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SUMMARY

Synthetic opioids are increasingly challenging to combat the opioid epidemic and
act primarily at opioid receptors, chiefly the G protein-coupled receptor (GPCR)
p-opioid receptor (MOR), which signals through G protein-dependent and B-ar-
restin pathways. Using a bioluminescence resonance energy transfer (BRET) sys-
tem, we investigate GPCR-signaling profiles by synthetic nitazenes, which are
known to cause overdose and death due to respiratory depression. We show
that isotonitazene and its metabolite, N-desethyl isotonitazene, are very potent
MOR-selective superagonists, surpassing both DAMGO G protein and B-arrestin
recruitment activity, which are properties distinct from other conventional
opioids. Both isotonitazene and N-desethyl isotonitazene show high potency in
mouse analgesia tail-flick assays, but N-desethyl isotonitazene shows longer-last-
ing respiratory depression compared to fentanyl. Overall, our results suggest
that potent MOR-selective superagonists may be a pharmacological property
predictive of prolonged respiratory depression resulting in fatal consequences
and should be examined for future opioid analgesics.

INTRODUCTION

The ongoing opioid epidemic has presented new challenges in the treatment of pain, and the over-pre-
scription of conventional opioids has been a major contributor to the problem.” Complicating the situation
is the emergence of novel synthetic or “designer” opioids. The novelty of these drugs has been used to
circumvent existing drug laws and DEA scheduling.” Synthetic opioids are responsible for an increasing
number of deaths recently, and are implicated as causes of overdose occurring during the COVID-19
pandemic.>™ As recreational users of synthetic opioids become aware of new compounds and because
of the lack of scheduling for many of these compounds, the number of overdoses and deaths attributed
to these drugs will likely increase in the future. One group of synthetic opioids that has gained attention
due to its recreational use and association with several overdose deaths is the nitazene family of com-
pounds, which includes isotonitazene.®

Nitazenes are benzimidazole derivatives originally synthesized in the 1960s to better understand the struc-
ture-activity relationships of analgesics.” The prototypical member of this class, etonitazene, was initially
developed as an analgesic medication but was subsequently used as a research compound for rodent
studies of addiction and tolerance.® ' In recent years, nitazenes have been used recreationally, and
many members of this family have been scheduled by the DEA. Members of this family, including isotoni-
tazene, have been found in analyses of seized illicit opioid samples and have been implicated in many over-
dose deaths.>"""'? |sotonitazene has been found to undergo N- and O- dealkylation to create N-desalkyl-
and O-desalkylisotonitazene species such as N-desethyl isotonitazene, and is also known to undergo
reduction of the nitro group to produce 5-aminoisotonitazene; etonitazene and metonitazene have
been found to produce similar metabolites.'’ The most notable aspect of these compounds is that their
efficacy for MOR signaling is often much greater than that of other opioids, such as morphine, hydromor-
phone, or even fentanyl.'” Isotonitazene has also previously been shown to selectively bind MOR over the
k- and 3-opioid receptors (KOR and DOR respectively), and potently induce analgesia in mice.'

Biased signaling is the preferential activation by ligands at a single GPCR to stabilize one signaling pathway
over another. Biased agonists are a promising strategy for drug discovery to eliminate side effects
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mediated by the same receptor that is driving the therapeutic response.'>'® An excellent target for biased
agonist drug discovery is the opioid receptors, where G protein-biased MOR-selective agonists have been
developedto eliminate opioid-induced side effects, including the recently FDA-approved drug oliceridine
(TRV-130)."7""® There is still controversy, however, whether activation of the g-arrestin pathway is solely
responsible for many of the adverse effects of opioids, namely constipation and respiratory depression,
and recent studies have challenged this idea.'”* Previous studies have suggested that ligands that are
putatively G protein biased, such as oliceridine, may have improved safety profiles and a higher therapeutic
index than conventional opioids due to their behavior as partial agonists, rather than their biased signaling
properties.”>** Nevertheless, biased MOR agonists offer potential avenues for development of novel ther-
apeutics for chronic pain and for understanding the relationship between biased agonism and in vivo ef-
fects; the development of these ligands serves as a strategy for rational opioid drug design, which seeks
improved therapeutic indices and a decreased risk for respiratory depression.'®*

There is a current lack of knowledge connecting downstream MOR-signaling effects to respiratory depres-
sion, and MOR-signaling properties for the nitazene opioid class as a whole are underexplored, hampering
a full understanding of the mechanisms behind the reported fatalities. In this project, we investigated the
pharmacological relationships between members of the nitazene family of opioid compounds, and we
compared their analgesic versus respiratory depressant properties for the purpose of expanding knowl-
edge into determinants of opioid-induced respiratory depression.

RESULTS
Assessment of MOR G protein and 3-arrestin activity for nitazene compounds

To assess MOR-activation profiles for isotonitazene in comparison to fentanyl and DAMGO (Figure 1A),
we optimized G protein dissociation and B-arrestin2 recruitment bioluminescence resonance energy
transfer (BRET) platform assays, which are essential for the measurement and quantification of ligand
bias (Figure 1B).?* The BRET platform provides MOR G protein dissociation and B-arrestin recruitment
activity at the same time point and in the same cellular background (HEKT). BRET measurements are per-
formed in a system that directly measures protein-protein effector activity, and unlike in second
messenger assay measurement assays, BRET assays are not susceptible to receptor reserve and ampli-

fication issues.?

To measure G protein dissociation, we tested DAMGO in a BRET based Ga/Gy-dissociation assay.27 Our
results indicate that DAMGO induced the most robust G protein dissociation for Gi/o/z G protein sub-
types (Figure 1C), as determined by change in net BRET ratio, but not for other G protein subtypes
tested (Gg, G11, Gs short and long, G1, and Gi3 (Figure STA). First, we interrogated G protein dissoci-
ation measuring the GoA subtype, which has been implicated in playing a role in opioid antinocicep-
tion.”® Isotonitazene displays a greater maximal net BRET (0.20) compared to DAMGO (0.15), indicating
that isotonitazene achieves superagonist G protein efficacy in this system (Figure 1D). Similarly, isotoni-
tazene in MOR B-arrestin2 recruitment assays produces a net BRET signal of 0.26, whereas DAMGO only
produces a maximum net BRET of 0.22, indicating isotonitazene exhibits superagonism in §-arrestin2
recruitment (Figure 1E). Maximal B-arrestin recruitment at MOR, however, requires co-expression of G
protein receptor kinase 2 (GRK2).'>?” Therefore, we optimized these assays with co-expression of
GRK2 in the B-arrestin2 recruitment BRET assay, which showed a significant increase in DAMGO B-ar-
restin2 recruitment potency (10-fold), which was blocked by the GRK2/3 inhibitor, compound 101 (Fig-
ure S1B).%° Fentanyl also showed an increase in potency (4-fold) in the B-arrestin2 recruitment BRET assay
when GRK2 was co-expressed, which was blocked by compound 101 (Figure S1C). Interestingly, B-ar-
restin2 recruitment by isotonitazene was not GRK2 sensitive, nor was it blocked by compound 101 (Fig-
ure S1D), indicating GRK2-mediated phosphorylation may not be required for isotonitazene-induced
B-arrestin2 recruitment superagonist activity. GRK2 co-expression did not show robust changes to
DAMGO or isotonitazene G protein-dissociation activity (Figure S1E) indicating an exclusive effect on
B-arrestin2 recruitment. Finally, we performed kinetic analysis of both GoA dissociation and B-arrestin2
recruitment BRET assays at 5, 60, and 300 min time points and found that activities at all these time
points were essentially unchanged (Figures STF-S1l). Finally, to compare isotonitazene to fentanyl and
DAMGO pharmacological activities, we conducted G protein dissociation for all Gi/o/z G protein sub-
types where isotonitazene demonstrates superagonism at every Gi/o/z subtype tested (Figures 1F and
1G). In summary, isotonitazene exhibits greater potency and efficacy compared to fentanyl or
DAMGO in all G protein and B-arrestin2 BRET assays interrogated.
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Figure 1. Assessment of MOR G protein and B-arrestin activity for nitazene compounds

(A) Chemical structures of DAMGO, fentanyl, and isotonitazene.

