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Covalent and Visible-Light Photoswitchable Derivatives of
the Potent Synthetic Opioid Isotonitazene and Other

Nitazenes

Ranit Lahmy,” Harald Hiibner,™ Peter Gmeiner,*® and Burkhard Kénig*®

Isotonitazene belongs to a potent class of p-opioid receptor
(uOR) ligands, known as nitazenes. The lack of knowledge
surrounding this agonist and others in its class has sparked
thorough re-investigations. To aid in these investigations, the
purportedly covalent yet underexplored nitazene BIT was
biochemically re-evaluated in this work, along with a newly
synthesized analogue, Iso-BIT. Moreover, in the pursuit of
understanding the mechanism, function and interactions of the
LOR, this study involved developing photoswitchable nitazene
derivatives as potential probe molecules. Converting known

Introduction

Isotonitazene has been coined a ‘life-threatening’ substance
that belongs to an emerging class of synthetic opioids, known
as nitazenes.! This potent agonist that targets the p-opioid
receptor (uOR), a G-protein-coupled receptor (GPCR), has
sparked great concern since its detection in 2019 across illicit
drug markets in Europe, Canada and the United States.'
Despite being first characterized in 1960 with a potency 500-
fold greater than morphine,® isotonitazene did not become a
regulated drug in these regions until its recent detection and its
subsequent association with several fatal overdoses."™ Inter-
estingly, isotonitazene was amongst several other potent 2-
benzylbenzimidazole derivatives (nitazenes) that were inves-
tigated in the 1950s and 1960s as potential analgesics.** Even
though these derivatives did not become clinically approved as
medication, several analogues became officially regulated
during this period.”®@ This includes a less potent structural
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ligands into azo-containing photoswitchable derivatives offers
the opportunity to modulate ligand structure with light,
allowing for photocontrol of compound activity. While photo-
control of pOR activity could not be entirely achieved, photo-
physical evaluation of these 2-benzimidazole azo-arenes re-
vealed a novel photoswitch scaffold that responds to visible
light. Furthermore, azo-containing 2e and 3e emerged as
promising nitazene derivatives that were able to form an
exceptionally high fraction of covalent-ligand receptor com-
plexes with wild-type pOR at physiological pH.

analogue of isotonitazene, clonitazene, and a more potent
analogue, etonitazene, with the latter reported at the time to
be 1000-fold more potent than morphine.®™

When compared to complex poppy alkaloids, synthetic
nitazene opioids possess a simpler structure, making them
easier to produce. This ease may account for their increase in
popularity and could become dangerous when considering the
plethora of unregulated nitazene derivatives that could be
produced in the future. As a result, the stark re-emergence of
isotonitazene triggered concerns about the lack of knowledge
associated with this compound and its derivatives.*”

While numerous nitazenes, including isotonitazene, have
very recently been re-investigated and reviewed,**"® other
derivatives require further attention. This includes the purport-
edly irreversible nOR agonist that was first documented in 1983,
BIT (reported as 2-(p-ethoxy-benzyl)-1-diethylaminoethyl-5-iso-
thiocyanobenzimidazole isothiocyanate).” The structure of BIT
was modeled on the potent ligand etonitazene and contains a
reactive isothiocyanate (NCS) in place of the 5-nitro group
(Figure 1). The NCS moiety displays reactivity toward both
sulfhydryl and amine nucleophiles, showcasing resistance to
hydrolysis mediated by water and alcohol. This makes them
well-suited candidates for covalent conjugation."” Although the
precise pOR residue forming a covalent bond with the
isothiocyanate in BIT remains unknown, BIT served as a
recognized pOR alkylating agent in the 1980s, 1990s and early
2000s." However, over the past two decades, BIT seems to
have completely fallen out of discussion, potentially due to the
emergence of more popularized opioid alternatives. It should
be noted that an azido etonitazene derivative was developed in
1990 as an effective photoactivatable pOR alkylating agent,
however, received even less attention.? This is particularly
noteworthy as a covalent nitazene-based ligand, selectively
targeting the uOR, could be of value in understanding nitazene
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Figure 1. Structures of nitazenes explored in this work that target the pOR.
This includes the model compounds etonitazene and isotonitazene, along

with their isothiocyanate-containing derivatives BIT and the newly designed
Iso-BIT (1), respectively. The photochromic derivatives, modeled on etonita-

zene (series 2) and isotonitazene (series 3), possess a 2-benzimidazole azo-
arene moiety within their core.

interactions with the pOR. Improved knowledge of this complex
GPCR is crucial, particularly for the development of physiologi-
cally-biased opioids capable of inducing desirable analgesic
responses while avoiding harmful side effects."” Although
theoretical and computational research has provided insights
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into the protein-ligand interactions of pOR and nitazenes,®' a

covalent ligand may provide access to further powerful
technologies for clarifying these interactions, such as ligand-
bound protein crystallography. Given that protein crystallogra-
phy has played a crucial role in elucidating the function and
interactions of the pOR,"® employing this technique could
enhance our understanding of the remarkable potencies of
nitazene ligands.

