for 20 min at 37°C (cf. Figure S1 in the Supporting
Information). Next, we investigated the binding properties of
['|F1-2 to mice brain tissue using autoradiography. After
incubation of healthy mouse brain slices with the tracer,
autoradiography images exhibited high accumulation of radio-
activity in relevant brain areas (Figure 4), proving a good

binding of ['®F]-2 to brain tissue.*® In parallel, we performed
blocking experiments on mice brain tissue preincubated with
ethopropazine hydrochloride, a selective inhibitor of BChE that
prevents binding of other BChE inhibitors and substrates due to
its blocking of the active site.”*! Consequently, we found a
significantly decreased binding of ['®F]-2 to the preincubated
tissue, which demonstrates the specificity of the tracer towards
BChE binding in areas with high BChE activity like white matter
bundles, thalamus, upper brainstem and cerebral cortex.*® It
has to be mentioned that a higher level of displaceable binding
was observed in autoradiography experiments with ['®F]-1b,
which is likely due to its higher binding affinity (1Cs,=
5.2 nM)."¥ Nevertheless, the complicated radiolabeling proce-
dure and unfavorable kinetic parameters of this tracer are
disadvantageous compared to ['®F]-2. Due to the successful

- N
- 3] N ©

% Dose / U of BChE

L
n

0 5 10 15 20 25
Time / min

Figure 3. Time-dependent in vitro hBChE binding assay with radiotracer ['*F]-
2. Enzyme-bound radioactivity was measured in triplicate after 5, 10 and

20 min (mean L SD). % Dose: the percentage of binding dose according to
overall radioactivity used, U: the enzyme unit for BChE added in each vial.
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Figure 4. Autoradiography of mice brain slices incubated with radiotracer
['®F]-2. Left: without and right: with ethopropazine hydrochloride. Bright
areas represent high binding of the tracer. Tracer intensity [arbitrary units] is
shown as a percentage of the maximum tracer activity.

radiolabeling and promising in vitro and ex vivo results, we felt
motivated to initially evaluate the radiotracers in vivo character-
istics in PET studies. Therefore, a solution of the tracer (5%
ethanol in saline) was injected via tail vein to a healthy male
Wistar rat, which was directly scanned in a small animal PET
system to obtain dynamic images and generate time-activity
curves of regions of interest (Figure 5). From both dynamic
images and time activity curves only limited brain uptake of the
tracer could be observed, which could indicate limited BBB
penetration. After initial blood-pool circulation and a rapid
enrichment in heart and lung, the tracer accumulates in liver
tissue. BChE occurs in the above-mentioned organs in an
elevated manner.”” It is noteworthy that parent compound 1¢
(and closely related compounds) exhibited pronounced activity
in vivo."? Duration of action at hBChE in vitro (t,,,) correlates
well with neuroprotective effects in vivo. However, since the
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Figure 5. Preliminary in vivo evaluation of the tracer. Top: Dynamic coronal
PET images after tail vein injection of a solution of ['®F1-2 to a male Wistar
rat and subsequent microPET scanning over 40 min. Bottom: Time-activity
curves of regions of interest obtained from the above images (A.U — arbitrary
unit).
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tracer reaches heart, lung and liver with increased activity, a
potential application is given in prognosis, diagnosis and
monitoring disease state and progress or malignancy grade in
certain types of cancer, which can be associated with down-
and/or upregulation of BChE.®¥ In particular, BChE expression
has been found to decrease significantly in large-cell- and
squamous-cell lung carcinoma.*® Therefore, an application of
the tracer in diseases monitoring and prognosis in lung cancer
might be conceivable. Further studies in animal models are
warranted based on the current initial evaluation to prove its
feasibility.