(B) Overview of BRET assay platform measuring G protein dissociation and 8-arrestin recruitment at MOR.

(C) Baseline corrected net BRET curves for DAMGO measuring G protein dissociation among the Gi/o/z subtypes (n > 3 for each condition).

(D) Baseline corrected net BRET curves for the G protein (GoA) dissociation assay are shown for isotonitazene (red), DAMGO (black), and fentanyl (blue), with
n > 3 for each compound.

(E) Baseline corrected net BRET curves for the 8-arrestin2 recruitment assay in the presence of GRK2 are shown for isotonitazene (red), DAMGO (black), and
fentanyl (blue), with n > 3 for each compound. Isotonitazene (F) and fentanyl (G) measuring G protein dissociation among the Gi/o/z subtypes (n > 3for each
condition) and data were normalized to percent DAMGO response. Data represent mean + S.E.M performed in duplicate.

Relates to Figures ST and S2.

Members of the nitazene family are potent superagonists at MOR

To compare isotonitazene and other nitazenes (metonitazene, N-desethyl isotonitazene, Figure 2A) to con-
ventional opioids such as morphine, fentanyl and DAMGO, we tested these compounds in parallel in the
optimized BRET G protein (GoA) and B-arrestin2 recruitment assays (Figures 2B and 2C, Table 1). We chose
to assess the metabolite of isotonitazene, N-desethyl isotonitazene, which exhibited sub-nanomolar po-
tency and superagonism in both §-arrestin recruitment and G protein dissociation assays, similar to isoto-
nitazene. Notably, all three nitazene compounds had greater potency than conventional opioids and
DAMGO, with isotonitazene demonstrating greater than 100-fold potency compared to fentanyl (Table 1).
Between the nitazene compounds, the rank order of potency in the G protein dissociation BRET assay was
isotonitazene (ECso = 107 pM) > N-desethyl isotonitazene (ECso = 252 pM) > metonitazene (ECsg =
1.74 nM), and all three nitazenes had superagonist activities with efficacy greater than DAMGO
(Emax > 100%). The evidence for greater MOR activity by nitazene compounds is further demonstrated
by the fact that the DAMGO-normalized transduction coefficients (Alog(Emax/ECso) values® for all three
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Figure 2. Members of the nitazene family are potent superagonists at MOR

(A) Chemical structures of N-desethyl isotonitazene, metonitazene, and morphine.

(B and C) G protein (GoA) dissociation (B) and 8-arrestin2 recruitment (C) dose-response curves are shown, with efficacies reported as % DAMGO response.
DAMGO (black), fentanyl (blue), morphine (purple), isotonitazene (red), N-desethyl isotonitazene (brown), and metonitazene (orange) were tested in both
assays following incubation with the drug for 1 h; n > 3 for all compounds.

(D) Dose-response curves from the GloSensor Gi/o-mediated cAMP inhibition assay are shown for isotonitazene (red), N-desethyl isotonitazene (brown),

metonitazene (orange), morphine (purple), DAMGO (black), and fentanyl (blue), with data normalized to DAMGO and displayed as a percentage of DAMGO
mediated cAMP inhibition; n > 3 for all compounds.

(E) Radioligand binding derived affinity (pK)) values are shown for isotonitazene (red), N-desethyl isotonitazene (brown), metonitazene (orange), morphine
(purple), DAMGO (black), and fentanyl (blue); n > 3 for all compounds; displayed error bars represent mean and SEM.

(F) Hierarchical clustering heatmap and dendrograms for all tested compounds at the Gi/o/z subtypes G protein-dissociation BRET and GRK2-mediated g-
arrestin recruitment BRET are shown. The data displayed are transduction coefficients log(Emax/ECso) calculated using control-normalized Eax and ECsp.
The color scale is set such that red indicates higher values, blue indicates lower values, and white indicates intermediate values relative to the minima and
maxima of the data displayed. The top dendrogram shows the clustering of tested compounds across the assays performed, and the left dendrogram shows
the clustering of values observed between each assay.

(G) Circular bar charts depicting the % DAMGO E,,,. values calculated from the Gi/o/z subtypes and GRK2 mediated B-arrestin recruitment BRET assays are
shown for each compound. The black circle in the center of each graph indicates 100% Emax relative to DAMGO and is set as the baseline for the bars; bars
projecting away from the center indicate values greater than 100%, while those projecting toward the center indicate values less than 100%. The color scale is
setsuch that the red bar represents the global maxima of E,,.x values observed across all drugs at all shown assays, and blue represents the respective global
minima.

Relates to Figure S2.

4 iScience 26, 107121, July 21, 2023



92USIOGI

Table 1. MOR affinities, G protein dissociation BRET, and -arrestin2 recruitment potency and efficacy

[3H]-DAMGO
Binding G protein (GoA) dissociation B-Arrestin2 recruitment
Bias
Log Alog AAlLog Bias Factor Log Alog AAlog Factor
Ki nM EC50 pEC50 Emax (Emax/ (Emax/ (Emax/ (for G EC50 pEC50 Emax (% (Emax/ (Emax/ (Emax/ (for
Compound (pKi +SEM) (nM) + SEM (% DAMGO) EC50) EC50) EC50) protein) (nM) + SEM DAMGO) EC50) EC50) EC50) B-arr)
DAMGO 4.37*(8.36 £ 0.07) 12.03 7.92 £ 0.06 100.0 7.92 0 0 1 18.7 7.73 £ 0.03 100.0 7.73 0 0 1
Isotonitazene 0.490 (9.31 + 0.14) 0.107 9.97 + 0.09 118.8 + 2.3** 10.05 213 0.59 3.85 0.705 9.15 £ 0.06 132.4 + 2.5* 9.27 1.54 —0.60 0.26
Fentanyl 6.03(8.22 £ 0.13) 9.21 8.03 £ 0.09 1122 £ 2.7* 8.10 0.18 0.53 3.38 387 7.41£0.04 920+ 1.5** 7.38 -0.35 —0.53 0.29
N-desethyl 0.741(9.13 £ 0.22) 0.252 9.60 £ 0.12 1145 + 3.6 ** 9.66 1.74 0.67 4.66 2.01 8.70 + 0.05 127.0 £ 1.9** 8.80 1.07 —0.67 0.21
isotonitazene
Metonitazene 0.776 (9.11 + 0.11) 1.74 8.76 £ 0.10 107.4 + 3.1 ** 8.78 0.86 0.15 1.41 3.83 842+ 0.05 1044 + 1.5 8.44 0.71 —0.15 0.71
Morphine 2.63(8.58 + 0.17) 50.2 7.30 £ 0.09 98.94. +3.9 7.23 —0.68 0.22 1.65 747 7.13 £ 0.09 50.8 + 2.0** 6.83 —0.90 -0.22 0.60

MOR affinities for compounds in this study were determined using [3H]-DAMGO competition binding. G protein (GoA) dissociation and 8-arrestin2 recruitment activities were determined by BRET in HEK293T
cells. All data represent average and standard error of the mean (S.E.M) from at least three independent experiments performed in duplicate, and are represented as mean + SEM. *The [3H]-DAMGO binding
value shown for DAMGO is the pKd & SEM. E, .« values marked with ** are statistically significantly different from that of DAMGO as determined by the extra sum-of-squares F test, with p < 0.0001.
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nitazenes at both pathways are >0 (Table 1). The G protein (GoA) dissociation calculated bias factors for
the nitazenes were 3.85, 1.41, and 4.66 for isotonitazene, metonitazene, and N-desethyl isotonitazene,
respectively, which may indicate a slight bias for G protein signaling over B-arrestin recruitment (Table 1).