In this work, we re-evaluated the covalent binding proper-
ties of BIT to the uOR and investigated the biological properties
of a newly synthesized NCS-containing derivative that was
modeled on the structure of isotonitazene, referred to here as
Iso-BIT (1, Figure 1). In addition to such covalent probes,
photochromic probes modeled on both etonitazene and
isotonitazene were developed to contain a photoswitchable azo
functionality within their core. This series also included reactive
NCS-containing derivatives to achieve both covalent and photo-
switchable systems (Figure 1). In comparison to freely diffusible
analogues, covalent photoswitchable ligands targeting endoge-
nous receptors offer improved site-selectivity and resistance to
sample washing while minimizing off-target interactions."
Broadly speaking, the primary advantage of photoswitchable
ligands lies in their ability to function as tools for spatially and
temporally controlling ligand activity with light. They are
extensively explored in the field of photopharmacology,"” and
have already proven beneficial in elucidating the mechanisms
and interactions of the pOR, alongside other photoresponsive
molecules.™ Moreover, photophysical analysis of the photo-
chromic series described in this work provides insights into a
novel benzimidazole-based photoswitchable scaffold that re-
sponds to visible light.

Overall, this research describes the synthesis and photo-
physical evaluations of novel photochromic nitazenes, as well
as the synthesis of nitazene derivatives containing an isothio-
cyanate functionality for covalent linkage to the pOR. The
potency and covalent binding properties of these synthetic
opioids toward the pOR were assessed through in-vitro
biochemical assays to gain insights into their interaction with
the pOR and provide valuable data for potential applications in
drug development.

Results and Discussion

The most explored photoswitchable units in photopharmacology
are the azobenzenes, which can either be linked to or
incorporated into the structure of a bioactive molecule."” Upon
exposure to light of a specific wavelength, azobenzenes undergo
reversible isomerization, producing cis- or trans-isomeric states.
The cis-isomer typically reverts back to the more stable trans-
isomer thermally or upon exposure to light of a different
wavelength."”? The geometrical distinctions between cis- and
trans-isomers may lead to differences in receptor binding,
resulting in compounds that can exist in either a biologically
active or inactive state. Such photoswitchable probes have been
previously reported in the GPCR field.*”
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In recent years, research in this field has expanded beyond
azobenzenes and into a variety of arylazoheterocycles. The
replacement of one or both benzene units with various hetero-
cycles has introduced diverse photophysical properties, including
red-shifted absorbances and quantitative photoisomerization,
which can be tuned with minor chemical modifications.?"
Additionally, arylazoheterocycles are scaffolds found in many
medically-relevant biomolecules exhibiting anti-cancer, anti-
inflammatory and anti-microbial properties,* prompting a desire
to investigate how these scaffolds within such compelling
molecules respond to light stimuli.

Turning the focus back to nitazenes, synthetic incorporation
of the azo group into the core of etonitazene, isotonitazene, BIT
and Iso-BIT resulted in the formation of benzimidazole-based
arylazoheterocycles with various substitution patterns (Figure 1).
Similar to other heterocycles, benzimidazoles have been reported
as important scaffolds in various medicinal applications.”” While
studies have been performed to describe the photophysical
nature of arylazobenzimidazoles and similar structures,®” little
was known about these properties when the aryl azo group is
directly installed at position 2 of the benzimidazole unit.
However, in the course of preparing this manuscript, Decker et al.
successfully reported novel photophysical characterizations of
such 2-benzimidazole azo-arenes.” These newly reported deriv-
atives, designed as cannabinoid type 2 receptor agonists, differ
in substitution patterns and photophysical properties from those
explored in this work, exemplifying the sensitivity of this class of
photoswitchable scaffolds to minor chemical modification.

While BIT was commercially available, we report herein the
structure and synthesis of Iso-BIT (1) for the first time. To obtain
Iso-BIT (1), the precursor isotonitazene was synthesized according
to established procedures.” Subsequently, the nitro group of
isotonitazene was reduced to amine 4 using H, and Pd/C
(Figure 2A). Amine 4 was directly subjected to a reported NCS-
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The synthesis of the photochromic etonitazene series 2
began with the commercially available 5-nitro-1H-benzimidazol-
2-ylamine (5, Figure 2B). To form the 2-benzimidazole azo-arene
unit, an oxidative method was employed®” with N-chlorosuccini-
mide as a mild oxidant, 1,8-diazabicyclo[5.4.0lJundec-7-ene (DBU)
in catalytic amounts and 4-ethoxyaniline, obtaining 2a in 13%
yield. This intermediate was then alkylated, using 2-chloro-N,N-
diethylethylamine hydrochloride, where tautomerization resulted
in regioisomers 2b (6-nitro) and 2c (5-nitro) with 22% and 16%
yield, respectively. Given that the nitro group at position 5 is
characteristic of etonitazene, we further reduced the nitro unit of
2c to amine 2d in 52% yield using H, and Pd/C. A one-pot
synthesis procedure allowed the conversion of amine 2d to
isothiocyanate 2e in 49% yield.”®