Conclusion

In this study, we present design and synthesis of an "®F-labeled
radiotracer for PET imaging of BChE. A potent and selective
BChE inhibitor with pseudo-irreversible binding mode served as
parent compound due to its long duration of action. We
modified the carbamate moiety by attaching a fluoromethyl
group to the morpholine moiety, which is responsible for the
prolonged enzyme inhibition. We present a facile synthesis of
both cold reference compound and a MOM-protected tosylate
precursor, which is very suitable for "®F-radiolabeling in good
radiochemical yields. Thus, we provide access to a new method
to radiolabel sensitive carbamates. Colorimetric in vitro studies
revealed that the compound widely retains the inhibitory
potency of the parent compound, and kinetic investigations
exhibited that the half-life of enzyme reactivation due to slow
hydrolysis of the carbamate is in excellent accordance with the
parent compound as well. Radiolabeling of the tosylate
precursor was achieved in two steps through an established
procedure with subsequent MOM deprotection in a reasonable
time frame and good radiochemical yields. Subsequently, we
investigated the tracer’s properties in protein binding studies
and found that the time course of binding was in accordance
with our expectations. Consequently, we applied the radiotracer
in preliminary ex vivo autoradiography studies on mice brain
slices, where we could observe good binding to brain tissue.
Additionally, we demonstrated the specificity of binding to
BChE in blocking experiments with the selective BChE inhibitor
ethopropazine. Finally, we present a preliminary invivo PET
study on a healthy male rat, where we found only limited brain
uptake. The tracer rapidly addressed heart and lung, accom-
panied by long-term accumulation in liver tissue - organs with
BChE expression. Future studies will build upon these results
and elucidate the precise biodistribution of the tracer to clarify
the remaining question of its limited brain uptake, which is
likely due to the inability to penetrate the blood-brain-barrier
efficiently or extrusion by P-glycoprotein. A potential applica-
tion of this tracer in diagnosis and monitoring of diseases with
altered BChE activity in the addressed organs, such as certain
types of lung cancer, is conceivable.
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Reagents and solvents were obtained from commercial suppliers in
reagent grade and were used without further purification unless
stated otherwise. Dichloromethane as solvent was distilled from
CaH, under argon. The reaction progress was controlled with
analytical thin-layer chromatography (TLC) on precoated silica gel
GF,s, plates (Macherey Nagel, Diren, Germany). Compounds were
detected under UV light (254 and 366 nm) or through staining with
iodine, KMnQ,, or Ehrlich’s reagent. Crude products after work-up
were purified by manual flash column chromatography. Silica gel
(particle size of 40-63 uM; VWR chemicals, Leuven, Belgium) was
used as the stationary phase and mixtures from petroleum ether/
ethyl acetate or dichloromethane/methanol as eluent systems. The
pure compounds were submitted for nuclear magnetic resonance
spectra on a AV-400 NMR instrument (Bruker) in deuterated
solvents (DMSO-ds, CDCl;, CD,Cl,, CD;OD). Chemical shifts are
expressed in ppm relative to DMSO-ds;, CDCl;, CD,Cl,, or CD;0OD
(2.50/7.26/5.32/3.31 for 'H; 39.5/77.2/53.5/49.0 for "C). Purity of
compounds was controlled with analytical HPLC on a Shimadzu
system equipped with a DGU-20A3R controller, LC20AB liquid
chromatograph, and SPD-20 A UV/vis detector (Shimadzu): Sta-
tionary phase: Synergi 4 U fusion RP (Synergi, Aschaffenburg,
Germany) column; mobile phase: water+0.1% formic acid (phase
A) and methanol+0.1% formic acid (phase B) with a flow of
1.0 mL/min. Method: conc. B, gradient 5—90% from 0 to 8 min,
90% isocratic from 8 to 13 min, gradient 90—5% from 13 to
15 min, 5% isocratic from 15 to 18 min. Compounds were detected
at 2=254 nm, and target compounds were > 95% pure.