Next, we determined if the relationship between G protein dissociation potency and efficacy measured us-
ing BRET would be replicated in an orthogonal measure of MOR G protein activity. For example, mini-G
recruitment assays have been used to examine nitazene MOR activity previously.'* Therefore, we examined
the ability of nitazenes to stabilize mini-Gi recruitment to the MOR, and our results indicate that a similar
rank order of potency was observed compared to BRET G protein and g-arrestin2 recruitment assays
(ECs0 =110 nM for DAMGO, 0.678 nM for isotonitazene, and 61.9 nM for fentanyl) (Figures S2A-S2D). How-
ever, isotonitazene mini-Gi recruitment potencies were more similar to §-arrestin2 recruitment and not for
G protein dissociation potency, or were distinct from both measures entirely as seen with DAMGO
(Figures S2A-S2D). Likely, mini-G recruitment does not correlate with the functional outcome of G protein
signaling due to GPCR activation requiring both association and dissociation of heterotrimeric G pro-
teins.”” To address these assay discrepancies, we further confirmed G protein MOR activity in another
orthogonal G protein activity assay using GloSensor to measure Gi/o-mediated secondary messenger
cAMP inhibition. Again, we show that the rank order of potency from the BRET assays and cAMP inhibition
assay are comparable: the nitazenes are more potent and efficacious agonists compared to fentanyl,
morphine, or DAMGO (Figure 2D)."® Potencies and efficacies measured in the GloSensor assay (Table 2),
however, were all increased relative to the G protein dissociation BRET assay, likely due to receptor reserve
and amplification in a second messenger assay system.

To assess whether the potencies observed in the BRET assays are due to high affinity at MOR, we next per-
formed radioligand binding assays in competition with [*H-DAMGO (Figure 2E and Table 1). The binding
data show that the nitazenes bind with greater affinity to MOR compared to conventional opioids; isoto-
nitazene has the strongest binding affinity with approximately 10-fold greater MOR affinity compared to
fentanyl (isotonitazene pKi = 9.31; fentanyl pKi = 8.21). Notably, the rank order of measured binding affin-
ities mirrored the rank order of potencies seen in the BRET assay, supporting the idea that nitazene com-
pounds exhibit sub-nanomolar potency dependent on their extremely high affinity at MOR.

To determine if the degrees of efficacy observed with nitazene superagonists were specific to the GoA sub-
type, we used BRET to measure the DAMGO-normalized G protein-dissociation activity for N-desethyl iso-
tonitazene and metonitazene and compared to morphine at each member of the Gi/o/z subtypes
(Figures S2E-S2H). Similar to isotonitazene, the N-desethyl isotonitazene metabolite demonstrated super-
agonism at every Gi/o/z subtype tested (Figure S2F).

To compare pharmacological parameters across all assay platforms (Table S1), we used hierarchical cluster
analysis and generated a heatmap of each studied compound computed from the relative activity (log(E-
max/ECs0)) values from G protein dissociation and B-arrestin recruitment BRET assays (Figure 2F). The rela-
tive activities (log(Emax/ECso)) values were used as they allow for a comparison of pharmacological param-
eters across systems.®? As shown, isotonitazene and N-desethyl isotonitazene are closely related to each
other amongst each pathway assessed, whereas DAMGO, fentanyl, metonitazene, and morphine are
more similar to each other than either of the nitazene superagonists. Overall, isotonitazene and N-desethyl
isotonitazene exhibit superagonist activity at every tested pathway, whereas all other tested compounds
showed partial agonism for at least two of the tested signaling pathways (Figure 2G). This analysis reveals
that isotonitazene and N-desethyl isotonitazene are unique among all tested compounds showing MOR
signaling properties distinct from other conventional opioids.

Nitazene compounds are highly selective MOR agonists

Off-target activity at other opioid receptors is common for conventional opioids, and can complicate de-
terminations of measurements in vivo.>* To determine the opioid receptor selectivity of the nitazenes, we
used GloSensor and BRET assays to measure G,/,-mediated cAMP inhibition at all 3 opioid GPCRs: MOR, k
opioid receptor (KOR), and ¢ opioid (DOR) receptors. Isotonitazene appears to be > 15,000 times more
potent at MOR than KOR or DOR in either assay (Figure 3A) demonstrating high-MOR selectivity. Similarly,
N-desethyl isotonitazene is also highly selective for MOR, being more than 3,000x more potent at MOR
over KOR or DOR (Figure 3B). Metonitazene, on the other hand, showed less MOR selectivity over KOR
(775-fold) and DOR (>10,000) (Figures S3A and S3B), but still significantly selective for MOR compared

6 iScience 26, 107121, July 21, 2023

iScience



€202 'LZ AInf "1Z1L01 '9Z ®2uaDdS!

L

92USIOGI

Table 2. MOR, KOR, and DOR Gi/o-mediated cAMP inhibition data

MOR KOR DOR
MOR MOR
vs. KOR vs. DOR
Log Alog AAlLog MOR AAlog MOR Log Alog Log Alog

EC50 pEC50 Emax (% (Emax/ (Emax/ (Emax/ vs. KOR (Emax/ vs.DOR EC50 pEC50 Emax (Emax/ (Emax/ EC50 pEC50 Emax (% (Emax/ (Emax/
Compound (nM) + SEM DAMGO) ECso) EC50) EC50) Selectivity EC50) Selectivity (nM) =+ SEM (% Sal A) ECsq) ECso) (nM) + SEM DADLE) ECso) ECsg)

Isotonitazene 0.033 10.48  105.0 1049 1.85 4.96 >10,000 4.97 >10,000 335 6.48 85.9 6.41 —-3.11 245  6.61 89.9 6.56 -3.13
+004 £1.1* +0.09 + 41 + 0.07 + 34

Metonitazene 0.34 9.46 104.9 9.46 0.82 2.89 775 4.14 >10,000 25.9 7.59 73.1 7.45 —-2.07 221  6.65 51.9 6.37 -3.32
+ 006 +1.9 +0.11 £33 +0.16 £+ 4.2

N-desethyl  0.14 9.85 115.7 9.88 1.24 5.04 >10,000 4.22 >10,000 1060 5.98 55.8 5.72 —-3.80 153 6.81 771 6.7 -2.99

isotonitazene + 006 +1.2* + 022 + 83 + 0.18 + 6.7

Fentanyl 3.28 8.48 104.1 8.49 -0.16 1.74 55 3.27 1,850 19.7 7.70 84.4 7.63 —1.89 466 6.33 86.2 6.27 —3.42
+ 006 +1.9 + 005 +346 + 0.08 =+ 3.9

Morphine 7.43 8.13 86.1 8.08 -0.56 2.33 215 2.48 302 207  6.68 88.3 6.63 —-2.89 186 6.73 82.9 6.65 —3.04
+ 006 +21* +008 +17 + 0.06 + 27

All receptors are human receptors, and expressed in HEKT cells. All data represent mean and standard error of the mean (S.E.M) from at least three independent experiments performed in triplicate, and are
represented as mean + SEM. The pEC50 values for DAMGO, salvinorin A, and DADLE at their cognate receptors are 8.65 + 0.04, 9.52 + 0.04, 9.69 + 0.06, respectively. Eqox values at MOR marked with * are
statistically significantly different from that of DAMGO as determined by the extra sum-of-squares F test, with p < 0.0001.
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Figure 3. Nitazene compounds are highly selective MOR agonists
(A-C) Gi/o-mediated cAMP inhibition GloSensor (left) and G protein (GoA) dissociation BRET assays (right) showing
isotonitazene (A), N-desethyl isotonitazene (B), and fentanyl (C) tested at the MOR (red), KOR (black), and DOR (blue). For
each assay, data were normalized to a control compound for each receptor. DAMGO (MOR), DADLE (DOR), and
salvinorin-A (KOR); Data represent mean + SEM and n > 3 for all conditions in each assay.
(D) Transduction coefficients log(Emax/ECso) derived from the cAMP inhibition assays are shown for isotonitazene,
metonitazene, N-desethyl isotonitazene, fentanyl, and morphine tested at MOR (red), KOR (black), and DOR (blue). The
coefficients were calculated using the control-normalized E,.x and ECs, values from the curves in (A-C) and relates to

Figure S3.
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to morphine (Figures S3C and S3D) and fentanyl (Figure 3C). Thus, the nitazene scaffold appears to be
extremely selective for MOR compared to conventional opioids, fentanyl and morphine (Figure 3D).