For the photochromic isopropoxy series 3, the same
procedures were employed (Figure 2B). The azo unit was
installed onto the commercially available precursor 5 using N-
chlorosuccinimide, DBU and 4-isopropoxyaniline to obtain 3a in
8% vyield. Subsequent alkylation with 2-chloro-N,N-diethylethyl-
amine hydrochloride afforded regioisomers 3b and 3¢ in 26%
and 23% yield, respectively. X-ray crystal structures of these
isomers were obtained, which validated their molecular structure
and configuration (Figure 3). Reduction of the nitro group of
both isomers (separately) resulted in amine 3b-NH, and 3d in
8% and 33 % vyield, respectively. The lower yield of 3b-NH, was
found to result from cleavage of the azo group under the
respective reaction conditions. A one-pot synthesis allowed the
conversion of amine 3d to the isothiocyanate 3e in 48% yield.

The photophysical evaluations of the 2-benzimidazole azo-
arenes involved obtaining UV/Vis absorption spectra at thermal
equilibrium and spectra of the respective trans- and cis-isomers.
Additionally, evaluations included assessing cycle performances
and photostationary states (PSS), as well as determining thermal
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Figure 2. Synthesis of Iso-BIT (1) and photochromic nitazenes, with series 2 modeled on etonitazene/BIT and series 3 modeled on isotonitazene/Iso-BIT. A)
Synthesis of Iso-BIT (1). (i) isotonitazene, H,, Pd/C, methanol, rt, 3 h, to yield 4, which was directly used in next step; (ii) CS,, Et;N, THF, N,, 0°C — rt, 18 h, then
TsCl, 0°C — rt, 1 h, 29% overall yield. B) Synthesis of photochromic nitazene derivatives. (i) 5-nitro-1H-benzimidazol-2-ylamine (5), 4-ethoxyaniline, DBU, N-
chlorosuccinimide, DCM, —78°C, 0.5 h, 13% (2a) or 8% (3 a); (ii) 2-chloro-N,N-diethylethylamine hydrochloride, KOH, K,CO;,, acetone, reflux, 3 h, 22% (2b),
16% (2¢c), 26% (3b) or 23% (3 ¢); (iii) H,, Pd/C, methanol, rt, 3 h, 52% (2d), 8% (3b-NH,) or 33% (3d); (iv) CS,, Et;N, THF, N,, 0°C — rt, 18 h, then TsCl, 0°C —

rt, 1h,49% (2e) or 48% (3 e).
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Figure 3. Crystal structure of A) isopropoxy 3b (CCDC 2236462) and B)
Isopropoxy 3¢ (CCDC 2236450), both as TFA salts, shown as a 3D ball-and-
stick representation.

stabilities of respective cis-isomers (Figure 4, Table 1 and Sup-
porting Information). Compounds in both series 2 and 3 were
successfully able to reversibly isomerize between trans- and cis-
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Figure 4. Light-induced isomerization and cycle performance of compound
2c. This molecule is shown here as a representative, as most compounds in
both series 2 and 3 exhibited similar properties (see Supporting Information).
A) Depiction of the structural changes that ensue upon photo-induced
isomerization of 2c. B) Online UV/Vis absorption spectra of thermal
equilibrium, trans-isomer and cis-isomer. The cis-isomer was accessed via
continuous irradiation at 420 nm, while the trans-isomer was obtained
thermally under dark conditions. C) Cycle performance of 2 ¢ was assessed
under alternating conditions of irradiation and darkness. Data points were
recorded at the absorbance maximum of the respective trans-isomer

(408 nm). Results are shown of 2c (20 uM) in buffer solution (TrisHCI Buffer,
pH 7.5)+0.2% DMSO at 25°C.
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isomers, except for compounds 2d, 3d and 3b-NH,. The latter
derivatives differ from the former in that they contain an amine
group at position 5 or 6 of the benzimidazole unit instead of
hydrogen, nitro or isothiocyanate groups. In UV/Vis absorption
measurements, these amine-containing derivatives each dis-
played an absorbance band that spanned from approximately
300 to 600 nm in both DMSO and buffer solutions (see
Supporting Information). To obtain the respective cis-isomers,
compounds 2d, 3d and 3b-NH, were separately exposed to
light of various wavelengths ranging from 265 to 745 nm and
were continuously monitored by online UV/Vis measurements;
however, no prominent changes in absorbance were observed
compared to their respective thermal equilibrium spectra. These
results suggested that the switching properties of the amine-
containing derivatives could not be monitored or observably
controlled under the described parameters.

Despite different substitution patterns, the UV/Vis absorption
spectra of the lead photoswitchable derivatives were relatively
similar, with a slight bathochromic shift observed for compounds
that contained an N-substitution on the benzimidazole core (2b,
2¢, 2e,3b, 3c and 3e, compared to 2a and 3a, see Supporting
Information). The similarity observed may be attributed to the
strong electron-donating properties of the ethoxy (series 2) and
isopropoxy groups (series 3) on the benzene unit, potentially
outweighing the synthetic variations among compounds, which
primarily are only differences in the electron-withdrawing proper-
ties of the benzimidazole unit.