4-Benzyl-2-(fluoromethyl)morpholine (4): In a flask, 2-(benzylamino)
ethan-1-ol (3; 1.866 mL, 1.988 g, 13.15 mmol, 1 equiv.) and epifluor-
ohydrin (1 g, 13.15 mmol, 1 equiv.) were mixed together and stirred
for 3 h at room temperature. Then concentrated H,SO, (5 mL) was
added carefully and the mixture was heated to 140°C for 1 h.
Afterwards, the reaction mixture was allowed to cool down to room
temperature and was poured onto ice. The aqueous layer was
basified with aqueous sodium hydroxide (10 M) and extracted with
three portions of ethyl acetate. The combined organic layers were
washed with water and brine, dried over sodium sulphate, filtered,
and evaporated to dryness under reduced pressure. The residue
was purified with flash column chromatography (petroleum ether/
ethyl acetate 3:1, R;=0.35) to vyield 4-benzyl-2-(fluoroethyl)
morpholine (4; 1.31 g, 6.26 mmol, 48%) as colorless oil. '"H NMR
(400 MHz, CDCly): 6=7.29-7.14 (m, 5H), 441-431 (m, 1H), 4.29-
4.21 (m, 1H), 3.89-3.58 (m, 3H), 3.53-3.35 (m, 2H), 2.74-2.55 (m, 2H),
214 (td, J=114, 33Hz, 1H), 2.04-1.86 ppm (m, TH); C NMR
(101 MHz, CDCl3): 6=137.7 (1 C), 129.3 (2 C), 128.5 (2 C), 127.4 (1 Q),
85.0 (1), 83.3 (1C), 745 (0.5C), 743 (0.5C), 66.9 (1 C), 63.5 (1 Q),
53.9 (1CQ), 53.8 (1Q), 53.0 ppm (1C); MS (ESI): [M+H]' calcd for
C,,HNOF=210.13, found 210.10.

2-(Fluoromethyl)morpholine hydroformiate (5): A solution of 4-
benzyl-2-(fluoromethyl)morpholine (4; 1.3 g, 6.21 mmol, 1 equiv.) in
MeOH (30 mL) was prepared and formic acid (0.5 mL) was added.
No precipitation was observed. Then palladium on activated
charcoal (10 wt/%, 130 mg) was added and the atmosphere was
replaced with hydrogen. The mixture was stirred for 1 h at room
temperature. After that, the catalyst was filtered off by a pad of
celite, which was washed with methanol. The filtrate was evapo-
rated to dryness in vacuo to yield 2-(fluoromethyl)morpholine
hydroformiate (5; 1.025 g, 6.21 mmol, quant.) as colorless oil. 'H
NMR (400 MHz, CD;OD): 6=8.37 (s, 1H), 457-4.49 (m, TH), 4.44-
4.37 (m, 1H), 4.15-4.06 (m, 1H), 4.04-3.90 (m, TH), 3.90-3.80 (m, 1H),
3.39-3.32 (m, TH), 3.29-3.26 (m, TH), 3.25 (dt, /=25, 1.3 Hz, 1H),
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3.18-3.12 (m, 1H), 3.10-2.99 ppm (m, 1H); *C NMR (101 MHz,
CD;0D): 6=168.2 (1C), 84.8 (1C), 83.1 (1C), 736 (0.5Q), 734
(0.5C), 649 (1C), 438 ppm (1C); MS (ESI): [M+H]' calcd for
CsH,,FNO = 120.08; found 120.15.