Nitazenes are potent analgesics but produce potent respiratory depression that is longer-
lasting than fentanyl

To test the analgesic activity of isotonitazene, its metabolite N-desethyl isotonitazene, and metonitazene,
we performed tail-flick assays with C57BL/6J mice. Isotonitazene (W(3,11.27) = 15.88, p = 0.0002), N-de-
sethyl isotonitazene (W(4,16.59) = 116.5, p < 0.0001), and metonitazene (W(4,13.28) = 10.63, p = 0.0004)
produced significant analgesic effects in the tail-flick experiments (Figure 4A). Based on their molar
mass, isotonitazene (EDsg = 11.3 pg/kg) showed almost 4-fold higher analgesic potency than fentanyl
(EDsg = 55.7 ng/kg), whereas N-desethyl isotonitazene (EDsg = 40.1 ng/kg) was equipotent with fentanyl,
and metonitazene (EDsg = 321 png/kg) had 8-fold lower potency (Table 3). While there was not a significant
difference between the potency of fentanyl and N-desethyl isotonitazene (F(1,37) = 0.35, p = 0.5602), fen-
tanyl has higher potency than metonitazene (F(1,33) = 10.66, p = 0.0026) and lower potency than isotoni-
tazene (F(1,26) = 8.25, p = 0.008). Although isotonitazene and metonitazene did not achieve 100% MPE
in the tail flick experiments (Figure 4A), higher doses of those compounds induced respiratory depression,
which limited the dose range that could be tested. To confirm rodent species effects, we performed G pro-
tein dissociation BRET assays with the mouse MOR to determine if the rank order of potency was similar
compared to human MOR activity. Notably, all the tested compounds had slight increases in potency at
the mouse MOR (Figure S4A) compared to the human MOR (Figure S4B); however, the rank order of po-
tency was similar between species.

To compare the respiratory depressant effects of N-desethyl isotonitazene and fentanyl, we used phrenic
nerve activity using a well-established decerebrate rabbit model where pO2 and pCO2 were maintained
constant throughout drug administration.*” This setup allows monitoring of more consistent drug effects
compared to whole-body plethysmography where baseline ventilation as well as the magnitude of respi-
ratory depression are more variable due to the respiratory effects of behavior and activity level. Phrenic
nerve recordings were performed without background anesthetic and under physiologically relevant con-
ditions.*” Since isotonitazene is currently a DEA-scheduled compound, we instead chose to test its metab-
olite, N-desethyl isotonitazene in these respiratory-depression assays, especially toward the hypothesis
that nitazene active metabolites may contribute to respiratory-depressant effects. We administered
each drug intravenously (IV) at 1 ng/kg to determine onset kinetics and, second, we titrated repeated small
boluses (1-4 ng/kg) until apnea was achieved. When the doses were titrated to produce apnea, N-desethyl
isotonitazene required less than half (3.5 + 0.3 pg/kg, n = é) of the dose required to cause complete apnea
by fentanyl (9.0 + 0.5 ng/kg, n =4, p <0.001) (Figure 4B) indicating 2-fold increased potency by IV admin-
istration. A single equal dose (1 pg/kg) of N-desethyl isotonitazene induced greater respiratory depression
(59 + 2% of baseline respiratory rate, n = 6) compared to fentanyl (75 + 3%, n = 3, p < 0.001) (Figure 4C).
The time to maximal effect for the 1 ng/kg dose was approximately 4 times longer for N-desethyl isotoni-
tazene (10.5 £ 1 min) than for fentanyl (2.5 £ 0.5 min, p < 0.001) (Figure 4C), and the time of recovery from
apnea to baseline respiratory rate was approximately 3 times longer for N-desethyl isotonitazene (208 +
38 min) compared to fentanyl (67 + 9 min, p = 0.018) (Figure 4D). Importantly, injection of the non-selective
opioid receptor antagonist naloxone completely reversed apnea for the 3 pg/kg dose N-desethyl isotoni-
tazene within 5.5 + 0.6 min, n = 6 (Figures 4E and 4F). This reversal effect is similar to the time to complete
reversal of fentanyl-induced respiratory depression reported previously.’® Taken together, these data
show that a primary metabolite of isotonitazene, N-desethyl isotonitazene, is a more potent respiratory
depressant capable of decreasing respiration to a greater extent and for a longer duration compared to
the conventional opioid fentanyl.

DISCUSSION

Here we present evidence for the superagonism, MOR selectivity, and analgesic activity for three nitazene
compounds along with the striking potential for potent and long-lasting respiratory depression. To our
knowledge, this study is the first to characterize the degree of opioid receptor efficacy and selectivity,
and in vivo characterization of the analgesic and respiratory properties possessed by isotonitazene and
metabolite, N-desethyl isotonitazene. We verified that the BRET assay platforms can achieve sufficient
signal to accurately differentiate between a full agonist and a superagonist, which allowed for the determi-
nation that all nitazenes tested display some degree of MOR superagonism, and that this level of G protein
or B-arrestin efficacy surpasses both fentanyl and morphine. We also showed that the nitazene
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Figure 4. Nitazenes are potent analgesics but produce potent respiratory depression that is longer-lasting than fentanyl

(A) Tail-flick analgesia assay dose-response relationships, measured as the mean percentage of the maximum possible effect per dose, are shown for
isotonitazene (black), N-desethyl isotonitazene (green), fentanyl (blue), and metonitazene (brown). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
significant difference vs. vehicle control. Dunnett’s T3 test was used for all compounds except fentanyl, which used Dunn'’s test.

(B) The dose response relationship between drug concentration and mean respiratory rate as measured by the phrenic nerve activity assay are shown for N-
desethyl isotonitazene (red, n = 6) and fentanyl (blue, n = 4). Error bars represent +SEM for each compound.

(C) Respiratory depression measured as respiratory rate (bpm, breaths per minute) in percent of baseline respiratory rate after a single dose (1 ng/kg) of
either fentanyl (blue, n = 3) or N-desethyl isotonitazene (red, n = 6). Error bars are +SEM.

(D) The time to recovery of baseline respiratory rate after an apnea inducing dosage of either fentanyl (blue, 9.0 & 0.5 ug/kg, n = 4) or N-desethyl
isotonitazene (red, 3.5 + 0.3 ug/kg, n = 6) is shown. Error bars are +SEM.

(E) Example of the respiratory rate response to a 3 ug/kg bolus of N-desethyl isotonitazene. Pictured is the respiratory rate at each respiratory cycle. The
"apneic dose” had been determined for the animal with titration earlier in the experiment (see B), and complete recovery of respiratory rate was
accomplished (see D). After bolus injection, respiratory rate decreased over ~3 min until complete apnea. After confirming apnea for 5 min, IV naloxone
(20 ug/kg) was administered. Thirty seconds after IV injection, phrenic nerve activity restarted, and respiratory rate reached steady-state recovery after
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Figure 4. Continued

~3 min. Naloxone frequently increases respiratory rate above pre-opioid baseline, which likely indicates reversal of endogenous opioid activity in our
preparation as previously described.”

(F) Pooled data for the recovery of respiratory rate from N-desethyl isotonitazene-induced apnea after IV naloxone injection (20 ug/kg, n = 6). Error bars
are +SEM.

Relates to Figure S4.

superagonist compounds were unique compared to the other opioids in showing a minimum of full ago-
nism at all tested MOR secondary messenger pathways (Figure 2G). Furthermore, radioligand-binding ex-
periments confirmed that nitazenes possess high affinity for the MOR. Experiments examining effects at
KOR and DOR demonstrated a very high degree of MOR selectivity in terms of functional signaling out-
comes for the nitazene class of compounds, especially when compared to morphine and fentanyl. Clus-
tered data of all BRET-observed pharmacological parameters at MOR show that nitazenes tend to be
distinct from conventional opioids, with very potent and efficacious signaling profiles more similar to
each other than to morphine or fentanyl. Notably, isotonitazene and N-desethyl isotonitazene have equal
or greater analgesic potency than fentanyl, but N-desethyl isotonitazene is a more potent and longer-last-
ing respiratory depressant than fentanyl.