The presence of electron-donating and electron-withdrawing
groups on opposing sides of the azo unit induces a phenomenon
known as the ‘push-pull’ effect. This effect has been shown to
influence cis-isomer thermal stabilities, as well as T—n* and/or
n—n* transitions.”® Unlike typical azobenzenes, which require
UV or near-UV irradiation to excite their t—m* transitions,!'’¢%
the lead 2-benzimidazole azo-arenes exhibited desirable red-
shifted n—n* transitions, as observed in the corresponding UV/
Vis absorption spectra. Consequently, visible-light irradiation of
420 nm could be used to excite this transition and obtain the
respective cis-isomers for all lead compounds, namely 2a, 2b,
2¢, 2e, 34a, 3b, 3c and 3e. Since UV irradiation can be toxic to
most biological material,"”' the ability to use blue light (420 nm)
instead of UV irradiation can be considered less harmful and
promising for the use of these molecules as biochemical probes.
Since an overlap of the n—zn* and n—z* transitions were
observed for the 2-benzimidazole azo-arenes described herein,
quantitative switching was not obtained (Figure 4 and Table 1).
PSS estimations indicated that cis-isomeric states constituted 45-
80% cis-isomer in buffer solution (Table 1). Despite these
findings, previous studies have reported non-quantitative photo-
switchable ligands that displayed biological differences between
isomers, therefore, the biological activity of these nitazene
molecules still remained of interest.””

While no clear correlation could be made between the
described substitution patterns and corresponding PSS values,
thermal stability measurements proved insightful (Table 1 and
Supporting Information). Fast thermal relaxations (5-65 sec),
from cis- to trans-isomeric states, were obtained in buffer solution
for the tested 2-benzimidazole azo-arenes (Table 1). In these
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Table 1. Summary of photophysical properties in buffer solution.””!
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Compound PSS PSS ty, [s]
TE TE — cis trans:cis
trans:cis
R, R, R;
2a CH,CH, NO, H 76:24 36:64 46.2
2b CH,CH, 6-NO, X 80:20 37:63 6.9
2c CH,CH, 5-NO, X 97:3 34:66 10.8
2e CH,CH, 5-NCS X 83:17 52:48 15.1
3a CH(CH,), NO, H 76:24 55:45 65.4
3b CH(CH;,), 6-NO, X 72:28 37:63 5.2
3¢ CH(CH,), 5-NO, X 93:7 20:80 15.5
3e CH(CH,), 5-NCS X 92:8 55:45 15.1

el lsomerization was achieved by 5 second irradiation at 420 nm (for cis-isomer) or thermally under dark conditions (for trans-isomer) at 25°C. ™ Buffer
solution (TrisHCI Buffer, pH 7.5) +0.2-1% DMSO. ' PSS was estimated from UV/Vis absorption spectroscopy data. TE refers to thermal equilibrium.

experiments, differences could be observed between compounds
containing an N-diethylaminoethyl unit (2b, 2¢, 2e, 3b, 3¢ and
3e) and those lacking the N-substituent (2a and 3a). The cis-
isomers of the latter group displayed thermal half-lives of 46.2
and 65.4 sec, respectively, while that of the remaining com-
pounds ranged from 5.2 to 15.5 sec. The higher thermal stability
of cis-2a and cis-3a may be attributed to the absence of the N-
substituent, revealing a secondary amine on the benzimidazole
unit. The secondary amine may reduce electron withdrawing
effects, and thus, slightly diminish the push-pull effects respon-
sible for lower thermal stabilities. These results were more
pronounced in DMSO studies (SI Table 1). In DMSO studies, the
cis-isomers of ethoxy 2a and isopropoxy 3a exhibited thermal
half-lives of 3.2 and 2.1 h, respectively, while the cis-isomers of
the remaining compounds in series 2 ranged from 0.9 to 1.5h
and that of series 3 ranged from 18.1 to 32.6 min. These results
suggested that 2-benzimidazole azo-arenes, like other arylazohe-
terocycles, may be susceptible to photophysical variations with
only slight chemical modifications. The impacts of different
solvents, including DMSO and water, on cis-isomer thermal
stabilities have been previously investigated for phenylazoindole
photoswitches.?” In the context of this work, the photophysical
properties in buffer solution were of major interest as these
nitazene probes were subjected to cell-based assays to evaluate
compound affinity and activity toward the pOR. While fast-
relaxing systems may be valuable for a variety of material and
biochemical applications,®" continuous irradiation with blue light
was required to evaluate the biochemical properties of these
nitazene derivatives. To facilitate this evaluation, a 96-well plate
LED device was specifically developed, enabling continuous
irradiation of individual wells in cell-based experiments. Due to
the fast-switching nature of the cis-isomers in buffer solution, the
trans-isomers of these photoswitchable nitazenes could be
obtained thermally. Accordingly, for biochemical investigations,

ChemPhotoChem 2024, 8, €202400022 (5 of 11)

dark conditions were employed to obtain trans-enriched isomeric
states, while continuous 420 nm irradiation was employed to
obtain cis-enriched isomeric states.