2-{6-[2-(Fluoromethyl)morpholino]hexyllisoindoline-1,3-dione (6): 2-
(Fluoromethyl)morpholine hydroformiate (5; 1001 mg, 6.06 mmol,
1 equiv.) was dissolved in dry dimethylformamide (10 mL) and
triethylamine (3 mL) was added. Then 2-(6-bromohexyl)isoindoline-
1,3-dione (2 g, 6,45 mmol, 1.06 equiv.) was added and the resulting
solution was heated to 105°C for 4 h. The mixture was allowed to
cool down to room temperature and water was added. The
aqueous layer was extracted with ethyl acetate (3x). Then the
combined organic layers were washed with water and brine, dried
over sodium sulphate, filtered, and the solvent was evaporated
under reduced pressure. The residue was purified with flash column
chromatography (CH,Cl,/MeOH 98:2, R;=0.33) to yield 2-(6-[2-
(fluoromethyl)morpholinolhexyllisoindoline-1,3-dione (6; 1.334 g,
3.83 mmol, 63%) as colorless oil. '"H NMR (400 MHz, CDCly): 6 =
7.80-7.74 (m, 2H), 7.66-7.61 (m, 2H), 4.41-4.36 (m, TH), 4.29-4.24
(m, 1H), 3.83 (ddd, J=11.3, 3.3, 1.7 Hz, 1H), 3.66-3.50 (m, 4H), 2.74-
2.67 (m, TH), 2.61 (dd, J=11.5, 1.9 Hz, TH), 2.34-2.22 (m, 2H), 2.05
(td, J=11.4, 3.3 Hz, 1H), 1.94-1.82 (m, 1H), 1.69-1.56 (m, 3H), 1.50-
1.36 (m, 3H), 1.37-1.24 ppm (m, 4H); °C NMR (101 MHz, CDCl;): 6 =
168.4 (1 C), 133.9(2(C), 132.2(1(C), 1233 (2C), 849 (1 C), 83.1 (1 Q),
74.3 (0.5C), 74.1 (0.5 C), 66.8 (1 C), 58.8 (1 C), 54.0 (1C), 529 (1 C),
379 (10, 285 (1C), 27.0 (1), 26.7 (1 C), 26.4 ppm (1 C); MS (ESI):
[M+H]' calcd for CigH,6N,0,=349.19, found 349.15.

6-[2-(Fluoromethyl)morpholinolhexan-1-amine (7): To a solution of
2-{6-[2-(fluoromethyl)morpholinolhexyllisoindoline-1,3-dione (6;
1.2g, 344 mmol, 1 equiv.) in ethanol (50 mL), hydrazine hydrate
(1 mL, >5 equiv.) was added. The solution was heated to 85°C for
4h. Then the mixture was allowed to cool down to room
temperature and the precipitate was filtered off. The filtrate was
evaporated to dryness under reduced pressure. The residue was
triturated with CH,Cl,, filtered, and the filtrate was evaporated
under reduced pressure to yield 6-[2-(fluoromethyl)morpholino]
hexan-1-amine (7; 577 mg, 2.64 mmol, 77 %) as colorless oil without
further purification. '"H NMR (400 MHz, CDCl,): 6 =4.48-4.42 (m, 1H),
3.95-3.86 (m, TH), 3.72-3.64 (m, 1H), 3.64-3.58 (m, 1H), 2.80-2.74
(m, 1H), 2.71-2.63 (m, 3H), 2.37-2.29 (m, 2H), 2.12 (td, J=11.5,
3.4 Hz, 1H), 2.01-1.89 (m, 1H), 1.55-1.41 (m, 4H), 1.39-1.27 ppm (m,
4H); C NMR (101 MHz, CDCl3): 6=85.0 (1 C), 83.3 (1 C), 74.4 (0.5 C),
742 (05C), 67.0 (1C), 59.1 (1C), 542 (1), 54.1 (1Q), 53.1 (1Q),
422 (1Q), 33.7 (10), 274 (1Q), 26.9 (1 C), 26.6 ppm (1 C); MS (ESI):
[M+H]" calcd for Cy4H53FNSOH=219.19; found 219.20.

4-Nitrophenyl-{6-[2-(fluoromethyl)morpholino]lhexyl}-carbamate: To
a solution of 6-[2-(fluoromethyl)morpholinolhexan-1-amine (7;
500 mg, 2.29 mmol) in dry dichloromethane (10 mL), triethylamine
(0.5mL) and 4-nitrophenylchloroformiate (508 mg, 2.52 mmol)
were added. The resulting solution was stirred for 2 h at room
temperature. Then the solvent was evaporated under reduced
pressure and the residue was purified by flash column chromatog-
raphy (CH,Cl,/MeOH 99:1, R;=0.11) to yield 4-nitrophenyl {6-[2-
(fluoromethyl)morpholinolhexylicarbamate (588 mg, 1.53 mmol,
67%) as yellow oil. MS (ESI): [M+H]* caled for CigHy6FN;Os=
384.20, found 384.05.