Superagonism refers to the ability of a drug to achieve a greater signaling efficacy than that of endogenous
ligands.?” Although some nitazenes have been identified as having robust efficacy at MOR, these studies
did not compare efficacy relative toward opioid peptides, here represented by the synthetic analog
DAMGO, nor across all members of the Gi/o/z subtypes, as we did in this stucly.”'38 Furthermore, we
demonstrated nitazene pharmacological activity in several assay systems: MOR G protein-dissociation
BRET assays, MOR B-arrestin2 recruitment BRET assays, MOR second messenger assays (e.g., cAMP inhi-
bition) and affinity measurements, which all demonstrate that nitazenes are a potent and superagonist class
of MOR-selective drugs.

An ongoing area of debate in the opioid field is the explanation of the improved safety profile of G protein-
biased agonists. Specifically, it is unclear whether the improvement is caused by the bias itself, or because
most of these compounds are only partial agonists.”**? Questions still linger however, regarding whether
the G protein pathway or the f-arrestin pathway mediates respiratory depression and long-term toler-
ance.'???37"%1 The transduction coefficients of isotonitazene and N-desethyl isotonitazene show a slight
preference for the G protein pathway over B-arrestin recruitment (Table 1). Given this finding, there is
some potential of using the nitazene scaffold in the future as inspiration for the design of novel biased ag-
onists. Considering that each of the nitazenes displays superagonism inherent in the chemical scaffold, this
also suggests there is potential to design a compound that is a biased superagonist. Succeeding in this
effort would assist in determining the cause of the improved safety profile of biased opioid ligands, as
superagonism would exclude low efficacy as an explanation for reduced side effects.

An interesting aspect of the superagonism displayed by isotonitazene is its ability to induce B-arrestin
recruitment in the absence of GRK proteins. This finding could indicate that binding of the ligand induces
a novel conformation or set of conformations that is capable of recruiting g-arrestins with high affinity
without the need for GRK-mediated phosphorylation of the C-terminus as the rate-limiting step. Com-
pounds such as BU72 have been described as potential MOR superagonists because of their ability to
induce a stable conformational state.*”** This suggests the possibility that the basis of the superagonism
shown by the nitazenes may come from the induction of a unique and stable conformational state able to
robustly cause both G protein activation as well as B-arrestin recruitment. Given the high MOR affinity dis-
played in radioligand binding assays, it is also feasible that the origin of the superagonism profile of the
nitazenes could arise from a slow dissociation of the compounds from the receptor, thereby maintaining
the receptor in an active state for a longer period. It is clear that the structure-function link between
MOR ligands, superagonism, and biased agonism is currently underexplored. Ultimately, structural and ki-
netic studies will need to be performed to elucidate the conformational changes and mechanisms by which
these compounds achieve such high-signaling efficacy. These studies may aid in the design of novel biased
nitazenes, as the role of binding affinity and kinetics in biased agonism is currently underexplored.**¢

The nitazenes tested here all showed a high degree of MOR selectivity. This is consistent with previous

studies on isotonitazene and etonitazene which demonstrated similar selectivity for the MOR.%'447:48
There are very few described superagonists at the MOR which also display high MOR selectivity. The strong
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Table 3. Potencies of test compounds in the tail-flick assay

Compound EDsq (95% Cl) ng/kg EDsq (95% Cl) nmol/kg
Isotonitazene 11.3 (5.7-22.3) 27.5 (13.8-54.3)
N-desethyl isotonitazene® 40.1 (28.1-64.7) 95.7 (67.1-154)

Fentanylb 55.7 (44.4-65.3) 105 (84-124)
Metonitazene 321 (179-575) 840 (469-1504)

Median effective doses (EDsp values) and 95% Cl were calculated using nonlinear regression.
®Hydrochloride salt.
bCitrate salt.

selectivity of the nitazene scaffold may prove useful in the design of drugs specific for the MOR, allowing for
the avoidance of KOR- or DOR-associated adverse effects such as hallucinations or convulsions, respec-
tively.””>? Understanding the aspects of this scaffold that lead to selectivity may lead to a better under-
standing of the causes of MOR selectivity as a whole and could offer a way to design new MOR selective
compounds.

Clearly, nitazenes are documented to produce severe respiratory depression in humans, which can be le-
thal.” For example, one-fifth of the patients who received metonitazene in a clinical trial showed evidence
of cyanosis and one participant lost consciousness and had to be revived using nalorphine.®® This study
provides further evidence of the potential of these types of compounds to produce respiratory depression.
Because N-desethyl isotonitazene showed a fast onset of respiratory depression in our study, administra-
tion would likely not allow time for a rise in pCO2 sufficient to increase respiratory chemodrive, which could
alleviate the respiratory depression and reduce the risk of death from apnea. This property has been sug-
gested as a factor in the increased rate of fatalities with illicit fentanyl use, compared to drugs with lower
potency and slower onset of respiratory depression like morphine and heroin, and is likely relevant to the
recreational use of nitazenes. Even if the drug dose is not sufficient to cause apnea, the long duration of
action of N-desethyl isotonitazene would result in a prolonged period of hypoventilation with potential
hypoxic injury. In addition, the difficulty to titrate isotonitazene to the maximal analgesic effect without elic-
iting apnea could indicate that the nitazene compounds may have a narrow therapeutic index, as sug-
gested previously.”* Ultimately, the long half-life of nitazenes provides a liability for renarcotization after
delivery of naloxone or another opioid antagonist, which adds to their inherent danger in society.

Isotonitazene and other nitazenes are biotransformed to active (and potentially lethal) N-desethyl metab-
olites. The extent to which nitazenes undergo N-deethylation after in vivo administration is not clear, butin
a published analysis of samples collected during toxicology casework, N-desethyl isotonitazene and isoto-
nitazene were detected in blood samples at similar concentrations.” If the N-deethylation of nitazenes
does occur in humans to a significant degree then that process could have serious toxicological implica-
tions for individuals who abuse these substances. Although the enzymes responsible for the N-deethyla-
tion of isotonitazene and other nitazenes have not been identified, cytochrome P450 isozymes (CYP450)
are likely candidates. If nitazenes are metabolized by CYP450 then genetic polymorphisms of these iso-
zymes, as well as the use of other drugs and medications that can influence their enzymatic activity and/
or expression, could markedly alter interindividual sensitivity to these drugs and contribute to drug-drug
interactions. Furthermore, re-dosing with a nitazene drug could pose a grave risk if its metabolites have
relatively long half-lives and remain present in the brain when the additional dose is taken; these metab-
olites could potentially magnify the effects of the drug, including respiratory depression.

Overall, while the nitazenes tested here may have therapeutic indices too low for therapeutic use, the com-
monalities between them suggest that the nitazene scaffold may be useful for analgesic drug discovery.
That said, these drugs have demonstrated their potential to produce lethal effects; their scheduling may
be necessary to prevent nitazene derivatives from further contributing to the opioid epidemic. Future
studies should address the pharmacological profiles of other derivatives of the nitazene scaffold including
assessment of superagonist and biased agonist properties. Ultimately, the lack of extremely biased MOR-
selective ligands, especially toward the 8-arrestin pathway, has hindered the detailed investigation toward
understanding the relationship between ligand structure, ligand bias, and clinically relevant in vivo effects.
Development of this family of compounds may offer a scaffold uniquely suited to answering these
questions.
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Limitations of the study

Although we have assessed the function and selectivity of the three tested nitazenes at other opioid recep-
tors, we cannot exclude the potential for other off-target targets. The use of mice for the analgesia assays
and rabbits for the respiratory depression assays prevents direct comparison of the relationship between
analgesic and respiratory depressant doses. Since fentanyl readily achieves the maximal physiologic
response (i.e., apnea), the MOR superagonist property of nitazenes that can be demonstrated in the human
cell assay cannot be completely differentiated from the in vivo assays. Another limitation of the study is that
we did not examine isotonitazene in respiratory depression studies due to its DEA scheduling status.
Therefore, further investigations are needed to determine if the properties and relationships shown in
this study hold true across the nitazene family of compounds and other conventional opioids, especially
as they pertain to their superagonist efficacy properties.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