The lead photoswitchable derivatives 2a, 2b, 2¢, 2e, 34, 3b,
3¢ and 3e were subjected to radioligand binding studies to
assess their affinity for the pOR (Table 2). These ligands were
evaluated in their inherent thermal equilibrium state, predom-
inantly comprising the trans-isomer, to screen for biochemically-
relevant compounds. Reference compounds in these investiga-
tions included fentanyl, isotonitazene, BIT and the newly
synthesized Iso-BIT. In this system, isotonitazene (K;=0.95 nM)
displayed a binding affinity that was 9-fold greater than fentanyl
(Ki=8.3 nM). These results were consistent to previously reported
functional studies that describe a 9-fold greater potency for
isotonitazene than fentanyl.** While BIT (K;=40 nM) and Iso-BIT
(Ki=27 nM) displayed attenuated binding affinities compared to
isotonitazene, the replacement of nitro by isothiocyanate still
yielded affinity in the nM range, remaining within an ideal affinity
range.

For the nitro-containing photoswitchable ligands (2a-c and
3a-c), the methylene group characteristic for etonitazene and
isotonitazene was substituted with an azo group. This exchange
did not yield strong affinities toward the pOR for compounds
2a-c and 3a-c, with K; values ranging from 720 to 10000 nM.
Furthermore, no specific trend could be discerned between these
nitro-containing derivatives. Interestingly, the isothiocyanate-
containing derivatives exhibited slightly superior binding proper-
ties, with trans-2e (K;=580nM) and trans-3e (K;=620 nM)
displaying the highest affinities among all photochromic nita-
zenes, in the submicromolar range. Despite predominantly
suboptimal initial results, we pursued functional assays to explore
the structure-activity relationship between these nitazenes and
the LOR, which proved insightful.
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Table 2. Binding affinities of trans-enriched photoswitchable ligands and
reference compounds to the human pOR, derived from radioligand binding
studies.”

Photoswitchable Compounds: R
3
u 4
67
R L N i | N
nOR

Compound

wt

K, [n"M + SEM]Y ()9

Non-Photoswitchable Compounds

Fentanyl 83+£15 1
Isotonitazene 0.95+0.31 6
BIT 40+6.6 5
Iso-BIT 27+87 4
Photoswitchable Compounds

R, R, R;
trans-2a CH,CH, NO, H 10000 + 4200 2
trans-2b CH,CH, 6-NO, X 1700 + 220 4
trans-2c CH,CH, 5-NO, X 11004220 5
trans-3a CH(CH,), NO, H 7204130 2
trans-3b CH(CH,), 6-NO, X 9704190 2
trans-3 ¢ CH(CH,), 5-NO, X 8004420 2
Covalent Photoswitchable Compounds
trans-2e CH,CH; 5-NCS X 5804130 4
trans-3 e CH(CH,), 5-NCS X 620+ 289 2

I Binding to the pOR was determined using membrane preparations from
HEK293T cells transiently transfected with pOR and the radioligand
[*Hldiprenorphine. In the case of irreversible interactions, K; refers to
pseudo-K. ™ Mean K; values in [NnM+S.EM.] were derived from 3-11
individual experiments, each performed in triplicate. “ Number of
individual experiments. ' Mean K;+SD from two individual experiments.

Ligand-mediated receptor activation was assessed via a
biosensor-based BRET assay in HEK293T cells that were transi-
ently transfected with human pOR®? Each photoswitchable
ligand was irradiated at 420 nm for the full duration of
incubation or was subjected to dark conditions to obtain either
the respective cis- or trans-enriched isomeric state (Figure 5 and
Table 3). The agonist fentanyl and the nitazenes isotonitazene,
BIT and Iso-BIT were evaluated for comparison. To examine
whether continuous irradiation would interfere with the cellular
assay, fentanyl and isotonitazene were additionally subjected to
420 nm irradiation. In this activation assay, isotonitazene
behaved as a full agonist (E,,=105%) with an ECs, value of
11 nM, which was comparable to that of fentanyl (ECs,=6.0 nM).
This finding contrasts with the obtained K; values that indicate a
9-fold higher binding affinity for isotonitazene than fentanyl and
differs from previously reported functional studies, which
indicate that the potency of isotonitazene is 9-fold higher in
both B-arrestin 2 (ECs,=1.6 nM) and mini-G; recruitment assays
(ECso=3.7nM) than that of fentanyl (EC;,=14 and 35nM,
respectively).” Nevertheless, results from the biosensor-based

ChemPhotoChem 2024, 8, €202400022 (6 of 11)

BRET assay validate that isotonitazene exhibits powerful potency
in the nM range.

Replacing the 5-NO, group in isotonitazene with 5-NCS
caused a 16-fold reduction in potency for Iso-BIT, resulting in an
ECs, value of 180 nM. This finding is consistent with literature
that describes a poorer potency for BIT (5-NCS) than etonitazene
(5-NO,).*"¥ In comparison to Iso-BIT, the ethoxy-containing BIT
exhibited a higher potency of 63 nM. When interpreting these
findings, it is important to note that the isothiocyanates were
specifically designed to form stable and non-easily displaceable
covalent bonds with the target receptor, in contrast to the freely-
diffusible etonitazene and isotonitazene. As a result, achieving
potencies in the nM range can be deemed noteworthy,
particularly when considering their capability to function as full
efficacy agonists (E,,,,=98 % for Iso-BIT and 93 % for BIT).