Due to high instability of the title compound only LCMS data was
measured, before directly reacting it in the next step.

13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]quinazolin-

10-yl-{6-[2-(fluoromethyl)morpholino]-hexyl}carbamate (2): To a sol-
ution of 4-nitrophenyl  [6-(2-(fluoromethyl)morpholino)hexyl]
carbamate (86 mg, 0.23 mmol, 1.2 equiv.) and 13-methyl-5,8,13,13a-
tetrahydro-6H-isoquinolino[1,2-b]quinazolin-10-ol (50 mg,
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0.19 mmol, 1 equiv.), sodium hydride (60% suspension in paraffin
oil, 9mg, 0.23 mmol, 1 equiv.) was added. The resulting mixture
was stirred for 1 h at room temperature. Then water was added,
and the aqueous layer was extracted with three portions of
dichloromethane. The combined organic layers were washed with
water, saturated aqueous sodium hydrogen carbonate solution and
brine, dried over sodium sulphate, filtered, and evaporated to
dryness under reduced pressure. The residue was purified by flash
column chromatography (CH,Cl,/MeOH 98:2, R;=0.14) to yield 13-
methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-blquinazolin-10-yl
{6-[2-(fluoromethyl)morpholinolhexylicarbamate (2; 72 mg, 0.14
umol, 75 %) as colorless oil. 'H NMR (400 MHz, CD,Cl,): 6 =7.38-7.32
(m, TH), 7.22-7.15 (m, 2H), 7.14-7.09 (m, 1H), 6.89-6.81 (m, 2H),
6.74-6.68 (m, 1H), 4.77 (s, TH), 4.42-4.35 (m, 1H), 430-4.22 (m, TH),
3.94 (d, J/=15.6 Hz, 1H), 3.89-3.79 (m, 2H), 3.78-3.58 (m, 2H), 3.24-
3.11 (m, 3H), 3.10-2.98 (m, 1H), 2.83-2.60 (m, 4H), 2.51 (s, 3H), 2.34-
2.26 (m, 2H), 2.06 (td, /=11.4, 3.3 Hz, 1H), 1.94-1.82 (m, 1H), 1.55-
1.39 (m, 4H), 1.37-1.26 ppm (m, 4H); 3C NMR (101 MHz, CD,Cl): 6=
155.5 (1C), 146.3 (1 C), 1449 (1), 136.7 (1 C), 1345 (1 C), 1291
(10, 1289 (1Q), 127.7 (1 C), 126.1 (1 C), 120.7 (1C), 1205 (1 C),
120.0 (1 C), 85.5 (1 C), 83.8 (1C), 76.8 (1 C), 74.8 (0.5C), 74.6 (0.5 C),
67.0 (1C), 56.5 (1 C), 54.38 (1 C), 54.33 (1 C), 54.26 (1 ), 53.8 (1 Q),
53.4(1C),483(1C),41.5(1C),382(1C),302(1C),290(C), 274
(10), 270 (1C), 268ppm (1C); MS (ESI): [IM+H]" calcd for
CyoHyoFN,0,=511.31, found 511.15; HPLC: t;=6.74 min, 97.5%
purity.

Experimental procedures for the synthesis of MOM-protected
precursor 14 (Scheme 2) are described in the Supporting Informa-
tion.

Enzyme inhibition

hAChE (EC 3.1.1.7, from human erythrocytes), DTNB (Ellman’s
reagent), ATC and BTC iodides were purchased from Sigma-Aldrich.
hBChE (E.C. 3.1.1.8) was kindly donated by Dr. Oksana Lockridge,
Nebraska Medical Centre. For the assays, the inhibitors were
dissolved in ethanol (absolute, reag. Ph. Eur) to give a concen-
tration of 3.33 mM (100 uM in the assay) and stepwise diluted to
3.33 nM (0.1 nM in the assay). Buffer was prepared from 3.12 g of
potassium dihydrogen phosphate in 500 mL of doubly distilled
water. After the potassium dihydrogen phosphate was dissolved,
the pH value was adjusted to pH 8.0 with 0.1 M sodium hydroxide
solution. Both enzymes were dissolved in assay buffer and diluted
to 2.5 units/mL. The solutions were stabilized with 1 mg/mL of
bovine serum albumin (Sigma-Aldrich) and were stored at 7 °C until
usage. DTNB was dissolved in buffer at 10 mM (0.3 mM in the
assay). The substrates ATC and BTC were prepared with a
concentration of 75 mM (452 uM in the assay) in assay buffer and
kept frozen until usage. The absorbance of probes was measured
with a Shimadzu UVmini-1240 spectrometer at 412 nm.