DAMGO Cayman Chemical 21553
Isotonitazene Cayman Chemical 30880

N-desethyl isotonitazene hydrochloride Cayman Chemical 30216
Metonitazene Cayman Chemical 26398

Morphine Cayman Chemical 1SO60147

Fentanyl Cayman Chemical 1SO60197
Salvinorin-A Cayman Chemical 11487

DADLE Cayman Chemical 28928
[*H-DAMGO PerkinElmer NET902250UC
Forskolin Sigma F6886-25MG
Compound 101 Fisher 564210

Fentanyl citrate Usp 1269902

Tween-80 Sigma P1754

sevoflurane Akorn NDC59399-107-01
isoflurane Priamal NDC66794-013-25
vecuronium Sun Phamaceutical Ind. Ltd NDC 47335-931-40
lidocaine Fresenius Kabi NDC 63323-486-05

aminocaproic acid
dexamethasone
epinephrine

lactated ringer's

Sigma
Bimeda
Sparhawk Laboratories, Inc

Baxter

A2504

1DX023

E-4000-02

NDC 0338-0117-04

KClI Fresenius Kabi NDC 63323-965-02
Mannitol Neogen.Vet NDC59051-8061-5
Heparin Meitheal NDC71288-402-30
Coelenterazine H Prolume 301-1 hCTZ
Coelenterazine 400a (Deep Blue C) Prolume 340-1 CTZ 400a
D-luciferin, sodium salt GoldBio LUCNA-1G
Poly-L-lysine Sigma P2636

Penicillin Streptomycin Solution VWR 45000-652
Carbenicillin (disodium) GoldBio C-103-5

DMEM VWR 45000-306

FBS VWR 97068-085
Dialyzed FBS Omega Scientific FB-03

10xHBSS Invitrogen 14065-056
BSA-fatty acid free Akron AK8909-0100
OptiMEM Reduced Serum Medium LifeTech 31985070

Expi293 Expression Medium ThermoFisher Supply Center A1435102
L-Ascorbic acid Sigma Aldrich A5960-25G

Critical commercial assays

ExpiFectamine™ 293 Transfection Kit ThermoFisher Supply Center A14525

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
TransIT-2020 Transfection Reagent VWR 10766-852
pGloSensor-22F Promega E2301

Experimental models: Cell lines

HEK293T ATCC CRL-3216
Expi293F Cells ThermoFisher Supply Center A14527

Experimental models: Organisms/strains
C57BL/6J mice (~0.03-0.04kg, males) The Jackson Laboratory N/A
New Zealand White rabbits (3-4kg, both sexes) Kuiper Rabbit Farm, Gary, IN N/A

Recombinant DNA

pcDNA3.1-human MOR
pcDNA3.1-human KOR
pcDNA3.1-human DOR
pcDNA3.1-mouse MOR

Kroeze et al.”®

Kroeze et al.”®

Kroeze et al.”®

Gift from Tao Che

Addgene Cat#1000000068
Addgene Cat#1000000068
Addgene Cat#1000000068
N/A

pcDNA3.1-MOR-Rluc8 This paper N/A
pcDNA3.1-Venus-B-arr2 This paper N/A
pcDNA3.1-human-GRK2 This paper N/A

pcDNA3.1-GB1 cDNA Resource Center Cat#GNB0100000
pcDNA3.1-GB3 cDNA Resource Center Cat#GNB0300000
pcDNAS/FRT/TO-GoA-Rluc8 Olsen et al.”’ Addgene Cat#140976
pcDNAS/FRT/TO-GoB-Rluc8 Olsen et al.”’ Addgene Cat#140977
pcDNAS/FRT/TO-Gi1-Rluc8 Olsen et al.”’ Addgene Cat#140973
pcDNAS/FRT/TO-Gi2-Rluc8 Olsen et al.”’ Addgene Cat#140974
pcDNAS/FRT/TO-Gi3-Rluc8 Olsen et al.”’ Addgene Cat#140975
pcDNAS/FRT/TO-Gz-Rluc8 Olsen et al.”’ Addgene Cat#140978
pcDNAS/FRT/TO-Gg-Rluc8 Olsen et al.”’ Addgene Cat#140982
pcDNAS/FRT/TO-G11-Rluc8 Olsen et al.”’ Addgene Cat#140983
pcDNAS/FRT/TO-G12-Rluc8 Olsen et al.”’ Addgene Cat#140985
pcDNAS/FRT/TO-G13-Rluc8 Olsen et al.”’ Addgene Cat#140986
pcDNAS/FRT/TO-Gs(short)-Rluc8 Olsen et al.”’ Addgene Cat#140980
pcDNAS5/FRT/TO-Gs(long)-Rluc8 Olsen et al.”’ Addgene Cat#140981
pcDNA3.1-GFP%y2 Olsen et al.?’ Addgene Cat#166774
pcDNA3.1-GFPZ-y1 Olsen et al.”’ Addgene Cat#140989
pcDNA3.1-GFP%y9 Olsen et al.?’ Addgene Cat#140991
Software and algorithms

Prism 9 GraphPad Software Ver. 9.0.2

R R Core Team 4.2.1

ChemDraw Professional 16.0 PerkinElmer N/A

Powerlab 16SP
SigmaPlot

AD Instruments, Australia

Systat Software USA

LabChart 7pro v 7.8

Version 11

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, John D. McCorvy (jmccorvy@mcw.edu).
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Materials availability

All plasmids and cells generated from this study could be obtained directly from lead contact with a
completed Materials Transfer Agreement if there is potential for commercial application.

Data and code availability

e All data generated in this study are included in this article and the supplemental information. All data
reported in this paper will be shared by the lead contact upon request.

® No custom code was used in this study.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

GPCR signaling studies utilized human embryonic kidney (HEK) derived-cell lines, HEK293T (ATCC) and Ex-
pi293F cells (Invitrogen). HEK293T cells were cultured in a humidified incubator at 37°C at 5% CO, in high-
glucose DMEM (VWR) supplemented with 10% FBS (Life Technologies), and authenticated and tested to be
mycoplasma-free. Expi293F cells were cultured in a humidified incubator at 37°C at 8% CO, in Expi293
expression medium, and authenticated and tested to be mycoplasma-free. Sex of HEK-derived cell lines
are female. Male C57BL/6J mice (6-8 weeks old) were obtained from Jackson Labs (Bar Harbor, ME).
The mice were housed on a reversed light-dark cycle (lights on at 1900 h, off at 0700 h) in an AALAC-
approved vivarium at the University of California San Diego. Mice were housed up to four per cage in a
climate-controlled room and with food and water provided ad libitum except during behavioral testing.
Testing was performed between 1000 h and 1800 h (during the dark phase of the light-dark cycle). This
study was conducted in accordance with National Institutes Health (NIH) guidelines and was approved
by the University of California San Diego Institutional Animal Care and Use Committee. Respiratory depres-
sion studies were approved by the Institutional Animal Care and Use Committee, Medical College of Wis-
consin, in accordance with provisions of the Animal Welfare Act, and the Public Health Service Guide for the
Care and Use of Laboratory Animals. Experiments were carried out on adult (3-4 kg) New Zealand White
rabbits of either sex.