For biochemical evaluations of the photoswitchable nitazene
derivatives, continuous irradiation throughout the assay was
required to maintain the respective cis-isomers. As displayed in
Figure 5 and Table 3, fentanyl and isotonitazene exhibited similar
functional behavior when exposed to 420 nm irradiation and
when kept in the dark (fentanyl: EC5,=6.0 nM vs fentanyl
[420 nm]: EC5,=6.3 nM; isotonitazene: EC;,=11 nM vs isotonita-
zene [420 nm]: EC5,=15nM). This finding indicates that the
employed irradiation conditions were compatible with the
biosensor-based BRET assay. When evaluating the photoswitch-
able ligands 2a-c and 3a-c, a strong structure-dependent
activation profile could be discerned (Figure 5 and Table 3). For
trans-2 a and trans-3 a, which lack the N-diethylaminoethyl group,
no explicit stimulation of the receptor could be measured up to
a concentration of 10 uM. This result is in good agreement with
literature that suggests the N-diethylaminoethyl substituent on
the benzimidazole core to be important for pOR-nitazene
interactions.®™ Moreover, receptor activation substantially in-
creased for compounds that contain this N-substituent, with the
best activation profiles observed for trans-2 ¢ (ECs, =280 nM and
En.x=62%) and trans-3b (EC;,=250 nM and E,.,=60%). Re-
garding the positioning of the nitro group, previous reports have
indicated that the nitro group at position 5 in etonitazene offers
improved pOR-mediated analgesic effects compared to when it
is placed at position 6.2%9 While this trend could be observed
for the ethoxy series, the isopropoxy derivative trans-3b (6-NO,)
emerged as the superior isopropoxy analogue. Discrepancies
may be attributed to differences in potency between the
photochromic nitazenes and previously reported nitazenes.
Comparing the activation data of the respective trans- and cis-
isomers of the photoswitchable ligands revealed that both
isomer-enriched states behaved similarly in activating the pOR
(Figure 5; light blue and dark blue curves, respectively). The most
pronounced difference between both isomers could be observed
for 2b. While cis-2b displayed weak efficacy (E,.,=12%) and
poor potency (ECs,= 1400 nM), partial agonist activity and a 2-
fold higher potency could be observed for trans-2b as exhibited
by an E,,, value of 39% and an ECs, value of 630 nM.

The isothiocyanates 2e and 3e could not be measured in
this assay as the detection signal was substantially diminished to
more than 100% below basal activity at concentrations greater
than 3 uM. This observation may be explained by an interference
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Figure 5. Activation of the uOR by synthetic opioids measured via a biosensor-based BRET assay. Receptor activation was evaluated for isotonitazene, BIT and
Iso-BIT, as well as for the non-covalent (2a-c and 3 a-c) and covalent (2e and 3 e) photoswitchable compounds, in HEK293T cells transiently co-transfected
with HOR and the hybrid G-protein Gogsya (light blue curves). To measure the activating effect of the cis-isomers, cells were continuously irradiated at 420 nm
for the full duration of the experiment (dark blue curves). As a control to evaluate any influence of irradiation on signaling outputs, fentanyl and isotonitazene
were subjected to the same irradiation conditions as that to obtain the respective cis-isomers (fentanyl [420 nm], isotonitazene [420 nm]; dark blue curves).
Graphs show mean curves (+ S.E.M.) of 3-7 individual experiments, each performed in duplicate.

of these isothiocyanate derivatives with the BRET detection
system. While the BRET system measures receptor activation at
equilibrium by monitoring G-protein dissociation, a FRET-based
second messenger accumulation assay (IP-One® assay) was
employed as an alternative test system to evaluate nitazenes 2e
and 3e. Furthermore, it was of interest to corroborate the
obtained receptor activation data for the other nitazenes under
alternative experimental conditions. The IP accumulation assay
was performed with HEK293T cells that were transiently co-
transfected with human pOR and the hybrid G-protein Gogsya
(Figure 6 and Table 3).5% The trans-isomers of 2a-c, 2e, 3a—c
and 3e were evaluated in the dark, while their respective cis-
isomers were evaluated under continuous irradiation at 420 nm.
For comparison, receptor activation of fentanyl and isotonitazene
(both in the dark and at 420 nm), as well as BIT and Iso-BIT, was
determined. Apart from isotonitazene, these compounds exhib-
ited comparable potencies, falling within a 2-fold range, to that
obtained in the BRET system. Isotonitazene, on the other hand,
showed a 4-fold higher potency in the IP accumulation system as
indicated by an EC,, value of 2.8 nM.