IC5, determination: The assay was carried out at room temperature
(25°C). Thereby, 900 pL of the buffer, 30 uL of DTNB solution
(10 mM, 0.3 mM in the assay) and 30 uL of enzyme solution (hAChE
or hBChE, 2.5 units/mL) were mixed in a cuvette. The incubation
was started directly after the addition of 30 ulL of inhibitor 2
(Scheme 1) solutions with different concentrations. The solutions
were mixed well by manual stirring. After 20 min incubation, 6 pL
of substrate solution (ATC or BTC; 75 mM, 452 uM in the assay)
were added. The mixture was left for 2.5 min to allow substrate
hydrolysis, and the absorbance was measured at 2=412 nm,
whereas enzyme activity was determined three times for every
concentration with at least seven different concentrations. A blank
value was determined by replacing the enzyme solution with
buffer; the compound solution was replaced with ethanol. The
maximum enzyme activity was determined with 30 uL of ethanol
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instead of the compound solution. 10% of ethanol did not reduce
enzyme activity. The enzyme activity in percent of maximum
activity was plotted against the logarithmic inhibitor concentration,
from which ICs, values were calculated with the software GraphPad
Prism 5.

Kinetic studies: For determination of K. and k; values, the same
general setup was used (900 L of the assay buffer, 30 pL of DTNB
solution (10 mM, 0.3 mM in the assay), and 30 pL of hBChE solution
(2.5 units/mL) were mixed at room temperature). Then, 30 uL of
inhibitor 2 (Scheme 1) solutions with different concentrations were
added, but enzyme activity was determined after 1, 2, 4, 6, 10, 15,
20, 30, and 40 min of incubation by addition of 6 uL of BTC solution
(75 mM, 452 uM in the assay). The absorbance at =412 nm was
measured after 2.5 min. All concentrations were measured three
times, at least five different concentrations were measured for at
least seven time points. The obtained enzyme activities in percent
of maximum enzyme activity were plotted in a time-dependent
manner and fitted to Equation (2) to determine the rate constant
Kkqps using the software GraphPad Prism 5.

A=A ef' LA, ®)

A: enzyme activity at time t, A;: enzyme activity at time t=0, 100 %;
A..: enzyme activity at infinite time.

The obtained inverse rate constants k,,, were plotted against the
reciprocal concentration [II”', and k, was calculated from the y-
intercept of the resulting curve, and K. from the slope of the
resulting linearization according to Equation (3) using the software
GraphPad Prism 5.

1

1 K.
+ K, ?3)

| =

kobs 3

[1]: concentration of BChE inhibitor 2 (Scheme 1).

For the measurement of decarbamylation kinetics, the enzyme was
incubated with inhibitor 2 to carbamylate >85% of the enzyme.
After 1 h, the solution was diluted 1000-fold so that no enzyme was
carbamylated anymore. The enzyme activity was measured at
several (at least 8) time points, as described above. For the
determination of full enzyme activity, a batch of the enzyme was
treated with ethanol instead of inhibitor solution and diluted 1000-
fold in the same manner. The enzyme activity in percent was
plotted against time after dilution to give first-order rate constant
k, according to Equation (1) using the software GraphPad Prism 5.
All experiments were carried out in triplicates.