METHOD DETAILS
Bioluminescence resonance energy transfer (BRET) assays

Bioluminescence resonance energy transfer (BRET) was used to measure $-arrestin2 recruitment and G
protein heterotrimer dissociation after receptor activation as previously described.”” MOR, k-opioid recep-
tor (KOR), and 3-opioid receptor (DOR) constructs were derived from the Tango library with IDTG linker/V2
tail/TEV/tTA sequences removed to yield the following encoded sequences accession numbers (MOR
NCBI: NP_001138751.1; KOR NCBI: NP_000903.2; DOR NCBI: NP_000902.3). TRUPATH library cDNA li-
brary was obtained from Addgene.”’~** Mouse MOR construct was a gift from Tao Che (Washington Uni-
versity). To measure §-arrestin2 recruitment to the MOR (NCBI: NP_001138751.1) with or without the co-
expression of GPCR kinase 2 (GRK2), HEK293T cells were co-transfected with human MOR containing
C-terminal fused Renilla luciferase (RLuc8), GRK2, and N-terminal Venus-tagged $-arrestin2 at a 1:1:5 ratio
respectively using TransiT-2020 (Mirus). At least 24 hours after transfection, cells were plated in poly-lysine
coated 96-well clear-bottom white cell culture plates in a 1% FBS in DMEM plating media at a density of
30,000-50,000 cells 200 ul per well, and then incubated overnight. The next day, the media was decanted
before washing the cells with 60 ul of drug buffer (1xHBSS, 20 mM HEPES, 0.1% BSA, 0.01% ascorbic acid,
pH 7.4) per well, 60 ul of drug buffer was then added to each well, and plates were incubated at 37°C for at
least 10 min before drug stimulation. For experiments involving GRK2 inhibition, compound 101 was added
to a concentration of 100 uM in each well of the plate at least 1 hour prior to plate reading.*” For the drug
stimulation, 30 ul of drug was added to each well, and then the plate was incubated at 37°C in the dark for 1
hour; for the time-point experiments the incubation times were 5 min, 60 min, and 300 min. Coelenterazine
h (Promega, 5 uM final concentration) was added, 10 ul per well, 15 minutes before each plate was read.
Plates were read for both luminescence at 485 nm and fluorescent eYFP at 530 nm for 1 s per well using
a Mithras LB940 microplate reader. The ratio of eYFP/RLuc was calculated per well and plotted as a function
of drug concentration using GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, CA).
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To measure MOR mediated G protein heterotrimer dissociation, HEK293T cells were co-transfected in a
1:1:1:1 ratio of GoA-RLuc8, GB1, GFP2-Gv2, and human MOR (NCBI: NP_001138751.1), respectively. Ex-
periments co-expressing GRK2 were transfected in a 1:1 ratio with the receptor. The cells were plated,
and the assay was performed almost identically to above, except coelenterazine 400a (NanoLight, 5 uM
final concentration) was used as the RLuc substrate. As in the 8-arrestin2 recruitment assay, 10 ul of the sub-
strate were added to each well 15 minutes prior to the plate being read. The incubation times between
drug additions and plate reading were as above: 5 min, 60 min and 300 min with the 60 min incubation
time being used for all experiments other than the timepoint experiments. Plates were read using a Mithras
LB940 measuring luminescence at 400 nm and fluorescent GFP? emission at 515 nm for 1 s per well. The
ratio of GFP?/RLuc8 emissions was calculated per well and plotted as a function of drug concentration us-
ing GraphPad Prism 9.0.?/

A similar procedure was used to compare MOR-ligand binding induced G protein dissociation across a va-
riety of G protein subtypes. The procedure was performed as above with the substitution of each of the
following G proteins for GoAina 1:1:1:1 transfection: GoA, GoB, Gy, Giz, Giz, Gz, G11, G12, G13, Gg, Gs_short,
and G, . Priorto the transfection, cells meant for transfection with non-Gy/, subtype proteins were incu-
bated with 100 ng/mL pertussis toxin (PTX; Cayman Chemical) to prevent MOR coupling to endogenous
Gi/o proteins.

To measure DOR and KOR mediated GoA heterotrimer dissociation, the above procedure DOR and KOR
experiments were normalized to DADLE (Cayman Chemical) and salvinorin A (Cayman Chemical), respec-

tively and analyzed using the nonlinear regression sigmoidal dose-response function built into GraphPad
Prism 9.0.

To measure recruitment of mini-Gi protein to the MOR, we co-transfected Venus-tagged mini-Gi with
Rluc8-tagged MOR at a 15:1 ratio using the procedure described above. The BRET assay was conducted
as explained above for B-arrestin recruitment using a 60 min drug incubation at 37°C with a 15 min pre-in-
cubation of 10 pL coelenterazine h, and reading plates for luminescence at 485 nm and fluorescent eYFP at
530 nm for 1 s per well using a Mithras LB940 microplate reader.

Functional Gi/o-mediated cAMP inhibition assays

To measure MOR, DOR, and KOR G/,-mediated cAMP inhibition, HEK293T cells were co-transfected using
TransiT-2020 (Mirus) in a 1:1 ratio with human MOR, DOR, and KOR and a split-luciferase based cAMP
biosensor (pGloSensor-22F; Promega). After at least 24 h, transfected cells were washed with phosphate
buffered saline (PBS) and trypsin was used to dissociate the cells. Cells were centrifuged, resuspended
in plating media (1% dialyzed FBS in DMEM), plated at a density of 15,000-20,000 cells/mL distributed
into 40 ul per well in poly-lysine coated 384-well white clear bottom cell culture plates, and incubated at
37°C with 5% CO2 overnight. The next day, drug dilutions were prepared in fresh assay buffer (20 mM
HEPES, 1x HBSS, 0.1% bovine serum album (BSA), and 0.01% ascorbic acid, pH 7.4) at 5x drug concentra-
tion. Plates were decanted and 20 ul per well of GloSensor assay substrate diluted in assay buffer was
added to each well. Drug addition to 384-well plates was performed by FLIPR adding 5 ul of 5x drug per
well for a total volume of 25 ul. Plates were incubated for exactly 15 min in the dark at room temperature.
To stimulate endogenous cAMP via adenylyl-cyclase activation, 5 ul of 6% forskolin (FSK) (1 uM final con-
centration) diluted in drug buffer (20 mM HEPES, 1xHBSS, pH 7.4) was added per well. Cells were again
incubated in the dark at room temperature for 15 min, and luminescence intensity was quantified using
a Wallac TriLux Microbeta (Perkin Elmer) luminescence counter. Data were normalized to DAMGO,
DADLE, or salvinorin-A induced cAMP inhibition for MOR, DOR, and KOR, respectively.

Radioligand binding assays

To prepare membranes for radioligand binding, the Expi293 expression system (ThermoFisher) was used.
Expi293F cells in Expi293 expression medium were transfected with plasmid DNA using ExpiFectamine 293
reagent. Approximately 20 hours after transfection, Transfection reagents 1 and 2 were added to the cells,
and 48 h after the transfection, a 10 min hypotonic lysis buffer (1 mM HEPES, 2 mM EDTA, pH 7.4) incubation
was used to lyse the cells. The lysate was resuspended and centrifuged at 30,000% g. The supernatant was
decanted, and membranes were resuspended in binding buffer (50 mM Tris, 10 mM MgCl2, 0.1 mM EDTA,
pH 7.4) prior to centrifugation at 13,000% g in pre-chilled 1.7 mL microcentrifuge tubes. The supernatant
was decanted and membrane pellets were stored at -80°C until use.
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Radioligand binding assays utilized [*H]-DAMGO (Perkin Elmer; Specific Activity = 84.7 Ci/mmol). The BHI-
DAMGO dissociation constant (Kd) was calculated using homologous competition assays with cold,
unlabeled DAMGO (pKd = 8.36 £+ 0.07, Table 1). Competition assays were conducted with a constant con-
centration of [*H]-DAMGO ranging from 2-4 nM, unlabeled ligand competitors at concentrations ranging
from 100 uM to 1 pM, and membranes were resuspended in binding buffer (50 mM Tris, 10 mM MgCl,,
0.1 mMEDTA, 0.1% BSA, 0.01% ascorbic acid, pH 7.4). Binding assays were incubated at room temperature
for 2 h and assays were terminated by vacuum filtration using a 96-well Filtermate harvester onto 96-well
filter mats A (Perkin Elmer) pre-soaked with 0.3% polyethyleneimine. Filters were washed three times using
cold wash buffer (50 mM Tris, pH 7.4) and scintillation cocktail (Meltilex) was melted onto dried filters.
Radioactivity displacement was measured using a Microbeta Trilux counter (Perkin Elmer). Counts per min-
ute (CPM) were plotted as a function of unlabeled ligand concentration and the Ki was calculated using the
One-site-Fit Ki using Graphpad Prism 9.0.