ChemPhotoChem 2024, 8, €202400022 (7 of 11)

Overall, the photoswitchable nitazenes exhibited similar
structure-dependent activation trends to those discerned in the
BRET system, however, with a 3- to 11-fold reduction in potency.
The 5-nitro derivative trans-2c exhibited the best activation
profile in the ethoxy series with an ECs, value of 2000 nM. In the
isopropoxy series, however, both trans-3b (6-nitro) and trans-3 ¢
(5-nitro) displayed the highest potencies with ECs, values of
2300 nM and 2100 nM, respectively. Regarding pOR efficacy, the
trans-enriched states of 2¢, 3b and 3c each behaved as full
agonists with E,,, values of 99%, 105% and 103 %, respectively.
In contrast, the isothiocyanates 2e and 3 e exhibited only partial
agonist activity with E., values of 32% for cis-2e (ECs=
3800 nM) and 60% for cis-3e (ECs,=10000 nM). Interestingly,
activity differences between the respective cis- and trans-isomers
of 2e and 3 e could be observed (Figure 6 and Table 3), whereby
the cis-isomers exhibited slightly superior activation profiles.

In addition to assessing the functional properties of these
NCS-containing ligands, it was of major interest to evaluate their
ability to covalently interact with the pOR. To determine this, a
radioligand depletion assay was employed,®” using membranes
of HEK293T cells that transiently express pOR. Covalent inter-
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Table 3. Activation of the p-opioid receptor (uOR) by synthetic opioids.”
Photoswitchable Compounds: 'T‘s
s AN
Rg_ | />_N\ /R1
S

Compound Biosensor-based BRET assay (1OR,,,) IP-One assay (LOR,,,)

ECs, Ermax () ECyo Ermax (n)

[nM £ S.EM.]® [%+S.EM.]C [NM£S.EM]® [% 4 S.EM.]9
Non-Photoswitchable Compounds
Fentanyl 6.0£1.0 100 7 37+1.2 100 4
Fentanyl [420 nm] 63+19 100+2 3 6.8+2.1 10142 7
Isotonitazene 11+4.1 105+3 5 4
Isotonitazene [420 nm] 15+55 104+£2 3 3.7+0.66 97 +4 4
BIT 63+13 93+2 3 64+19 95+2 4
Iso-BIT 180+75 98+6 3 190+48 93+£1 3
Photoswitchable Compounds

R, R, R,

trans-2a CH,CH, NO, H n/q 32491 3 n/q 10+5" 3
cis-2a CH,CH, NO, H n/q 941 3 n/q 11431 3
trans-2b CH,CH, 6-NO, X 630+150 39+9 4 710042200 68+7 3
cis-2b CH,CH, 6-NO, X 14004830 12+4 4 8300+ 1400 52+9 3
trans-2¢ CH,CH, 5-NO, X 280+31 62+5 4 2000+430 99+1 4
cis-2¢ CH,CH, 5-NO, X 410+64 67+4 3 2700+630 96+3 7
trans-3a CH(CH,), NO, H n/q <0 3 n/q —1246" 3
cis-3a CH(CH,), NO, H n/q <0 3 n/q —18+31 3
trans-3b CH(CH,), 6-NO, X 250+46 60+£1 4 2300+790 105+4 5
cis-3b CH(CH,), 6-NO, X 340+130 57+£5 3 360041200 100+3 5
trans-3 ¢ CH(CH,), 5-NO, X 540+ 140 40+4 4 210041700 103+7 3
cis-3¢ CH(CH,), 5-NO, X 4704280 35+5 4 1500+ 260 83+6 8
Covalent Photoswitchable Compounds
trans-2e CH,CH; 5-NCS X n/a n/a 3 n/q 13451 3
cis-2e CH,CH, 5-NCS X n/a n/a 2 3800+ 1400 3242 4
trans-3 e CH(CH,), 5-NCS X n/a n/a 3 n/q 18441 3
cis-3e CH(CH,), 5-NCS X n/a n/a 2 10000 + 3800 60+6 4
@ 1OR activation was determined via either a biosensor-based BRET assay or the IP-One accumulation assay (Cisbio). ™ Potency for pOR activation is shown as mean
ECs, in [NM +S.E.M.]. ¥ Mean value for maximum efficacy is reported as E,,,, in [%+ S.E.M.] relative to the full effect of fentanyl. '’ Number of individual experiments
conducted in duplicate. ' Number of individual experiments conducted in triplicate. ? Efficacy at 10 uM. The abbreviation n/q refers to ‘not quantifiable’, while n/a
refers to ‘not applicable’.

action at the pOR orthosteric binding site was evaluated time- In a comparative study, the methylene-bearing nitazene BIT
dependently by incubating the receptor with either isothiocya-  and its analogue Iso-BIT were tested under the same conditions
nate 2e or 3e in their thermal equilibrium state, or with the  (Figure 7 and SI Table 2). Interestingly, both BIT and Iso-BIT were
negative control isotonitazene, for durations of 5, 15, 30 or  only able to partially block the nOR, exhibiting a covalent binding
60 min (Figure 7 and SI Table 2). At the end of the treatment, = maximum of 53% (BIT) and 58% (Iso-BIT) after 60 min. These
reversibly-bound ligands were carefully washed from the results are somewhat comparable to studies that were performed
receptor and membranes were incubated with the radioligand in 1983 with rat brain membranes, which suggested BIT to
[Hldiprenorphine. The amount of specific binding of radioligand  covalently bind to 45% of pOR after a 30-min incubation
indicated the number of accessible binding sites, and conse-  period.”’