Radiochemistry

Solvents and chemicals were purchased from Aldrich and directly
used without further purification. ['®FIF was produced by a
cyclotron (GE Medical Systems, Uppsala) at the Department of
Nuclear Medicine of the University Hospital of Wurzburg. Enriched
['"*0]H,0 was irradiated with protons to produce ['*FIF and
radiofluorination was carried out manually. HPLC was used for
purification and analyses of radioactive products (Shimadzu system
equipped with UV detector, =220 and 254 nm, and vy-detector).
Purified radiotracer 2 (Scheme 1) was diluted with either PBS or
saline to the corresponding concentration for further evaluation.

13-Methyl-5,8,13,13a-tetrahydro-6H-isoquinolino[1,2-b]  quinazolin-
10-yl-{6-[2-(['*F]-fluoromethyl)morpholino]-hexyl}carbamate  (['®F]-
2): ['®FIF was separated from [®OJH,O by an anion exchange
cartridge (Sep-Pak QMA Cartridge) and eluted with 0.5 mL of
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25 mM potassium carbonate and 50 mM Kryptofix222 solution in
MeCN/H,0 (6:2) into a V-vial. The solution was dried at 120°C
under a nitrogen flow, which was repeated twice with 500 uL of
anhydrous MeCN. Labeling was carried out using 1.3 mg of
precursor 14 (Scheme 2) dissolved in 0.4 mL of anhydrous MeCN at
110°C for 20 min, followed by addition of 100uL of 6M
hydrochloric acid with further 5 min heating at 90°C. After addition
of 500 pL of 1 M aqueous sodium hydrogencarbonate solution and
10 mL water to quench the reaction, the crude product was
trapped on a Sep-Pak light C18, which was washed with 5 mL of
water and eluted with 0.5 mL of ethanol. The crude radiotracer was
purified via semi-preparative HPLC. Column: 10x100 mm C18
Phenomenex Onyx Monolithic, Mobile phase: Phase A: H,O, Phase
B: MeCN, 0-20 min, 20%—80% B, 20-26 min, 95% B, 28-30 min
20% B, Flow rate: 1.5 ml/min. The collected fraction was diluted
with 10 mL water and trapped on a Sep-Pak light C18, which was
dried with 5mL air and eluted with 0.3 mL ethanol. The total
radiolabeling procedure was feasible in 180 min in a radiochemical
yield of 13% (corrected for decay). Sufficient radiochemical purity
was measured by TLC autoradiography (95.3 %).

Experimental procedures for protein binding assays with tracer
['®F1-2 (time course and blocking of binding) are described in the
Supporting Information.

Tissue binding and in vivo PET imaging

Ex vivo tissue binding studies were carried out with one C57BL/6 N
mouse from Charles River. Two series of horizontal brain slices with
20 um thickness were prepared for either control or blocking group.
A buffer (150 mM NaCl, 5mM EDTA, 50 mM Na,HPO,, pH 8.0)
containing ['°F1-2 (A=1.44 MBq) with or without ethopropazine
hydrochloride (60 uM) as blocking agent was prepared for
incubation with the mice brain slices. Slices were incubated for
30 min at 25°C and then rinsed five times in PBS buffer (1 min each
time). The slices were dried at room temperature and exposed to a
phosphor imaging plate (GE healthcare, BAS IP MS 2025 E, Munich,
Germany). Images were produced with a digital autoradiographic
system (Typhoon FLA 7000).

All applicable international, national, and/or institutional guidelines
for the care and use of animals were followed. Animal protocols
were approved by the local Animal Care and Use Committee
(approval no. 15063) and conducted according to the Guide for the
Care and Use of Laboratory Animals. A healthy, male Wistar rat was
anaesthetized and maintained with isoflurane for invivo PET
imaging using a micro PET system (FOCUS, Siemens, Erlangen,
Germany). A 60-min dynamic imaging protocol was started directly
after the injection of a solution of ['®F]-2 (5% ethanol in saline,
6.3 MBq). Analysis of the obtained PET images was performed with
the public domain tool AMIDE imaging software (A Medical
Imaging Data Examiner, version 1.01) and time-activity curves of
regions of interest were generated.
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