Tail-flick assay

The tail-flick test was used to assess thermal antinociceptive effects.”” Tail-flick testing was performed us-
ing an [ITC Tail Flick Analgesia Meter Model 336 (IITC Life Science Inc, Woodland Hills, CA), which heats the
dorsal surface of the tail with a focused beam of light and automatically measures the latency for tail with-
drawal. The stimulus intensity was set so that baseline latencies ranged from 2-4 sec. A 10-sec cutoff time
was used. Trials were conducted while mice were restrained in a plastic tube (Braintree Scientific Inc, Brain-
tree, MA). On Day 1, baseline withdrawal latencies were assessed as the mean of three consecutive trials.
On Day 2, mice were treated with vehicle or drug and then withdrawal latencies were assessed in a single
trial conducted 15 min post-injection. Compounds were dissolved in water (N-desethyl isotonitazene) or
water containing 5% Tween-80 (isotonitazene and metonitazene) and injected IP (5 mL/kg). Isotonitazene
was tested at 0 (n=6), 0.003 (n=8), 0.01 (n=7), and 0.03 mg/kg (n=7); N-desethyl isotonitazene was tested at
0(n=8),0.01 (n=8),0.03 (n=8), 0.1 (n=8), and 0.3 mg/kg (n=8); metonitazene was tested at 0 (n=7), 0.12 (n=7),
0.24 (n=7), 0.48 (n=7), and 0.96 mg/kg (n=7).

Phrenic nerve activity respiratory depression assay

The research was approved by the Institutional Animal Care and Use Committee, Medical College of Wis-
consin, in accordance with provisions of the Animal Welfare Act, and the Public Health Service Guide for the
Care and Use of Laboratory Animals. Experiments were carried out on adult (3-4 kg) New Zealand White
rabbits of either sex. The preparation has been previously described in detail.”® In short, animals were anes-
thetized and ventilated via tracheotomy with an anesthesia machine (Ohmeda CD, GE, Datex Ohmeda,
Madison, WI). Inspiratory oxygen fraction, expiratory carbon dioxide concentration and expiratory isoflur-
ane concentration were continuously displayed with an infrared analyzer (POET II, Criticare Systems,
Waukesha, WI). Femoral arterial and venous lines were used for blood pressure monitoring, infusion of so-
lutions, and bolus drug application, respectively. Lactated Ringer’s solution with 3 pg/ml epinephrine was
continuously infused at 1 ml/h, and rate was increased as needed to counteract or prevent hypotension in
response to drug injections and/or from blood loss. The animal was maintained at 37.0 + 0.5°C with a
warming blanket. The animal was placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). Af-
ter blunt precollicular decerebration, isoflurane was continued at subanesthetic levels (0.3-0.4 vol%) for
blood pressure control, and animals were paralyzed with rocuronium (15 mg/kg subcutaneous bolus), fol-
lowed by vecuronium 2 mg/h infusion to avoid motion artifacts. Bilateral vagotomy was performed to
achieve peripheral deafferentation. The phrenic nerve was recorded with fine bipolar electrodes through
aposterior neck incision.”®“° Throughout the experiment animals were ventilated with hyperoxia (FiO2 0.6)
and maintained at mild hypercapnia (expiratory carbon dioxide: 45-55 mmHg). Blood pressure was main-
tained stable throughout the protocols by adjusting the intravenous infusion rate. The phrenic neurogram,
respiratory rate, arterial blood pressure, and airway carbon dioxide concentration were continuously dis-
played and recorded using a digital acquisition system (Powerlab/16SP; ADInstruments, Castle Hill,
Australia). Before and after intravenous drug injection, steady-state conditions were obtained for respira-
tory parameters. At the end of the experiment, animals were euthanized with intravenous potassium
chloride.

The MOR agonists fentanyl or N-desethyl isotonitazene were administered intravenously at a specified
dose diluted in lactated Ringer’s solution. Full recovery of respiratory rate to baseline was awaited to deter-
mine drug kinetics. This was followed by titration of each drug until apnea. To determine the minimum
required apneic dose, each additional drug dose was administered once the maximal effect of the previous
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dose had been reached, i.e., after 2-3 min for fentanyl and ~10 min for N-desethyl isotonitazene. Again, we
awaited full recovery of respiratory rate to baseline. This was followed by bolus administration of the pre-
viously determined apneic dose of each drug. Once apnea was achieved, we administered intravenous
naloxone (20 ng/kg) and measured time to full reversal of respiratory rate.

QUANTIFICATION AND STATISTICAL ANALYSIS

BRET and radioligand binding data aAnalysis

Data from BRET experiments were normalized to the positive control compound, [D-Ala2, N-MePhe4, Gly-
ol]-enkephalin (DAMGO), analyzed using the nonlinear regression sigmoidal dose-response function built
into GraphPad Prism 9.0, and the built-in extra sum-of-squares F test was used to determine if the
calculated E,.x values were statistically significantly different from that of DAMGO (.=0.005). Data from
radioligand binding used counts per minute (CPM) and were plotted as a function of unlabeled ligand con-
centration and the Ki was calculated using the One-site-Fit Ki using Graphpad Prism 9.0.

Bias and selectivity calculations

To calculate bias and selectivity factors from the BRET and cAMP inhibition data, transduction ratios

Emax 61-63

(log RA = logfZeX) were calculated for each drug respective to each assay (where RA is relative activity).
The control-normalized factor Alog RA was calculated as Alog RA = log RAprg — log RApamco- The log-

arithm of the bias or selectivity factor was calculated as AAlog RAprug = 109 RApathway 1 — 109 RApathway 2.
and the bias or selectivity factor was calculated as 1044108 RAows ©% | the case of bias factors, pathway 1 cor-
responds to G protein dissociation, and pathway 2 corresponds to B-arrestin recruitment. In the case of
selectivity factors, pathway 1 was the MOR cAMP inhibition activity, and pathway 2 was the KOR or DOR
cAMP inhibition activity.

Data clustering
Hierarchical clustering was performed using the “hclust” function in R 4.2.1. The Euclidean metric (d(p,
q) = |p — ql) was used to calculate distances between data points, and the complete-linkage agglomer-

ative hierarchical clustering algorithm was used to determine distances between clusters such that for clus-
ters Aand B, D(A,B) = max{d(p,q)|p € A,q € B}.

Tail-flick assay data analysis

Latency in the tail-flick assay is expressed as a percentage of the maximal possible effect (%$MPE), where %
MPE = ((test latency — average baseline latency) + (10 s — average baseline latency)) x 100. Data were
analyzed using one-way Welch ANOVAs (factor: drug dose) followed by Dunnett’s T3 multiple comparisons
post-hoc test. Significance was assessed using an «a level of 0.05. Median effective doses (EDsg values) and
95% Cl were calculated using nonlinear regression. Fentanyl was tested as a reference compound; mice
were injected subcutaneously (SC) with saline vehicle (n=8) or fentanyl citrate at 0.03 (n=6), 0.06 (n=9),
0.12 (n=8), or 0.24 mg/kg (n=7). For the experiment with fentanyl, all of the mice treated with the highest
dose showed identical responses, so the data were analyzed using a Kruskal-Wallis test followed by Dunn'’s
multiple comparisons post-hoc test. An extra sum of squares F-test was used to compare the potencies of
test compounds with the EDsq for fentanyl (in nmol/kg).

Respiratory rate data analysis

Post experiment, values for the phrenic neurogram and a comparator to mark beginning and end of inspi-
ratory phase were exported to SigmaPlot 11 (Systat Software, San Jose, CA) for further data reduction and
plotting.®> Respiratory rate was plotted for each breath versus time, signal artefacts were removed, and
best fit curves plotted for each dose-response. Values for respiratory rate were calculated at 1-minute in-
tervals from the best-fit curves and pooled for all animals. Average values were compared between fentanyl
and N-desethyl isotonitazene using t-statistics (2-tailed, p<0.05). Values are reported as mean + S.E.M.
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