quently, the extent of covalent binding. Remarkably, both azo- Overall, these findings indicate that BIT and iso-BIT exhibit
containing isothiocyanates 2e and 3e displayed a strong and  substantially poorer covalent binding properties than the azo-
fast covalent interaction with the pOR, exhibiting a covalent  containing derivatives 2e and 3e. The superior properties of
binding maximum of 96 % and 94 %, respectively. these latter compounds become more pronounced when
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Figure 6. Activation of the uOR by synthetic opioids measured via the IP-One® accumulation assay. G-protein-mediated pOR activation was investigated for
isotonitazene, BIT and Iso-BIT, as well as for the non-covalent (2a-c and 3a-c) and covalent (2e and 3 e) photoswitchable compounds, in HEK293T cells
transiently co-transfected with pOR and the hybrid G-protein Goysua (light blue curves). The activating effect of the cis-isomers was determined under
continuous irradiation at 420 nm (dark blue curves). As a control, fentanyl and isotonitazene were similarly subjected to continuous irradiation at 420 nm
(fentanyl [420 nm], isotonitazene [420 nm]; dark blue curves). Graphs show mean curves (+ S.E.M.) of 3-8 individual experiments, each performed in triplicate.

evaluating the kinetics of this reaction (SI Table 2). For 2e and
3e, the covalent binding half-life (t;,) was determined to be
3 min and 4 min, respectively, resulting in 96% (2e) and 94%
(3e) of receptors being blocked after only a 5-min incubation
period. In contrast, BIT and Iso-BIT both displayed a t,,, of 17 min.
These findings establish 2e and 3 e as attractive pOR ligands that
can effectively localize and covalently bind to the orthosteric
binding site of the pOR at physiological pH.

Conclusions

Nitazenes represent an underexplored class of potent pOR
ligands that are receiving increased attention. To advance
nitazene-based probes for future investigations of the pOR and
to explore new active ligands targeting this receptor, photo-
switchable derivatives were developed. The successful synthesis
of these molecules allowed for photophysical evaluations of 2-
benzimidazole azo-arenes, revealing a novel photoswitchable
scaffold that isomerizes when exposed to visible light in both
DMSO and buffer solutions.

ChemPhotoChem 2024, 8, €202400022 (9 of 11)

Substituting the methylene group present in etonitazene and
isotonitazene with a photoswitchable azo group maintained
agonist properties but reduced the potency for 2a-c and 3a-c
toward the pOR in two different G-protein signaling assays.
Furthermore, no profound functional differences between the
respective trans- and cis-isomers could be discerned in these
assays. The biochemical results became particularly noteworthy
when assessing ligands that contain an isothiocyanate function-
ality designed for covalent interaction with the pOR. The
investigated ligands included the previously documented nita-
zene BIT and the newly synthesized iso-BIT, as well as the azo-
containing derivatives 2e and 3e. The former isothiocyanates
behaved as full efficacy agonists with nM potencies, while the
latter derivatives exhibited partial agonism at higher concen-
trations. Remarkably, both 2e and 3e were able to form an
exceptionally high fraction (>90%) of covalent ligand-receptor
complexes with wild-type pOR after only a 5-min incubation
period. This finding was particularly impressive compared to the
results of BIT and iso-BIT, which showed covalent binding
maxima of 53% and 58%, respectively. Even though further
investigations must be conducted to ascertain the exact nOR
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Figure 7. Covalent binding of NCS-containing nitazene compounds to wild-
type pOR. Covalent binding of full efficacy agonists BIT and Iso-BIT, as well as
azo-containing ligands 2e and 3 e in their thermal equilibrium state, was
determined in a [*Hldiprenorphine radioligand depletion assay with
homogenates from HEK293T cells expressing the human pOR. Results were
compared to those obtained using the reversible ligand isotonitazene. BIT
and Iso-BIT displayed covalent binding of 53 % and 58 %, respectively, while
near-complete blocking (greater than 90 %) was obtained for 2e and 3e
after only a 5-min incubation period. All test compounds were evaluated at
a concentration 30- to 50-fold higher than their respective K; values (BIT

(2 uM), 1so-BIT (1 pM), 2 e (20 uM), 3 e (20 uM) and isotonitazene (50 nM)).
Graphs show mean curves (+ S.E.M.) of 3 individual experiments, each
performed in quadruplicate.

residues involved in this interaction, 2e and 3 e could effectively
localize and covalently bind to the orthosteric binding site of
HOR at physiological pH.

Overall, these findings exhibit the versatile nature of
nitazenes, demonstrating their ability to function as partial or full
efficacy agonists and behave as either freely-diffusible or
covalent ligands with only minor chemical modifications. Further
exploration of nitazenes, both chemically and biologically, may
not only grant access to a diverse range of pOR-targeting ligands
but also be essential in understanding their impressive inter-
actions with the pOR, ultimately advancing our understanding of
this medically-relevant receptor.
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